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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface

Symposium ‘Galectin Function and Therapeutics’, which took place from
September 17-19, 2012 in Boston, has had an important mission: to show the
participants and the world where we stand with understanding galectins and their
functions and the direct applications of galectinmanagement in practical medicine.

This is a very complex and challenging issue. As is shown in Chapter 1,
there are more than 3900 articles on galectins; on their structure and functions,
published in academic literature since the middle of the 1990’s. Most of these
papers came from academia. As a result, we have a very advanced science on
galectins, 15 of which were identified; on their chemical structure, interactions
of galectins with their ligands of both carbohydrate and peptide nature, (alleged)
mechanisms of their intracellular and intercellular operations, interception of
various biochemical processes, their expression and regulatory effects of the
expression, etc. Significant amounts of work have been done with experimental
animals, including knockout gal(-/-) mice, as well on effects of galectins and their
inhibitors on experimental pathologies in mice, rats, dogs, monkeys. In a few
instances galectin inhibitors (galectin blockers) are being tested in human clinical
trials, or will be tested soon.

It all sounds very encouraging. However, a bird’s eye view at these vast
research areas reveals a somewhat troubling, though not an unusual pattern.
An observant eye will notice that the galectin-related field of science, which is
essentially biomedical science, consists of four largely disconnected areas. They
are connected by only one feature – galectins themselves, which is the main object
of attention for the researchers. However, methodologically, by experimental
design, by aims set, and by essence of conclusions advanced, these four areas are
practically disconnected, and the translation of data and conclusions from one
area to another is still in its infancy.

One area of research aims at studying isolated and purified galectins and their
(desirably) specific inhibitors, that is galectin blockers. It has resulted in wonderful
science. Great synthetic chemistry has been accomplished. Some very potent
galectin blockers were designed, tested, and their (apparent) binding constants
(actually, dissociation constants) have been measured; the best of which occur
in the low nanomolar range (10-40 nM). However, those great numbers stay, as
a rule, within that in vitro area. Commonly, they are not translated to the next
(disconnected) area, which is essentially the cell biology of galectins.

The second area is comprised of studies into model cell systems, such as
those focused on (alleged) galectin ligands and galectin interactions inside the
cells, protein-carbohydrate and protein-protein interactions and recognitions.
This is a highly sophisticated and advanced scientific endeavor, which brings

xi
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about remarkable fundamental knowledge, particularly when produced by skillful
hands and minds. However, the same galectin blockers, when tested in cell
cultures, show much less impressive (apparent) binding constants, often some
10,000-100,000 times less efficient, that is in the high micromolar range (100-600
µM). In other words, something is not right with the translation from the purified
galectins to the intra- and/or extracellular galectins. Could it be that in the
“chemical” system we study the effects of direct galectin blockers, and in the
cellular system we study the effect of the same galectin blockers but at the output
of the “rate-limiting” signaling system? Or maybe in vitro we study the “wrong
binding”, with a “wrong binding site”, albeit very tight, while in vivo we see
only those types of binding which produce specific biological effects which we
actually observe and measure? This effect is well known in enzyme kinetics,
for example, where it is called “non-productive binding”. Probably it could be,
however, it is seemingly beyond the current research interest. Maybe because of
that the areas are sufficiently disconnected.

The thoughts described above do not appear to be some groundless
suggestions. In 2009 the Glycobiology journal published a paper “The
α-galactomannanDavanat binds galectin-1 at a site different from the conventional
galectin carbohydrate binding domain”. Then, another paper was published in
the same 2009, now in Biochemical Journal, entitled “The carbohydrate-binding
domain on galectin-1 is more extensive for a complex glycan than for simple
saccharides…”. It is hard to tell how significant those findings might be for other
galectins and for their in vivo effects. However, it should be noticed here, that for
the polymer α-galactomannan the translation between in vitro and in vivo effects,
including those in human clinical trials, is appear to be more direct. For said
polymer-based galactomannan its apparent Kd in vitro (with purified galectin-1
and -3) is 0.9 and 0.2 mg/mL, respectively, while in humans the galactomannan
dose in the clinical trials was 0.5 mg/mL (280 mg/m2, that is 7 mg/kg, or 0.5
mg/mL of blood, taking 7% for the amount of blood in humans, which is about
the same 7% in the rats). With mice, the employed dose of the galactomannan
was 120 mg/kg (Preclinica, 2003), that is 2.5 mg/mouse, or about the same 0.5
mg/mL of blood.

It seems that a careful consideration of data obtained with low-molecular and
high-molecular galectin blockers as drug candidates might shed more light on
translational regularities for in vitro - in vivo systems.

The third area is associated with animal experiments and attempts to
handle the respective galectin management in vivo. Terms such as “intracellular
signaling”, “cross-linking by galectins of the cell surface receptors”, “segregated
membrane microdomains”, “galectins in pre-mRNA splicing” are “left behind”,
in the preceding area of cell studies. They are not used in work with experimental
animals and in the respective data interpretations. A galectin blocker is
administered by one or other means, and a readout such is commonly tumor
shrinkage, reduction of a pathological manifestation, such as liver fibrosis stage
and grade, portal blood pressure, biomarker levels, etc., is recorded. Translation of
the cellular data from the “preceding” area to experimental animals is commonly
absent. A mode of administration of a galectin blocker, such as IV, IP, sub-Q, oral,
often (or always) rules a significant part of the outcome of the animal experiments.

xii
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The “highest” in that hierarchy, the fourth area, concerns human clinical
trials. Some translation from the preceding level is obvious, such as with respect
to toxicity of the galectin blocker. If it is toxic in experimental animals, it is
automatically assumed to be toxic in humans, and it is commonly so. Efficacy
of the galectin blocker is hard to translate from animal to man, and these data
are practically absent. Hence, the disconnection again. Even the dosages are
hard to translate from the animals to humans, and mg/kg in animals is now often
mg/m2 (typically in cancer patients) in humans, being recalculated using some
standard coefficients. Again, the mode of administration (IV, IP, sub-Q, oral) and
bioavailability of the drug (if not administered IV) can completely change the
pattern of the drug behavior in the human body.

Without telling examples, what is said above can appear to be just some
theorization (except the example with the galactomannan polysaccharide in vitro
and in vivo, on mice and humans, presented above). However, it is not a unique
situation related only to galectins and galectin blockers. It is a rather common
situation in biomedicine and drug design, when translation is often difficult to
achieve.

At this point I would recall when – a long time ago - I was working with
alcoholdehydrogenase (ADH) in a laboratory at Harvard Medical School, using
ethanol as the principal substrate for the enzyme. It seemed strange that the highest
amount of ADH was found in the horse liver, since horses were not known as
heavy drinkers of alcohol. Soon, however, I learned that ethanol was not the
“right” substrate for ADH in most of mammals; though a very standard one in
biochemical studies. Some steroids were right substrates for ADH. Therefore,
ethanol would not have been a good choice for translational studies, unless we
specifically consider ethanol for the translation. By the way, octanol (with eight
carbon atoms in themolecule), which is thousands of times better substrate of ADH
compared to ethanol, would not have been a right substrate either for translational
studies. So, being good is not necessarily being right in that area.

Following are some specific examples with respect to galectins:
Thiodigalactoside diesters TD131 and TD139 are very potent inhibitors of

galectin-3 with an estimated Kd of 30-50 nM (Nilsson, Leffler et al, see Chapter 2
in this book), that is approximately 0.00002-0.00003 mg/mL. This value has been
determined employing competitive fluorescence polarization assays, apparently
via competition with lactose and/or other standard low-molecular weight ligands,
that is the binding was to the “conventional binding site” in the galectin. An
attempt to translate this binding constant to mice via IP (intraperitoneal) injection
led to injection of 0.3 mg of the inhibitor to mouse (Hepatology, 2012), that was
approximately 10,000-15,000 times higher concentration compared to the above
Kd value. In cell culture experiments the biological effect was reached at the
amount of the inhibitor 100-600 µM, that is 0.06-0.40 mg/mL, or 3,000-15,000
times higher concentration compared to the above Kd value. The apparent Kd in the
cell culture, which was measured as IC50, that is a concentration of the compound
which results in the 50% inhibitory (or other biological) effect, was 300 µM, or
5,000-10,000 higher compared with the Kd in vitro. Taking into account what was
said above about two binding sites at some (or all?) galectins, it might be suggested
that small molecular weight galectin inhibitors first saturate the tightly binding

xiii
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“non-productive” site (which binds with the Kd in a sub-µM and even low nM
range), and only then, at concentrations of the inhibitor of ~ 10,000 times higher,
they begin to occupy the second, “right” binding site of the galectin. Galectin-
based polysaccharides, however, bind to the “right” substrate in the first place,
and, being not so tight inhibitors, match the low-molecular weight inhibitors with
their efficacy in vivo. This apparent match in efficacy might turn out for the
low-molecular weight galectin blockers to be an impressive mismatch in the price
of the drug candidate and its toxicity. This, of course, has to be studied in detail.

These considerations are given here, in the preface of the book, to tune the
reader to the complexity of the therapy-related issues described in various chapters
of this book. The most important mission of the Symposium was in realizing this
complexity not only from the fundamental standpoint, but also – and foremost –
in terms of the potential therapeutic applications of galectin-related therapy.

The above were just quick examples showing that the translation from in vitro
to in vivo data needs to be addressed more attentively. Right now a choice of
galectin blockers for studies in galectin therapy is highly empirical, on strictly
a “trial and error” basis. The overall aim of the Symposium was to consider
the situation and offer some directions to make the search for the right galectin
blockers more justified and stemming from in vitro experimental data, if possible.
To show that it is not possible, if it turned out that way, would also be a step in
the right direction, meaning that we cannot rely on data obtained with purified
galectins. This will save the biomedicinal industry time and money. To forego
many in vitro data on galectins would not be the best outcome, at least for the
time being. However, it would spare us from hopes based on wrong experimental
systems. We are not there yet, and that is why we need translational data as
described above.

Leo Tolstoy wrote in the first line of his “Anna Karenina” – “Happy families
are all alike in their happiness; every unhappy family is unhappy in its own way”.
I would dare to say that happy drugs are all alike in their happiness, while every
unhappy drug is unhappy in its own way.

Anatole A. Klyosov
Galectin Therapeutics, Inc.
4960 Peachtree Industrial Blvd., Suite 240
Norcross, Georgia 30071
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Chapter 1

Galectins in Disease and
Potential Therapeutic Approaches

Anatole A. Klyosov* and Peter G. Traber*

Galectin Therapeutics, Inc., 4960 Peachtree Industrial Blvd., Suite 240,
Norcross, Georgia 30071

*E-mail: klyosov@galectintherapeutics.com (A.A.K);
Traber@galectintherapeutics.com (P.G.T.)

The Galectin protein family includes 15 members that are
characterized by galactose binding domains and are widely
expressed in diverse cell types. Galectins are found in
multiple intracellular compartments and are secreted into the
extracelluar space. There has been an explosion in information
on these fascinating proteins in pathological states, particularly
inflammation, fibrosis, and cancer. This book, in conjunction
with an international conference, attempts to cover the key areas
of galectin-dependent disease and review the approaches to
developing pharmaceutical approaches to treatment. The time
is right for major efforts to advance galectin-based therapies
into multiple human diseases.

Introduction

The term “galectins” was coined only 18 years ago (1), and for the
preceding 15 years (see Figure 1) scientists had been reporting on what they
called “galactose-binding proteins”. Over the last decade there has been a near
exponential increase in the yearly publication rate of research papers on galectins
(Figure 1). By August 2012, the number of publications on galectins reached
3776.

The number of pubications and the important findings for biology and disease
has led to a general recognition that galectins are an important class of molecules
for multiple pathological processes and potential targets for therapy.

© 2012 American Chemical Society
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Figure 1. PubMed (U.S. National Library of Medicine, Medical Institutes of
Health) records on academic publications on galectins, total 3776 by August

1, 2012. Data for 2012 are projected.

Galectins as a group are characterized by a galactose-specific carbohydrate
binding domain which interacts with galactose moieties located on glycoproteins.
Nature has created as many as 15 different galectins, known today, which have
already been identified, isolated, and in some cases characterized – structurally and
functionally (2). In addition to cellular glycoproteins, all galectins show an affinity
for galactose residues attached to other organic compounds, such as in lactose
[(β-D-Galactosido)-D-glucose], N-acetyl-lactosamine, poly-N-acetyllactosamine,
galactomannans, fragments of pectins, as well as others. Galactose by itself does
not bind to galectins, or binds so weakly that the binding can hardly be detected.
Galectins also have domains which promote homodimerization. Thus, they are
capable of acting as a “molecular glue” of sorts between glycoproteins. Galectins
are found in multiple cellular compartments, including the nucleus and cytoplasm,
and are secreted into the extracellular space where they interact with cell surface
and extracellular matrix glycoproteins. The mechanism of molecular interactions
depends on the localization. While galectins interact with glycoproteins in the
extracellular space, in the intracellular space the interactions with other proteins
occurs via protein domains (Chapter 4). In the extracellular space the association
of cell surface receptors may increase or decrease receptor signaling or the
ability to interact with ligands. Additionally, galectins may promote cell-cell and

4
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cell-matrix interactions. Because of the critical importance of the interaction of
glycoproteins and cells for tissue function, it is no wonder that galectins have
been ascribed a plethora of functions in cellular and animal models.

The collective literature shows that galectins are instrumental to many crucial
biological and pathobiological functions, such as inflammation, angiogenesis
(blood supply, including that to cancer tumor cells), immune response (they were
shown to turn off the “friend or foe” immune recognition system), cancer cell
migration (leading to metastasis), and many others.

With respect to targeting galectins for therapy of disease, we believe that the
understanding of biology and pathology associated with galectins is coming of
age. In several disease areas there is sufficient evidence to suggest that targeting
galectins may have an efficacious effect on disease processes. One of the primary
reasons for this is that galectins are normally expressed in relatively low levels but
are markedly increased in disease states such as cancer, inflammation and fibrosis.
Therefore, a strategy to knock down expression or function may be effective while
not interferring with normal basal function. If the past decade can be described as
the decade of galectin function discovery, the coming decade may be the decade
of the realization of galectin targeting therapeutics.

While there are a number of biotechnology companies in the early phases
of developing galectin targeted therapeutics, programs in large pharmaceutical
companies are either early and not yet visible to the public or non-existent. While
we believe this will change over the next few years, there are a number of reasons
for this situation:

• Galectin targeting therapeutics is in the very early stages and there is
as yet no convincing evidence of efficacy in a human disease. The
pharmaceutical industry likes proven targets and once there is evidence
of an effect in human disease, acivity will increase.

• Galectins, as with many other lectins, present a challenge to researchers
in terms of quantitative description of ligand-receptor interactions, which
is density-dependent when glycan epitopes are located on the surface
of cells. In other words, a quantitative description for galectin-cell
interactions should include the density and number of glycan epitopes
on the surface of cells, as well as the dissociation constant (Kd) that is
not a single, well-defined (at least in theory) value as with respect to
monovalent glycans in solution, but a relative Kd (eff) value that includes
density and number of epitopes on the cell surface (3).

• A number of the current galectin targeting approaches utilize complex
carbohydrate drugs which are not common in the industry and do not
have tried and true regulatory pathways.

Galectins in Human Diseases

The majority of the 3776 papers on galectins are academic studies that
invsestigate various aspects of galectin structure and function without a focus on
a particular disease. Very few address pharmacological approaches to galectin
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targeting therapies. In order to analyze the published papers with respect to human
diseases and pathologies, we have considered the most recent thousand articles,
from July 2012 back through August 2007, and broke them into categories
according to diseases and pathologies. In more than one-third of those articles
certain diseases and pathologies have been mentioned. Table 1 lists the number
of publications according to PubMed in which a specific disease was identified
and galectins were mentioned in association with the disease (in the order of that
number). Some diseases might be combined under more general names, however,
we prefer to be more specific at the expense of extending the list. The many
diseases that have been linked to galectins underlies the pleotropic function of
these proteins. There are a number of groupings that fall out of examining this
list, with cancer, inflammation, fibrosis, and immune function being prominent.

Table 1. Number of publications according to PubMed in which a specific
disease was identified and galectins were mentioned in association with the

diseasea

1. Thyroid carcinoma 63
14. Follicular thyroid
adenomas/carcinomas 10

2. Colorectal/gastric
cancer/adenoma 54 15. Ovarian cancer 10

3. Heart failure/myocardial
dysfunction/injury 42

16. Cancer, carcinoma
(non-specified) 10

4. Breast cancer 37
17. Hepatocellular
carcinoma 9

5. Papillary thyroid carcinoma 31
18. Asthma/lung
inflammation 9

6. Pancreatic cancer/
adenocarcinoma 25

19. Pituitary tumors/
adenocarcinoma/blastoma 9

7. Melanoma 22 20. Spinal cord injury 9

8. Rheumatoid arthritis/
osteoarthritis 21 21. Bladder cancer 7

9. Oral/laryngeal squamous cell
carcinoma 20 22. Liver fibrosis 7

10. Prostate cancer/
adenocarcinoma 16

23. Lung cancer/non-small
cell lung cancer 7

11. Diabetes 13 24. Renal carcinoma 7

12. Glioma-associated
cancer/glioblastoma 12

25. Myelogeneous
leukemia 5

13. Preeclampsia 11
26. Ischemia
(non-specified) 5

Continued on next page.
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Table 1. (Continued). Number of publications according to PubMed in
which a specific disease was identified and galectins were mentioned in

association with the diseasea

27. HIV-1 5 51. Gynecological cancer 2

28. Lymphoid malignancies/
lymphomas 4 52. Lymphocytic leukemia 2

29. Human cervical (epithelial)
adenocarcinoma 4 53. Nasal polyposis 2

30. Multiple sclerosis 4 54. Cartilage tumor 2

31. Ophthalmology 4
55. Lymphoblastic
leukemias 2

32. Nasopharyngeal carcinoma 4
56. Adenoid cystic
carcinoma 2

33. Renal fibrosis 4
57. Servical squamous cell
carcinoma 2

34. NASH 4 58. Celiac disease 2

35. Lung diseases/pneumonia 3
59. Amyotrophic lateral
sclerosis 2

36. Neuroblastoma 3 60. Hodgkin lymphoma 2

37. Myeloma, multiple myeloma 3
61. Chronic lymphocytic
leukemia 2

38. Lupus erythematosus 3
62. Malignant
pheochromocytoma 2

39. Brain cancer 3 63. Cystic fibrosis 2

40. Cholangiocarcinoma 3 64. Parathyroid carcinoma 2

41. Hypoxic-ischemic brain
injury 3 65. Glaucoma 2

42. Malignant mesothelioma 3 66. Tongue carcinoma 2

43. Head and neck cancer 2
67. Invasive globular
carcinoma 2

44. Ulcer/ulcerative colitis 2 68. Cardiomyopathy 2

45. T-cell leukemia/lymphoma 2 69. Renal ischemia 2

46. Venous thrombosis 2
70. Carcinomas of the
endometrium 2

47. Cancer vaccines 2 71. Liver ischemia 2

48. Malaria 2 72. Diabetic nephropathy 2

49. Chondrosarcoma 2 73. Cutaneous melanoma 2

50. Trypanoso 2 74. Forebrain ischemia 1

Continued on next page.
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Table 1. (Continued). Number of publications according to PubMed in
which a specific disease was identified and galectins were mentioned in

association with the diseasea

75. Nasal papillomamiasis
101. Eosinophilic
pneumonia

76. Intestinal inflammation 102. Cell carcinoma

77. Proliferative vitreoretinopathy 103. Leiomyosarcoma

78. Hepatitis C
104. Endometrioid
adenocarcinoma

79. Invasive trophoblasts 105. Large cell lymphoma

80. Liver cancer 106. Testicular cancer

81. Kaposi’s sarcoma 107. Thyroiditis

82. Invasive pathogens
108. Ductal
adenocarcinoma

83. Pilocytic astrocytomas 109. Myeloid leukemia

84. Peripheral nerve injury
110. Leukemia
(non-specified)

85. Psoriasis/skin inflammation 111. Ischemic stroke

86. Atopic dermatitis 112. Salivary gland tumor

87. Encephalomyelitis 113. Ulcerative colitis

88. Cystic tumors of the pancreas 114. Crohn’s disease

89. Nephritis 115. Acute kidney injury

90. Renal injury 116. Liver cirrhosis

91. Venereal diseases 117. Encephalitis

92. Intestinal fibrosis
118. Cardiac toxicity
(non-specified)

93. Digestive diseases 119. Behcet’s disease

94. Parkinson’s disease 120. GVH disease

95. Malignant endothelia 121. Serous carcinomas

96. Corticotroph adenomas 122. Cerebral ischemia

97. Pneumococcal meningitis 123. Choriocarcinoma

98. Esophageal cancer
124. Fibrosis
(non-specified)

99. Connective tissue disease 125. Insulin allergy

100. Histocytic sarcoma
126. Spindle cell
oncocytoma

a (Diseases from number 75 through 126 have been found to be described in one paper
each).
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Galectins in Cancer

It is clear from the literature that galectin proteins are increased in expression
in the majority of cancers and they serve a variety of functions in cancer cell
biology ((4–6) and references therein). When considering functions in cancer,
a critical issue is whether the functional locations of the galectin proteins
are intracellular or extracellular. This has important implications related to
fundamental function, but also the ability to target galectin function with
therapeutic agents. Intracelluar functions in cancer related to apoptosis and
signaling have been described ((7) and references therein). The Figure 2 shows
the major areas in cancer biology where galectins may function in the extracellular
environment.

Figure 2. The major areas in cancer biology where galectins may function in the
extracellular environment. (see color insert)

The importance of galectins for tumor cell invasion and metastasis has been
reviewed extensively ((8–10) and references therein). Additionally, it has been
well documented that galectin proteins, in particular galectin 1 and galectin 3, are
markedly increased in expression in cancer cells and contribute to the pathogenesis
of tumor progression ((4–10) and references therein).

This volume has a number of chapters which review and extend our
knowledge on how galectins function in cancer. Chapters 9, 10, 11, 14, and
17 review the role of galectins in melanoma, glioma, breast cancer, leukemia,
and myeloma, respectively. Analysis of these cancers hightlight the variety of
functions of galectins in cancers. Chapter 12 reviews the potential use of a
truncated galectin-3 protein, Galectin-3C, as a treatment for cancers, which also
reveals potential functions of galectins in cancer. Chapter 18 reviews approaches
for using galectin targeting for prevention of cancer metastases.
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Tumor Angiogenesis

Tumor growth depends on a continuous blood supply to deliver oxygen,
nutrients, and other biologically important factors to the tumor. The growth of
new capillaries from preexisting blood vessels is called neovascularization or
angiogenesis, which is a complex process involving endothelial cell activation,
disruption of vascular basement membranes, proliferation of endothelial cells
and their migration. This multistep cellular process, the molecular machinery,
leading to growth of new vessels into the tumor, hence, tumor angiogenesis,
is dependent on a number of galectins, among them galectin-1, -2, -3, -4, -8,
which presumably play important roles in mediating cell-cell and cell-matrix
interactions. Chapter 13 reviews the role of galectins in tumor angiogenesis and
the potential of targeting galectins for therapy.

For example, galectin-1-null mice showed much slower tumor growth
because of reduced tumor angiogenesis. Galectin-3 stimulates capillary tube
formation in vitro and angiogenesis in vivo. It has been shown that vessel
walls of normal lymphoid tissues do not express galectin-1, while blood vessel
walls of lymphomas express it in relation to their vascular density. These and
other relevant data are reviewed in (11, 12), as well as in other recent articles.
A study (13) notes: “Recent studies have shown that a carbohydrate-binding
protein, galectin-3, is a novel pro-angiogenic molecule. The mechanism by
which galectin-3 promotes angiogenesis remains unknown”. In the follow-up
study (14) the authors confirmed that angiogenesis is heavily influenced by
VEGF-A and by VEGF receptor 2 (VEGF-R2), which is glycosylated like
most cell surface proteins, although, as the authors mentioned, the function of
VEGF-R2 with respect to its glycosylation pattern is poorly characterized. The
authors have shown that galectin-3 interacts with the EGF and TGFβ receptors,
retaining them on the plasma membrane and altering their signal transduction
via phosphorylation of VEGF-R2 in endothelial cells. The authors concluded
that galectin-3 contributes to the plasma membrane retention and proangiogenic
function of VEGF-R2.

Another review (10) has noted that “galectin-3 is an important regulator of a
broad range of cancer cell activities and plays important roles in cancer cell growth,
transformation, apoptosis, angiogenesis, adhesion, invasion and metastasis. Such
a divergent influence of galectin-3 on cancer cell activities derives from itsmultiple
inter- and sub-cellular localizations where it interacts with a range of different
binding partners”.

It was also shown that galectin-3 promotes adhesion of disseminating
tumor cells to vascular endothelium in vitro and experimental metastasis in vivo.
Furthermore, the presence of galectin-2, -3, -4, and -8 enhances cancer-endothelial
adhesion by interaction with the TF epitope (Gal-β-1,3GalNAc α-) disaccharide
on cancer-associated MUC1 glycan and promote cancer-endothelial adhesion
(15).

Nearly this same group of galectins (galectins-1, -3, -4, and -8) are expressed
in human colon and rectal cancer, and upregulated during colorectal cancer
development and metastasis. Their upregulation has been correlated with cancer
cell growth, apoptosis, and angiogenesis (16).
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Galectin-8 is a rather common target when deciphering the angiogenesis-
related process, and it was suggested to be one of the “pro-angiogenic”
lectins. Galectin-8 is a bivalent “tandem-repeat”-type galectin, whose two
carbohydrate-recognition domains are connected covalently by a linker peptide.
This galectin is expressed both in the cytoplasm and nucleus in endothelial cells of
normal and tumor vessels; hence, it might play an essential role in the regulation
of angiogenesis in general and tumor angiogenesis in particular (17).

Recently, it was shown that tumor cells can stimulate tumor angiogenesis
by secretion of galectin-1 in wild-type mice; however, this effect is hampered
in galectin-1-null mice (18). The authors concluded that galectin-1 is a
pro-angiogenic factor.

A significant study describing the role of galectin-1 in angiogenesis and
immune dysregulation in murine cancer was recently published (19). It was
shown that galectin-1 is a tumor promoting protein produced by cancer cells,
and that the low-molecular weight galectin blocker, thiodigalactoside (TDG),
a non-metabolized drug candidate, suppressed tumor growth, angiogenesis,
immune cell dysregulation. Furthermore, intra-tumoral (B16F10 melanoma
and breast cancer model) injection of TDG significantly increased the level of
tumor-infiltrating CD8+ lymphocytes, and TDG treatment of tumors in nude
mice, defective in T cell immunity, reduced angiogenesis and slowed tumor
growth by ~ 30% less than in immunocompetent mice. At the same time,
Dings et al. (20) showed that anti-angiogenic compounds could also enhance
T-cell mediated anti-tumor responses and function as angiostatic adjuvants to
immunotherapy against cancer. These are apparently the first cases demonstrating
that low-molecular weight galectin-1 blockers are potential immune system
modulating anti-cancer agents.

Tumor Immunology

A growing literature shows that the recognition and killing of tumor cells by
the cellular immune system is modulated by galectins. In a seminal paper for
the field, Pierre Van der Bruggen and his colleagues have shown that galectin-
3 has a critical effect on tumor specific CD8+ cells (21). They showed that in
the presence of galectin-3, cytotoxic T cells lose the colocalization of the T-cell
receptor and CD8, which results in relative anergy of the T cells when confronted
with tumor antigen. The function of CD8+ cells and the TCR-CD8 colocalization
was restored when galectin ligands were added. This has led to the hypothesis
that tumor secreted galectin-3 binds to cytotoxic T cells and renders them anergic,
unable to kill tumor cells. A summary of this “galectin effect” as described by the
van der Bruggen group is illustrated in the Figure 3 and reviewed in Chapter 16.

Galectin-1 has also been shown to be important in modulating cellular
immunity to tumor cells. In an elegant set of experiments using knockout mice
and syngeneic tumors with variable galectin-1 expression, it was shown that
tumor associated expression of galectin-1 was involved in mediating tumor
progression through intratumoral immunomodulation (22). It is possible that
other galectins are involved in modulating the cellular immune response to tumors
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and it appears that inhibition of galectins may be an approach to enhance tumor
killing by cytotoxic T cells.

Another example of this immunomodulatory effect is in malignant glioma.
Malignant gliomas are the most common primary brain tumors. A clinical
prognosis in those pathologies is rather bleak, making an average survival time
around one year in unselected series ((23), and references therein). The immune
response of the patients typically is not effective, due to high migratory capacity
of the brain tumor and its aggressive growth. It was suggested that a number
of galectins, such as galectin-1, -3, -4, and -8 contribute to malignant gliomas
growth and resistance against antineoplastic therapy (ibid.). In an earlier work
the authors have provided evidence of a role of galectin-1 in the regulation of
glioma cell proliferation and migration (24). The authors concluded that targeting
galectin-1 (and possibly other galectins) may have therapeutic benefits in the
treatment of malignant glioma. Robert Kiss and his Laboratory of Experimental
Immunology in Leuven, Belgium, continue to uncover the role of galectin-1
in immunotherapy for brain cancer as an important player in glioma-mediated
immune escape (25–27). It was shown that galectin-1 is abundantly expressed
in high-grade glioma, and active specific immunotherapy by dendritic cell
vaccination apparently generates an anti-tumoral immune response, when
accompanied by down-regulation of counteracting tolerogenic signals (27), see
also (28–32).

Figure 3. The “galectin effect”, illustrating the hypothesis that tumor-secreted
galectin-3 binds to cytotoxic T cells and renders them anergic, unable to kill

tumor cells. (see color insert)

We believe there is the potential for galectin inhibition to play a key role
in the burgeoning area of cancer immunotherapy. For example, there have been
two recent approvals of drugs for using the patient’s immune system to fight
cancer, Provenge (Dendreon; a dendritic cell tumor vaccine) and Yervoy (BMC;
a monoclonal inhibitor of CTLA4 which activates cytotoxic T-cells). There are
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many additional vaccines and immune stimulatory agents in development. An
effective galectin targeting agent that enhances the immune system’s ability to
fight cancer would be a complementary approach to these tumor immunotherapies.
Chapter 16 describes an ongoing clinical trial that aims to evaluate an anti-galectin
thereapy, GM-CT-01, in combination with a peptide vaccine in metastatic
melanoma.

Galectins in Inflammation, Immune Cell Function, and Fibrosis

The process of inflammation and repair involves multiple cell types including
cells of the immune system and many inflammatory mediators in a complex
and interconnected cascade of events. Acute inflammation can be terminated or
progress to a chronic phase which may lead to fibrosis. The enormous complexity
of this process cannot be summarized in this review, but we evaluate some of
the data related to the components of inflammation, immune cell function, and
fibrosis. It should be stated up front that separating these three only facilitates
discussion because the processes in tissues are all intertwined.

Inflammation

Acute inflammation is a critical defense mechanism against invading
pathogens and tissue damage. When inflammation becomes chronic, systemically
or locally, multiple pathologies ensue with negative consequences. Most of
the information on galectins involvement in inflammation results from studies
of chronic inflammatory models. However, as discussed in Chapter 19 (A
therapeutic role for galectins in acute inflammation?), galectins also play a role in
acute inflammation, particularly galectin-1, 3, and 9.

Multiple studies show that galectins are important in regulating chronic
inflammatory responses; however, the current data do not provide a clear picture.
Some galectins appear to suppress responses of inflammatory cells, while some
galectins stimulate and promote them. It seems that the specific effect of a
galectin depends on the targeted cell, its microenvironment (such as a pattern
of the specific glycosylation of target cells), and the inflammatory stimulus. It
has been suggested that differing results may be related to the fact that studies
are performed in vitro which employ recombinant galectins, typically lacking
certain portions of the protein (33). Where more relevant studies were conducted,
for instance, with galectin-3-null mice, it was found that galectin-3 promotes
inflammatory responses (reviewed by Liu et al, in (34)). Much of the confusion in
the field is likely related to the relevancy of in vitromodels and non-physiological
proteins and concentrations. Chapter 21 reviews relevant data in intack animal
models of multiple inflammatory diseases. This analysis begins to unwind the
stories of galectin involvement in chronic inflammatory disorders.

In a number of cases, galectins can accompany inflammatory responses, and
often it is hard to determine whether the appearance of galectins (as an elevated
expression) post-injury is causal or a biomarker. For example, spinal cord injury in
rats induces secondary tissue damage that is associated with inflammation, and up
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to sixmonths post-injury a cluster of genes (including galectin-3) has been reported
to show elevated expression in macrophages. The authors (35) concluded that
“inflammation-related genes are chronically up-regulated after spinal cord injury”.

In another interesting line of work, it appears that polymorphisms in galectin
molecules may be important in chronic inflammatory processes. It was shown
that it is not just galectin-3 that contributes to development of rheumatoid arthritis
(RA), but it may be related to its polymorphic forms (36). Indeed in synovium
of RA, an elevated expression of galectin-3 has been found; however, the allelic
carriage of LGALS3 +292C was increased in RA patients (151 RA patients and
182 healthy subjects as control) from 66.9% in RA vs. 52.7% in control. The
two polymorphic forms (SNP) of galectin-3 gene were located at rs4644 and
rs4652 sites in the DNA. Another study (37) showed that galectin-3 is present
in the inflamed synovium in patients with rheumatoid arthritis, and plays a
pathogenic role in the development and progression of antigen-induced arthritis.
The authors showed that the joint inflammation and bone erosion in mice were
markedly suppressed in galectin-3 null mice as compared with wild-type mice.
The reduced arthritis in galectin-3 null mice was accompanied by decreased
levels of proinflammatory cytokines.

Henderson and Sethi (38) noted that galectin-3 is a specific regulator of
many biological systems, including inflammation. For example, in acute tissue
damage, galectin-3 is a key component in the host defense against microbes,
such as Streptococcus pneumoniae. However, if tissue injury becomes repetitive,
galectin-3 also appears to be involved in the transition to chronic inflammation,
facilitating the walling off of tissue injury with fibrogenesis and organ scarring.
Therefore galectin-3 can be viewed as a regulatory molecule acting at various
stages along the continuum from acute inflammation to chronic inflammation and
tissue fibrogenesis.

According to Norling et al (39), evidence is accruing that indicates that
galectins fall into a category of immunoregulatory mediators, signifying their
potential as prospective novel anti-inflammatory agents. In their review, they
describe the immunoregulatory bioactivities of three members of the galectin
superfamily, galectin-1, -3 and -9. As the authors emphasize, these galectins are
emerging as pertinent players in the modulation of acute and chronic inflammatory
diseases, autoimmunity and cancer, and thus are being increasingly recognized
as molecular targets for innovative drug discovery. These findings are further
explored in Chapters 19 and 20.

Wound healing is the critical end process of the inflammatory cascade. The
role of galectins in wound healing is reviewed in Chapter 26.

Immune Cells

While immune cells are critcally involved in the inflammatory process, it
is useful to look directly at the effects of galectins on individual effector and
regulatory cells of the immune system. The function of galectins with respect to
immune cells is complex and, at times appears contradictory. It appears that the
function varies depending on the source and stage of immune activation. Some
galectins can disable T cells by inducing apoptosis. For example, galectin-1
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induces apoptosis in activated human T cells, apparently through the binding to T
cell surface glycoproteins, such as CD7, CD43, and CD45. This mechanism may
be concentration dependent and has not been observed by all investigators.

A recent study (40) identified galectin-1 as an intracellular binding partner
of Bam32, the B lymphocyte adaptor molecule which is strongly induced during
human dendritic cell maturation. These authors noted that galectin-1 demonstrates
many immunological activities, among them regulating immune responses via
regulatory T cells modulation. Galectin-1 is also an important element along with
its immunoregulatory activity in controlling immune cell trafficking, dendritic cell
physiology, and T-cell fate (41).

Galectin-9 plays a role in a murine acute lung injury by preferentially
suppressing macrophage function to release pro-inflammatory cytokines through
down-regulation of Toll-like receptors. In those experiments, mice were
pretreated with galectin-9 by subcutaneous injection prior to intranasal LPS
inoculation, and the authors found that galectin-9 suppresses pathological changes
in acute lung-injured mice by reducing levels of pro-inflammatory cytokines
and chemokines, such as tumor necrosis factor (TNF)-α, IL-1b, IL-6, decreased
neutrophils, and increased IL-10 (42).

Galectin-9 has also been shown to bind T cell Ig mucin-3 (Tim-3) expressed
on different cells which triggers T cell death and activates innate immune cells.
The authors found some evidence that two carbohydrate recognition domains of
galectin-9 (N- and C-terminal regions) have different activities in promoting T-cell
death (43).

Chapters 6 and 7 present intriguing approaches to modulating T cells. Chapter
6 describes the role of a cross-linking GM1 ganglioside in the suppression of
autoimmune disorders. Chapter 7 describes the use of fluiorinated glucosamine
analogs to enhance the activity of anti-tumor T cells.

Fibrosis

Chronic inflammation in organs often leads to an accumulation of fibrotic
tissue. In fact, the end result of inflammation from multiple underlying etiologies
is fibrosis and resultant organ dysfunction. This is evident in lung, heart, kidney,
pancreas, and liver. Multiple lines of evidence point to galectin proteins, and
galectin-3 in particular, as critical in the pathogenesis of organ fibrosis. The best
evidence in this regard comes from experiments in knockout mice. Galectin-3
null mice are resistant to fibrosis of the liver in response to hepatotoxins, lung
fibrosis in response to intrathecal bleomycin , kidney and heart fibrosis, and
chronic pancreatitis (for review see (38)). This important area of pathology is
reviewed in Chapter 22 (Galectin-3: A central regulator of chronic inflammation
and tissue fibrosis). In addition, a novel mechanism for the activation of stellate
cells in the liver, the primary fibrogenic cell in the liver, is discussed in Chapter
23 (The role of galectin-3 in stellate cell activation and liver fibrosis).

An important liver diease that results in fibrosis is non-alcoholic
steatohepatitis (NASH). Fatty liver and NASH with liver fibrosis, which was
invariably detected in galectin-3 (+/+) mice on a high fat diet, was much less
pronounced and was found in only 38% of these galectin-3 null mice (44). Taken
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together, these data suggest that galectin-3 is an attractive therapeutic target for
liver fibrosis that occurs as a result of multiple liver diseases as well as fibrotic
conditions in multiple organs.

Cardiovascular Disease

Atherosclerosis is and inflammatory lipid accumulation in arterial vessels
which is the cause of a huge burden of morbidity and mortality world wide.
Chapters 5, 22 and 24 review the roles of galectins in atherosclerosis, representing
a potentially new approach to this disease.

Heart failure is generally defined as a failure of the heart to supply sufficient
blood volume to meet the requirements of the body. Heart failure is the result
of myocardial injury or hemodynamic overload, which goes beyond mechanical
dysfunction; heart failure is associated with a number of pathophysiologic
mechanisms, including inflammation, tissue remodeling, endocrine signaling, and
interactions with the renal and nervous systems; it is the result of interplay of a
number of biochemical factors, collectively referred to a biomarkers.

A series of studies (45–54) have convincingly showed an importance of
galectin-3 in heart failure and mortality. Chapter 24 reviews data that shows
galectin-3 is important in heart fibrosis and failure and may be an important target
for therapy.

Asthma

Asthma is a chronic disease characterized by airway inflammation, airway
hyperresponsiveness, reversible airway obstruction, predominance of Th2 cells
and eosinophilic inflammation. A number of studies point at an important role of
galectins in these outcomes and mechanisms leading to them. Chapter 22 reviews
some data in galectin-3 knockoutmice on the role of this galectin in allergic disease
and airway inflammation. Below we discuss studies which show the involvement
of galectin-3, -7, -9 and -10 in the allergic disorder.

Ge et al (55) investigated a murine model of chronic allergic airway
inflammation aiming at the role played by galectin-3 in airway remodeling, a
characteristic feature of asthma that leads to airway dysfunction and poor clinical
outcome in humans. They found that the higher degree of airway remodeling
in wild-type mice was associated with higher Gal-3 expression. Furthermore,
using galectin-3-null mice they found diminished remodeling of the airways
with significantly reduced mucus secretion, subepithelial fibrosis, smooth muscle
thickness, and peribronchial angiogenesis. The authors concluded that Gal-3
promotes airway remodeling via airway recruitment of inflammatory cells,
specifically eosinophils, and the development of a Th2 phenotype, as well as
increased expression of eosinophil-specific chemokines and profibrogenic and
angiogenic mediators (55).

In another study, a gene therapy approach, which employed plasmid
encoding galectin-3 in chronic asthmatic mice, was shown to improve Th2
allergic inflammation. A correlation was found between galectin-3 treatment
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and inhibition of cytokine signaling proteins in lungs which act as negative
regulators of cytokine signaling, and play an important role in immune response
by controlling the balance between Th1 and Th2 cells. The authors concluded that
Gal-3 treatment could be a valuable therapeutic approach in allergic disease (56).

Galectin-9 was found to play a potential role in the pathogenesis of asthma
(57). Galectin-9 is an eosinophil chemoattractant and inducer of Th1 cell
apoptosis. The authors used a group of BALB/c mice sensitized and challenged
with ovalbumin, which develop airway inflammation and mucus hypersecretion,
and found that galectin-9 protein levels were elevated in lungs of those mice
compared to controls. The authors concluded that galectin-9 contributes to the
development of allergic airway inflammation (57). Galectin-9 was also found
to inhibit allergic inflammation of the airway and airway hyperresponsiveness
(AHR) by modulating CD44-dependent leukocyte recognition of the extracellular
matrix (58).

Another study (59) reported that galectin-9 and Tim-3 mRNA levels in lungs
increased in mice with asthma and significantly correlated with the levels of blood
Th1/Th2 cytokines. Rosiglitazone treatment apparently decreased the expression
of galectin-9 and Tim-3. This was shown in a group of 45 BALB/c SPF female
mice which were randomized into control group and asthma groups with and
without rosiglitazone intervention. Also, it has been shown that the expression of
galectin-9 and Tim-3 mRNA was positively correlated with blood IL-4 level, but
negatively correlated with blood IFN-γ level (59).

A recent review (60) considers an important role of galectin-9 in health
and disease, including asthma. In normal physiology, galectin-9 appears to
be a pivotal modulator of T-cell immunity by inducing apoptosis in specific
T-cell subpopulations. However, since these T-cell populations are associated
with autoimmunity, inflammatory disease, and graft rejection, it was found that
application of exogenous (such as recombinant) galectin-9 may limit pathogenic
T-cell activity in various preclinical models of autoimmunity and allograft graft
rejection. In many solid cancers, the loss of galectin-9 expression is closely
associated with metastatic progression, and treatment with recombinant galectin-9
prevents metastatic spread in various preclinical cancer models. The review
discusses the therapeutic potential of galectin-9 in various diseases, including
autoimmunity, asthma, infection, and cancer.

Galectin-10mRNAwas found to be over-expressed in aspirin-induced asthma
(AIA), suggesting a novel candidate gene and a potentially innovative pathway
for mucosal inflammation in aspirin intolerance (61). The choice of the model
was made following the observation that in sensitive patients, aspirin is associated
with nasal and bronchial inflammation, eliciting local symptoms.

Rogerio et al (62) do not mention galectins specifically; however, they identify
a “D-galactose-binding lectin” from Synadenium carinatum latex. The lectin,
which is very likely a galectin, increased interferon-gamma and IL-10 in an asthma
inflammatory model, suggesting that it might induce a TH2 to TH1 shift in the
adaptive immune response. Extracts from this latex are widely used in popular
medicine to treat a great number of inflammatory disorders.
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Galectin-7 was found to be involved in asthma development in children (63).
Asthmatic and non-asthmatic children were compared, and galectin-7 was found
to be 8-fold greater in bronchial epithelial cells from asthmatic children.

Arthritis

Arthritis is an inflammatory disease of one or more joints in the body.
Rheumatoid arthritis (RA), a common autoimmune form of arthritis, is a chronic,
systemic inflammatory disorder that may affect many tissues and organs, and
destroys cartilages or bones at the joints. RA is initiated by self-attack using own
immune system, but the detail of pathological mechanism is unclear. Galectins
appear to be involved in the pathogenesis of RA and autoimmune disccorders,
particularly galectin-3 and galectin-9. We report below a number of studies
suggesting involvement of galectins in autoimmune arthritis.

In a recent study ofWang et al (64) lentiviral vectors encoding galectin-3 small
hairpin RNA (shRNA) and galectin-1, as well as two control vectors expressing
luciferase shRNA and green fluorescent protein, were individually injected
intra-articularly into the ankle joints of rats with collagen-induced arthritis.
The authors showed that both knockdown of galectin-3 and overexpression of
galectin-1 induced higher percentages of antigen-induced T-cell death in the
lymph node cells from arthritic rats. Based on the data obtained the authors
suggest a hypothetical model of a cross talk between galectin-1 and galectin-3 in
the circumstance of rheumatoid joints, and implicate galectin-3 and galectin-1 as
potential therapeutic targets for the treatment of rheumatoid arthritis.

Li et al. (65) investigated an involvement of galectin-3 in the regulatory
process of inflammatory bone resorption in rats with adjuvant-induced arthritis
(AA rats) accompanying severe bone destruction in the ankle joints. The
level of galectin-3 in the ankle-joint extracts was markedly augmented at
week 3 after adjuvant injection, at the time when severe bone destruction was
observed. Immunohistochemical analysis revealed an extremely high expression
of galectin-3 in macrophages and granulocytes infiltrated in the area of severe
bone destruction. Recombinant galectin-3 was added to in vitro culture systems,
and found to markedly inhibit the formation of osteoclasts in cultures of murine
osteoclast precursor cell line as well as in rat bone marrow culture systems.
This inhibition was not observed by heat-inactivated galectin-3 or by galectin-7.
Furthermore, in vivo studies clearly showed a significant suppression of bone
destruction and osteoclast recruitment accompanying arthritis, when galectin-3
was injected into the cavity of ankle joint of AA rats. The authors concluded
that abundant galectin-3 observed in the area of severe bone destruction may
act as a negative regulator for the upregulated osteoclastogenesis accompanying
inflammation to prevent excess bone destruction.

In a murine model of arthritis, it was shown that the joint inflammation and
bone erosion of AIAweremarkedly suppressed in galectin 3(-/-) mice as compared
with WT mice, and the reduced arthritis in galectin 3(-/-) mice was accompanied
by decreased levels of antigen-specific IgG and proinflammatory cytokines (37).
The frequency of IL-17-producing cells in the spleen was reduced in galectin 3(-/-)
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mice as compared with WT mice. Exogenously added recombinant galectin 3
could partially restore the reduced arthritis and cytokines in galectin 3(-/-) mice.
The authors concluded that galectin 3 plays a pathogenic role in the development
and progression of AIA and that the disease severity is accompanied by alterations
of antigen-specific IgG levels, systemic levels of TNFα and IL-6, and frequency
of IL-17-producing T cells.

The importance of galectin-9 in rheumatoid arthritis was discussed in
the study (66), in which galectin-9 is considered as a ligand of TIM-3, a
novel transmembrane protein that is involved in the regulation of T-helper 1
(Th1)-cell-mediated immunity, and containing T-cell immunoglobulin- and
mucin-domain. The goal of the study was to investigate the expression of TIM-3
along with galectin 9 with respect to disease activity in rheumatoid arthritis
(RA). Blood was collected from 39 RA patients and 31 healthy controls, and
blood leucocyte TIM-3 and Gal-9 mRNA levels and RA disease activity were
determined. It was found that TIM-3 mRNA expression was significantly higher
in the synovial tissue (ST) of RA patients than in the ST of osteoarthritis (OA)
patients. The authors concluded that TIM-3 and its interaction with Gal-9 are
closely associated with RA disease activity and may play an important role in the
pathogenesis of RA. Besides, in addition to the negative regulatory effect of Gal-9
mediated through the TIM-3-Gal-9 pathway, Gal-9 may exert its suppressive
effect on RA disease activity by modulation of regulatory T (Treg) cells.

The study described above was part of a more general work by the authors
(67) aimed at the role of expression of TIM-3 from CD4+ T cells from rheumatoid
arthritis (RA) patients and healthy controls, and a contribution of galectin-9 to
apoptosis of CD4+ T cells in these patients. It was shown that TIM-3 mRNA
expression was significantly lower in CD4+ T cells from RA patients compared
with those in healthy controls. CD4+ T cell survival was significantly higher in
RA patients than in healthy controls.

Galectin-9 was found to suppress collagen-induced arthritis (CIA) in a mouse
model in a dose-dependent manner (68). Such suppression was observed even
when treatment was started on 7 days after the booster, indicating its preventive
and therapeutic effects. The authors have suggested that galectin-9 ameliorates
CIA by suppressing the generation of Th17, promoting the induction of regulatory
T cells.

In was found that the synovial fluid (SF) cells from rheumatoid arthritis (RA)
patients express and secrete galectin-8, to a concentration of 25-65 nM, well within
the concentration of Gal-8 required to induce apoptosis of SF cells (69). Besides,
Gal-8 was found to be a novel high-affinity ligand of CD44vRA, a specific CD44
variant, with an apparent binding constant of 6 nM (69). Besides, it was found that
galectin-1 was found to be overexpressed in rheumatoid arthritis (RA) synovium
(70).

It was found that galectin-3 was over expressed in the synovial tissue of
patients with rheumatoid arthritis (RA), particularly at sites of joint destruction
(71). The same authors showed that galectin 3 is not only involved in
inflammation, but also contribute to the activation of synovial fibroblasts. In
contrast, the authors found that expression of galectin-1 was not uniform in
different RA specimens, and was never found at sites of invasion. The authors
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(Neidhart, Gay et al.) concluded that galectin 3 represents novel markers of
disease activity in rheumatoid arthritis (71, 72).

Other Diseases

Because of the ubiquitous nature of inflammatory processes in disease, it is not
surprising that galectins have been implicated as potentially important in a diverse
number of disorders. Here we provide information on a number of other diseases
that have been evaluated.

Galectin-3 has been evaluated in Behçet’s disease (BD), a rare immune-
mediated systemic vasculitis, often manifested by mucous membrane ulceration
and ocular involvements. In a 2-year study, 131 subjects, 39 of which were BD
active, 31 inactive, 22 disease controls with leucocytoclastic vasculitis confirmed
with a skin biopsy, and 39 healthy control subjects were evaluated. It was found
that serum galectin-3 levels were significantly higher in active BD patients
compared to inactive BD patients and healthy control subjects. There was no
significant difference between the leucocytoclastic vasculitis and active BD
patients. Serum galectin-3 levels were positively correlated with clinical activity
scores of active BD patients. In addition, galectin-3 levels were significantly
higher during the active disease period when compared with the inactive period
during follow-ups. It was also reported that patients with vascular involvement
had significantly higher galectin-3 levels than other active BD patients (73).

Galectins have been evaluated in multiple sclerosis lesions (74). Among 11
different galectins tested, those which were present at detectable levels in control
white matter were galectins-1, -3, -8 and -9, and their expression was significantly
enhanced in active multiple sclerosis lesions. Galectin-9 showed a distinctly
different intracellular localization in microglia/macrophages when comparing
active and inactive MS lesions. In active lesions, it was mainly found in nuclei,
while in inactive lesions, it was primarily located in the cytoplasm. The authors
concluded that some galectins are associated with multiple sclerosis pathology.

In a series of papers (75–78), St-Pierre, Sato et al. have suggested a role for
galectin-1 as a host factor that influences HIV-1 pathogenesis by increasing its
drug resistance. In brief, galectin-1 increases HIV-1 infectivity by accelerating
its binding to susceptible cells. By comparison, it seems that galectin-1 directly
binds to HIV-1 through recognition of clusters of N-linked glycans on the viral
envelope gp120, by binding to CD4, the host receptor for gp120. In turn, it results
in promoting of virus attachment and infection events, since viral adhesion is a
rate-limiting step for HIV-1 entry. The authors have tested some glycosides, such
as mercaptododecyl glycosides with a terminal β-galactosyl group, and for some
derivatives found “high binding responses” with galectin-3, -4, and 8. This opens
possibilities in developing new drugs to prevent and treat HIV-1 infection.

Galectin-3 was suggested as a biomarker for amyotrophic lateral sclerosis
(ALS), a neurodegenerative disease (79), after studying the appropriate mouse
model and then validating the finding in human tissues. 14 of 1299 proteins
evaluated were found to be dramatically altered in the ALS mice compared with
the two control groups. Galectin-3 emerged as a lead biomarker candidate on

20

D
ow

nl
oa

de
d 

by
 F

O
R

D
H

A
M

 U
N

IV
 o

n 
D

ec
em

be
r 

19
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
00

1

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



the basis of its differential expression. Spinal cord tissue from ALS patients also
exhibited 2-fold increased levels of galectin-3 when compared to controls.

Galectin-Based Diagnostics and Clinical Survival Prognosis
in Patients

Increased expression of galectins is associated with multiple disease states,
making measurement of the protein in serum or tissues an attractive surrogate
biomarker. Since there are no specific chapters in this book on diagnostics, here
we review a number of examples of that use of galectins as disease markers.

Heart Failure

The most advanced example of using galectin as a marker of disease
comes from the work of BG Medicine of Waltham, MA. This company has
commercialized an FDA approved assay for galectin-3 and evaluated in a
variety of cardiovascular situations. Among biomarkers in heart failure, which
includes brain natriuretic peptides, inflammatory markers, neurohormones (such
as aldosterone), cardiorenal markers, galectin-3 has shown great promise in a
number of studies (46, 47).

A recent study (49) showed that an elevated galectin-3 level was associated
with advanced age, poor renal function and predicted all-cause mortality (hazard
ratio 1.86, 95% confidence interval 1.36 to 2.54). These data were based on
measured plasma galectin-3 levels in 133 subjects with chronic heart failure
(HF) and 45 with advanced decompensated HF using echocardiographic and
hemodynamic evaluations. In the chronic HF cohort, median plasma galectin-3
level was 13.9 ng/ml (interquartile range 12.1 to 16.9). In multivariate analysis,
galectin-3 remained an independent predictor of all-cause mortality after adjusting
for age and other myocardial indications. The authors reported that galectin-3
level, however, did not predict the combined end point of all-cause mortality,
cardiac transplantation, or HF hospitalization. In the advanced decompensated HF
cohort, there was no relationship between galectin-3 levels and echocardiographic
or hemodynamic indexes. The authors concluded that high plasma galectin-3
levels were associated with renal insufficiency and poorer survival in patients
with chronic systolic HF.

It was found recently that the level of galectin-3 in plasma (determined
using a novel ELISA kit, Galectin-3 AssayTM, BG Medicine, Waltham, MA) is
a prognostic marker in patients with chronic heart failure (HF), and a significant
predictor of mortality risk. In the study (50) 232 patients with chronic HF were
studied, 98 of whom died in the 6.5 year follow-up period. The 98 patients who
died during the follow-up period had galectin-3 levels that were significantly
higher compared the survivors.

In another study (51), galectin-3 was measured in 599 patients with acute
dyspnea who presented to the emergency room, of whom 209 were diagnosed
as “acute heart failure”. Galectin-3 levels were higher in those with acute
heart failure (9.2 ng/mL) than in those who did not (6.9 ng/mL). The same
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study was described by de Boer et al (45) who reported that galectin-3 was the
most powerful predictor in a short-term prognosis (60 days, primary end-point
rehospitalization caused by heart failure or all-cause mortality, n = 17). The study
was later extended to 592 heart failure patients (52) with preserved and reduced
left ventricular ejection fraction (LVEF), and results were compared this to other
biomarkers. The primary end-point of the study was a composite of all-cause
mortality and HF hospitalization. The observed doubling of galectin-3 levels was
associated with a hazard ratio (HR) of 1.97 (1.62-2.42) for the primary outcome.
After correction for age, gender, and other factors, such as diabetes, the HR was
1.38 (1.07-1.78). The authors concluded that galectin-3 is an independent marker
for outcome in HF and appears to be particularly useful in HF patients with
preserved LVEF.

Galectin-3 levels in 55 patients with end-stage HF were compared with those
in 40 healthy controls, and again galectin-3 levels were higher in HF patients
(11 ng/mL) than in control (4.1 mg/mL) (53). Furthermore, patients who died or
developed multi-organ failure had significantly higher galectin-3 levels compared
to those who successfully bridged to transplantation.

Another recent study (54) evaluated 115 patients presenting to the emergency
room with acute dysphonea and diagnosed with heart failure (ADHF) have their
galectin-3 level measured. Those patients who had galectin-3 levels above the
median value had a 63% mortality in the following four years; patients with less
that the median value had a 37% mortality. Therefore, as the authors noted, a
single admission galectin-3 level predicts mortality to four years, independent of
echocardiographic markers of disease severity.

Thus, galectin-3 appears to be a useful biomarker for prognosis in heart
failure. Rather than just a marker of disease, it may be that galectin-3 plays a
critical role in the progression of heart failure through its role in fibrogenesis
(discussed in Chapter 24).

Cancer

Expression of galectin-3 in patients with colorectal cancer following
surgery and/or under chemotherapy treatment and the relationship of galectin-3
expression and clinical aspects or tumor evolution have been studied in 75
samples of colorectal tissues (80). The highest percentage of staining cells
(an immunohistochemical test for galectin-3 expression) appeared in the most
advanced cancer. The immunoexpression of galectin-3 was strong or moderate in
42% of the colorectal tumors. Patients with strong or moderate immunoexpression
of galectin-3 died or had recurrence more frequently. The authors noted that
galectin-3 cytoplasmatic immunoexpression seems to be a prognostic factor in
colorectal cancer, because a higher risk of recurrence had been observed in tumors
with a high score of galectin-3.

A high level of expression of galectin-3 was found in malignant lesions of
breast (n = 60) compared with that in benign breast lesions (n = 30) (81). Besides,
the 5-year survival rate and mean survival period were significantly lower in the
gal-3 expression positive cases than those in the negative cases of breast cancer.
The authors concluded that the expressive level of gal-3 might have important
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effect on the carcinogenesis, progression and biologic behaviors of breast cancer,
and that the positive cases of gal-3 expression might have poor prognosis.

Canesin et al. provide an example of galectin-3 expression in bladder cancer
(82). Galectin-3 expression was assessed by transcript profiling (U133A arrays) in
a series or frozen bladder tumors (n = 105). Immunohistochemistry was performed
on tissue arrays containing bladder tumors (n = 389) to evaluate associations of
protein expression patterns of galectin-3 with proliferation, apoptosis, and clinical
pathologic variables. Galectin-3 protein levels were then quantified in 160 urinary
specimens of bladder cancer patients and controls by ELISA test. It was found that
galectin-3 gene expression levels increased in invasive tumors as compared with
non-muscle invasive lesions and were associated with poor survival in patients
with advanced disease. Protein expression patterns also correlated galectin-3 with
tumor stage, grade, and apoptosis, and overall survival in patients with tumors.
Furthermore, galectin-3 urinary levels segregated bladder cancer patients from
controls with high diagnostic accuracy. The authors (82) concluded that galectin-3
can be considered as a biomarker for bladder cancer diagnostics, staging, and
outcome prognosis.

Galectin-3 is considered to be the most-well-studied molecular candidate for
thyroid cancer diagnosis. Despite great variance in methodology, the majority of
immunohistochemical studies found that galectin-3 was differentially expressed
in thyroid carcinoma compared with benign and normal thyroid specimens. This
suggests that galectin-3 is a good diagnostic marker for thyroid cancer. The
authors (83) noted that, on the other hand, galectin-3 genomic expression studies
have shown inconsistent results for diagnostic utility and are not recommended.
They emphasized that consideration of galectin-3 as a diagnostic marker for
thyroid cancer represents a promising avenue for future study, and its clinical
application could significantly reduce the number of diagnostic thyroid operations
and thus positively impact the current management of thyroid nodular disease.
A separate study (84) has also shown that galectin-3 demonstrated highest
specificity and sensitivity in the diagnosis of thyroid cancer. A recent study (85)
notes – “galectin-3 is strongly expressed in thyroid carcinomas but not in benign
tumors or normal glands”. Anaplastic thyroid carcinomas are deadly tumors that
are highly invasive, particularly into bone (there are two more types of malignant
thyroid tumors – papillary and follicular). The authors of the study concluded
that galectin-3 contributes to thyroid carcinoma malignancy. In another study,
expression of galectin-3 in papillary thyroid carcinoma (PTC) [40 cases of
papillary microcarcinoma, 74 cases of classic PTC, and several rare variants in
155 PTC cases have been considered] occurred in 92% (142/155) of all cases, and
was found to be at much higher levels than that in the control group (86).

Prostate cancer, which is the second most common cancer and the second
leading cause of cancer death in men, can be effectively treated if it is diagnosed
at an early stage when the tumor is confined to the prostate. The PSA test and
screening method, which has been widely used for detection of prostate cancer,
is unreliable due to the high prevalence of false positive and false negative
results. A recent study (87) points out that epigenetic alterations, including
hyper-methylation of gene promoters, are believed to be early events in neoplastic
progression, and thus these methylated genes can serve as biomarkers for the
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detection of cancer from clinical specimens. This study considers methylated
galectin-3 DNA sequence during prostate carcinogenesis and evaluates its
usefulness for early detection of prostate cancer in tissue biopsies, serum, and
urine.

Galectin-3 expression as a prognostic marker or therapeutic target has been
immunohistochemically studied in epithelial ovarian carcinoma (EOC), in which
levels of galectin-3, mainly cytoplasmic in location, were evaluated in 71 patients
with 54 serous, 13 endometrioid, and 4 mucinous ovarian carcinomas. In vitro,
Gal-3 was inhibited using siRNA to evaluate its role in cell growth and sensitivity
to chemotherapeutic agents in ovarian carcinoma cell lines. High Gal-3 expression
was observed in a majority (88.7%) of the EOCs but not in normal ovarian tissues,
and it was correlated with shorter progression-free survival of patients, 43.1 and
49.5 months, respectively (88).

Galectin-3 has also been suggested to be a marker of disease progression
in primary cutaneous melanoma (PCM) in patients due to its over-expression in
the pathology. To examine this point, galectin-3 expression was evaluated using
immunohistochemistry in 104 PCM samples, two-thirds of those were superficial
spreading (SSM) and one-third was nodular melanomas (NM). Significant
differences in galectin-3 expression between SSM and NM was observed, and
increased galectin-3 expression was positively correlated with tumor thickness,
Clark and Breslow stage, mitotic rate, presence of tumor ulceration, lymphatic
invasion, positive sentinel lymph node and distant metastases. The data
showed an association between increased galectin-3 expression and reduced
recurrence-free survival, as well as with reduced disease-specific survival. The
authors concluded that galectin-3 could serve as an additional prognostic marker
of disease progression and metastasis in patients with PMC (89).

All of the above examples are related to galectin-3. However, this simply
reflects the attention that researchers have paid to galectin-3 and the availability of
test kits for galectin-3. Recently, galectin-8 was shown to be a robust biomarker
for recurrence of bladder cancer (90), as demonstrated by galectin-8 staining
patterns from 162 samples of non-muscle-invasive transitional cell carcinoma,
25 samples of muscle-invasive transitional cell carcinoma, and 10 samples of
normal urothelium. Loss of galectin-8 was associated with the likelihood of tumor
recurrence, with no significance for tumor progression. Patients whose specimens
showed weak galectin-8 expression had a shorter recurrence-free interval (42 vs.
12 months). All of the 10 normal urothelium samples showed high galectin-8
expression. Decreased staining was found to be associated with higher tumor
stages and grades. The authors concluded that loss of galectin-8 might be an
early step in the development of malignant lesions of the bladder and a significant
independent predictor of recurrence.

Aside from galectin-3 and -8, galectin-1 and -4 have been reported to be
clinically significant as colorectal cancer markers (91). These authors showed
early on that galectin-1 is over-expressed in colorectal carcinoma (CRC) tissues.
In this paper (91), they showed in 105 CRC patients and 100 healthy volunteers
(control) that levels of circulating galectin-1 and -4 reflect the presence of CRC
and/or its state of progression. Circulating levels of galectin-1/-3/-4 in plasma of
CRC patients were significantly higher compared to those in controls. Galectin-1
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and -4 levels significantly decreased post surgery, and the level of galectin-4 in
most patients fell below the threshold value. The levels of circulating galectin-4
significantly increased as tumor stage progressed, whereas those for galectin-1
were relatively high at an early stage. These data suggested that galectin-4 may
be a tumor biomarker for use in patient follow-ups, while galectin-1 could be used
potentially for tumor screening.

In terms of galectin-1-based diagnostic screening, the Nicolay group in
Eindhoven, The Netherlands, have employed molecular MRI and a novel
galectin-1-targeting peptide, Anginex, with liposome-based nanoparticles to
assess and combat tumor growth in vivo (92, 93).

The expression pattern of galectin-1 was determined in 73 vulvar tissues by
a standard immunohistochemical method: 12 benign vulvar specimen, 41 vulvar
intraepithelial lesions (VIN), according to their differentiation were subdivided
into VIN I, II and III and 20 invasive squamous cell carcinomas (ISCC). The
immunohistochemical analyses showed that the intensity of galectin-1 expression
on stromal cells next to the neoplastic cells steadily increased according to the
pathological grade: benign vulvar tissue <VIN I<VIN II<VIN II<VIN III<ISCC
(p<0.0001). In epithelial cells, negative or weak reactivity for galectin-1 was
observed. These findings indicate that the galectin-1 expression on stromal cells
increases with the histopathological grade of vulvar tissues, and it can be suggested
that these changes might be associated with the progression of vulvar neoplasia
(94).

Liver Diseases

A recent study of 33 patients with alcoholic liver cirrhosis and 11 patients
with normal liver function has shown higher galectin-3 in portal venous serum
compared to hepatic venous serum (HVS) in patients with normal liver function,
which suggested hepatic removal of galectin-3 (95). However, galectin-3 was
cleared by healthy livers, but not from cirrhotic livers, and subsequently HVS
and SVS (systemic venous blood) galectin-3 levels were significantly increased
in patients with liver cirrhosis compared to controls. In summary, systemic, portal
and hepatic levels of galectin-3 were found to be negatively associated with liver
function in patients with alcoholic liver cirrhosis.

Another study questioning the importance of galectin-3 in liver disease to non-
alcoholic fatty liver disease (96) concluded that galectin-3 may not be a biomarker.
In this study, serum levels of galectin-3 in 71 patients with NAFLD and 39 controls
were assayed, and it was shown that they did not differ in patients with NAFLD
(median 4.1 ng/mL; interquartile range: 1.5-5.5 ng/mL) compared with healthy
controls (median 3.1 ng/mL; interquartile range: 0.8-7.5 ng/mL).

Galectin Targeting Agents and Approaches

Clearly, one of the obvious approaches to galectin therapy would be to design
galectin blockers that specifically inhibit galectins, and examine those inhibitors
against certain pathologies, first, of course, in experimental animal models. This,
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however, is not so easy. First of all, “classical” ligands of galectins are rather
weak binders, and are not really applicable as drugs. For example, lactose (4-O-
β-D-Galactopyranosyl-D-glucose) binds to galectin-3 with Kd between 0.2 and 1
mM, to galectin-4 with Kd of 0.9-2.0 mM, and quite poorly binds to galectin-7,
-10, 13 ((33) and references therein). N-acetyllactosamine binds better, however,
still not good enough to become a drug: 50 µM with galectin-1, 30-200 µM with
galectin-3, 1-2 mM with galectin-4 (ibid).

A number of approaches have been taken to developing molecules that target
galectin proteins for therapeutic purposes. These include small organic molecules
that target primarily the carbohydrate binding domain (97, 98), peptidomiemetics
that target other areas on the protein, and natural plant derived complex
carbohydrates that have exposed galactose residues. There are two primary groups
of plant-derived compounds that have been explored, pectin-based compounds
exemplified by modified citrus pectin, and 1,4-β-D-galactomannan-based
compounds exemplified by GM-CT-01 (DAVANAT®). While there are other
potential approaches, these are the primary ones that have been reported and are
in various stages of development.

Small Galectin Ligands Molecules as Potential Galectin Blockers

As detailed in Chapter 2, a group of researchers at Lund University, Sweden,
has synthesized small organic compounds, derivatives of galactose, and tested
them with respect to binding to the carbohydrate binding domain of different
galectins. Inhibitors of galectin-3 were the most potent, with Kd values as low as
29 nM (3,3′-ditriazolyl thiodigalactoside), 50 nM (3,3′-diamido thiodigalactoside),
320 nM (3′-amido lacNAC derivative), and 660 nM (3′-triazolyl lacNac
derivative). Their strategy so far has been less successful for inhibiting galectin-1,
since apparent Kd values indicated rather weak binding, varying from 40 µM
(digalactosyl sulfone) and 313 µM (C-galactoside derivative) to 1.25 mM
(3-O-triazolylmethyl galactose derivative). Inhibitors of galectin-4, -7, and -9
were also relatively weak, with Kd values as high as 160 µM (2,3-dibenzoyl
taloside, galectin-4), and 23 µM; 140 µM (3′-thiourea lacNac and phenyl
thio-galactoside derivatives, respectively, galectin-7), and 540 µM (3′-triazolyl
mannoside, galectin-9).

The galectin-3 inhibitors are promising therapeutic agents, but little is known
about critical drug characteristics such as in vivo potency, absorption, metabolism,
pharmacokinetics, and toxicology. While they have been shown to be active in
certain disease models, more work is needed on the mechanism of action and to
determine if they are active in a therapeutically acceptable delivery and dosing
model. For example, the thiodigalactoside diester galectin-3 inhibitor (Kd = 660
nM; named Td131_1), when tested against papillary thyroid cancer (PTC) cell
lines and human ex vivo PTC, actually increased the percentage of apoptotic cells
in a dose-dependent manner (with 100-600 µM of the inhibitor, that is in the 150-
1000 higher concentrations compared with the Kd value). However, this treatment
was found to be largely ineffective in terms of the chemosensitivity of PTC cell
lines to doxorubicin, which is normally enhanced upon suppression of galectin-3.
Administration of as much as 0.6 mM of the thiodigalactoside compound actually
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decreased the IC50 of doxorubicin by 43-46%, or showed no detectable change in
caspase-3 or PAEP cleavage (99).

Peptidomeimetics

As detailed in Chapter 3, an alternative approach has been used to
design compounds that target galectin-1 at a site different from the canonical
β-galactoside binding site. Initially, they designed a peptide 33mer, called
Anginex, based on structural and compositional features common to many
anti-angiogenic proteins (e.g. endostatin, angiostatin, PF4, thrombospondin,
gamma interferon-inducible protein-10 (IP-10), tumor necrosis factor, BPI,
thrombospondin type 1 repeat peptides, Flt-1 peptide) (100, 101). Anginex was
shown to effectively inhibit tumor angiogenesis and tumor growth in mouse
models (102) by targeting galectin-1 (103). Subsequently, these researchers
were able to design peptidomimetics of Anginex (6DBF7 and PTX008) that
were reduced in size and peptidic character from the peptide 33mer. 6DBF7
has only 13 amino acid residues, 20 less than parent Anginex, and maintains a
requisite anti-parallel β-sheet fold via a dibenzofuran β-turn mimetic scaffold
(104). PTX008 is a fully non-peptidic calixarene-scaffolded compound (a.k.a.
compound 0118 in (97)) that displays chemical substituents to approximate
the molecular dimensions and amphipathic features of Anginex and 6DBF7.
All three compounds (Anginex, 6DBF7 and PTX008) target galectin-1 and
function similarly in vitro and in vivo in terms of e.g. inhibiting endothelial
cell proliferation, angiogenesis, and tumor growth (97, 102, 104). Moreover,
in targeting galectin-1, they are quite different from traditional sugar-based
compounds, because they act as allosteric inhibitors of galectin-1 carbohydrate
ligand binding (105). A Swiss-based company, OncoEthix Inc. is currently
engaged in a Phase I clinical trial in cancer patients with PTX-008, also reviewed
in Chapter 15.

Pectin-Based Compounds

Modified citrus pectin (MCP) is a product of partial degradation of highly
branched citrus pectin. Despite numerous studies published since 1992 (106),
none of them showed a structure of a MCP, except for some vague wording
about “linear” and “hairy” parts of the polymer. “Average” molecular weights of
various MCPs range from about 10,000 to 120,000 Da; however, these are only
crude estimates. Each MCP variant likely represents a wide range of molecules
of various molecular weights.

In initial studies in the 1990’s and the first half of the 2000’s, it was
assumed that MCPs bind to galectin-3, although this was more conjecture than
experimentally-based fact (107, 108). The first studies showed that intravenous
injection of B16-F1 murine melanoma cells with MCP into mice resulted in a
significant decrease of lung colonization, unlike injection of non-modified pectin
solution, which led to the opposite effect, i.e. an increase of lung colonization
(106). In addition, MCP inhibited B16-F1 melanoma cells adhesion to laminin
and asialofetuin-induced homotypic aggregation (107). MCP was also found
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to be active by oral intake in mice (as a 1 and 2.5 mg/mL in drinking water
solutions), reducing tumor growth, angiogenesis, and spontaneous metastasis in
vivo (109). One particular MCP, called GCS-100, was shown to induce apoptosis
in various multiple myeloma cell lines, the growth of which was induced by
adhesion to bone marrow stromal cells (108). It should be noted that GCS-100 by
itself did not alter galectin-3 expression, but was active in that regard in a mixture
with dexamethasone (ibid.). The effects of pectin-derived GCS-100 on tumor
infiltrating lymphocytes is detailed in Chapter 16 (see also (21, 110)). GCS-100
has been advanced into clinical trials, which are discussed below.

MCP was found to be active in the suppression of liver metastasis of
colon cancer in mice (111). Mice fed with a drinking water solution of MCP
in concentrations of 0 (control), 10, 25, and 50 mg/mL showed rates of liver
metastasis of 100%, 80%, 73%, and 60%, respectively, and median volumes from
primary lesions in the spleen of 1.51, 0.93, 0.77 and 0.70 cm3, respectively.

Commercially available fractionated pectin powder (FPP) (molecular
weight of pectin fragments and their distribution in FPP were not available,
and the meaning of the term “fractionated” was unclear, whether the “native”,
pH-untreated pectin was fractionated or fractionation was performed with its
partially degraded form) was shown to be capable of inducing apoptosis in human
prostate cancer cells, and the level of apoptosis was reported to be 40 times above
that in untreated cells. Interestingly, PectaSol (pH-treated citrus pectin) had little
or no apoptotic activity, even though there were no detectable (or significant)
differences found among the pectins (112). The pattern is complicated by the
fact that chemical removal of ester linkages in FPP (by mild alkaline treatment)
which yield homogalacturonan oligosaccharides, completely destroyed the
apoptotic activity. Conversely, removing galacturonosyl carboxymethylesters
and/or breaking the nonmethylesterified homopolygalacturonan chains in FPP by
enzymatic treatment (with pectinmethylesterase and/or emdopolygalacturonase)
did not significantly reduce the apoptotic activity of FPP. Furthermore, heat
treatment (by autoclaving) of citrus pectin solutions led to the induction of
significant levels of apoptosis comparable to that of FPP (ibid.). In other words,
the biological activity of citrus pectin can be modulated by chemical and physical
means, which makes the picture not easily manageable in order to obtain a
reproducible drug formulation.

Apparently, the first time the interaction of pectin fragments, galactans (from
potato pectin) with galectin-3 was demonstrated in 2009 (113). The galactans
contain 88% galactose residues (6% galacturonic acid, 3% arabinose, and 3%
rhamnose). For a comparison, rhamnogalacturonan 1 (containing 12% galactose,
62% galacturonic acid, 20% rhamnose, 3% arabinose) and polygalacturonic acid
from MCP (96% galacturonic acid, 1% galactose, 1.2% rhamnose, 1% xylose,
0.2% arabinose) were also tested for their interaction with galectin-3. It was
found that all three compounds, fluorescently labeled, bind to galectin-3 at pH 7.2
(at which pH galectin-3 is positively changed), but not at pH 12, at which only
galactans retained a high level of binding to Gal-3.

A more recent article supporting this last conclusion reported an effect of a
galactan from an almost pure pectic rhamnogalacturonan 1 (from okra pods) on the
proliferation and apoptosis of highly metastatic B16-F10 melanoma cells in vitro
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(114). The study suggests that the pectic galactan induced apoptosis in melanoma
cells by interacting with galectin-3.

The inhibitory effect of citrus pectin on the proliferative capacity of several
malignant carcinoma and erythroleukemia cell lines was studied at various doses
of the pectin, and it was suggested that the observed antiproliferative effect may
be due to this pectin’s ability to inhibit galectin expression (115).

Another study was based on the known ability of galectin-3 to be upregulated
in acute kidney injury, and was aimed at suppressing galectin-3 with MCP. Indeed,
MCP-treated mice demonstrated reduced levels of galectin-3 in association with
decreased renal fibrosis, macrophages, proinflammatory cytokine expression
and apoptosis. However, levels of other renal galectins, galectin-1 and -9, were
unchanged (116).

A recent review article summarizes the various biological effects of MCP
possibly due to its binding galectin-3 (117). Pectin-dervied complex carbohydrates
are promising therapeutic agents, but for this therapy to come to fruition it will
necessary to have a pharmaceutical compound that is reproducible in scale up
manufacture and is both chemically and biologically well characterized.

Galactomannan-Derived Compounds: GM-CT-01

Pro-Pharmaceuticals Inc., now Galectin Therapeutics, Inc., has pursued a
strategy to produce galactose-containing polysaccharides that serve as galectin
ligands and interfere with their function. To this end, the company manufactured
GM-CT-0l (also called DAVANAT® in the literature), a modified galactomannan,
through a patented method of controlled chemical degradation of natural
galactomannans (118). Since galactomannans are present in nearly all plants,
an industrial-level source that is readily available for processing, reducing the
cost of goods which will make the drug more affordable. Galactomannan from
the seeds of Cyamopsis tetragonoloba was chosen as a readily available product
which is produced in ton quantities for use as a gel food industry. From this raw
material, which is approximately 50% high molecular weight galactomannan and
water insoluble, we produced a pharmaceutical grade, low-molecular weight,
pure galactomannan product suitable for human parenteral administration. The
process and compound GM-CT-01 is patented, a Drug Master File is on record
with the FDA, there is an open IND with the FDA, and an open IMPD with the
EMA. Clinical trial results (118–120) are described below.

The backbone of GM-CT-01 is made of mannose, and approximately every
second mannose residue carries a galactose substituent, Figure 4 (118, 120).
The average repeating unit of GM-CT-01 is made up of seventeen β-D-Man
residues and ten α-D-Gal residues, and an average polymeric molecule contains
approximately 12 of such repeating units, at an average molecular weight of about
55 kDa. GM-CT-01 compound for clinical trials has a specified molecular weight
in the range of 42,000 to 60,000 Da. The molecular structure of GM-CT-01 was
analyzed using chemical analysis and 1H- and 13C-NMR spectroscopy (120),
its absolute molecular weight was determined using HPLC/RI-MALLS and a
ZIMM plot analysis (ibid.), and the weight-averaged molecular weight was also
measured by pulsed field gradient NMR diffusion spectroscopy (121).
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Figure 4. Structure of the basic repeating building block of DAVANAT. Each
DAVANAT® molecule consists of 54 such units (119). (see color insert)

The binding of GM-CT-01 to galectin-1 was recently characterized by in
terms of its specificity, dissociation constant and stoichiometry of binding (122,
123). As far as we know, GM-CT-01 is the first polymeric carbohydrate-based
drug candidate proven to be an effective ligand for galectin-1 (122). In addition,
analysis has shown that GM-CT-01 binds to galectin-3 with approximately three
times the avidity as it does to galectin-1 using the same assay system (unpublished
data, Mayo, Klyosov, 2012). There is some recent data in a bioassay system (CD4+
and CD8+ tumor infiltrating lymphocytes, with interferon-γ secreted as a readout
of the assay) that suggests that GM-CT-01 has an effect on inhibiting galectin-3
with an an apparent binding avidity of 60-70 nM (110).

Other Galectin Targeting Approaches

The truncated galectin-3 protein, galectin-3C, has been used to inhibit the
galectin-3 protein with promising pre-clinical results, as described in Chapter 12.
Chapter 7 describes a fascinating new approach whereby fluorinated analogs of
glucosamine may reduce synthesis of galactosamines and reduce the ability of
galectin-1 to affect lymphocyte function. This takes the opposite approach to
galectin inhibitors by reducing molecules binding to galectin.

Summary Comments on Galectin Inhibitors

In general, more characterization of the various approaches would be helpful
in sorting out the mechanimsm of action. One should be cautioned to assume that
all compounds that bind to galectins will act similarly in biological systems and in
disease. For example, the small organic molecules are designed to target a single
galectin molecule at the carbohydrate binding domain. In contrast, GM-CT-01
binds up to three galectin molecules per drugmolecule and occupies a larger potion
of the galectin molecule that includes the dimerization domain. These differences
in binding characteristics could have important implications for function.

Another important, and largely unexplored issue, is what happens following
binding of these agents to galectins. Is the effect simply a result of competitive
inhibition, or are there changes in degradation, trafficking, or synthesis as a result
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of binding? Additionally, the downstream effects after binding of galectins are
largely unknown for these agents.

Development of Galectin Targeting Therapy in Human Disease

Current Human Data

Three are currently limited data using galectin inhibitors in human disease.
What data are available has all been obtained in cancer patients. Two galectin
targeting agents have been tested in previously completed or terminated clinical
trials for the treatment of cancer, including GM-CT-01, a galactomannan
derivative (described above), and GCS-100, a citrus pectin derivative. OTX-008,
a peptidomeimetic compound, is reported in Chapter 15 to be a phase 1 clinical
trial at the time of this writing.

GM-CT-01

GM-CT-01 was evaluated in colorectal cancer based on pre-clinical studies
that demonstrated efficacy when combined with 5-FU against cancer and seemed
to additionally mitigate 5-FU toxicity. (118–120). Four clinical trials were
performed by Pro-Pharmaceuticals (now Galectin Therapeutics), as indicated on
ClinicalTrials.gov:

1. http://clinicaltrials.gov/ct2/show/NCT00054977?term=GM-CT-
01&rank=3

2. http://clinicaltrials.gov/ct2/show/NCT00110721?term=GM-CT-
01&rank=2

3. http://clinicaltrials.gov/ct2/show/NCT00388700?term=GM-CT-
01&rank=4

4. http://clinicaltrials.gov/ct2/show/NCT00386516?term=GM-CT-
01&rank=1

A Phase I dose-escalating safety clinical trial enrolled patients with different
types of solid tumors and had failed (as indicated in the history of the disease)
standard, approved treatments. This study evaluated the tolerability of six rising
doses of GM-CT-01 alone ranging from 30 to 280 mg/m2 and in combination with
5-FU (500 mg/m2) over 2 cycles of therapy. Treatment of a total of 40 patients
enrolled in the study demonstrated that GM-CT-01was well tolerated without dose
limiting toxicity identified.

Three phase 2, open label clinical trials were partially completed,
two in patients with metastatic colorectal cancer, and one in patients with
cholangiocarcinoma. While the three trials were not completed, there was
evidence of efficacy in metastatic colorectal cancer and a reduction in 5-FU
related side effects. Trial number 2 listed above, which enrolled 20 patients, had
1 patient with a partial response and 6 patients with stable disease. Additionally,
there was a 46% increase in Median Overall Survival of 5-FU plus GM-CT-01
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when compared to a contemporaious colorectal cancer trial which reported best
standard of care [data submitted to the FDA].

The reduction in side effects occurred despite the fact that 5-FU serum levels
were not reduced, and were possibly increased when compared to historical
pharmacokinetic data, widely known by the clinicians. Adverse events related
to 5-FU were evaluated by combining the 57 patients from all four clinical trials
and comparing them to the results of adverse events reported in the literature.
The table below shows the comparison. There was a markedly lower incidence of
grade 3-4 adverse events associated with 5-FU when GM-CT-01 was combined
with 5-FU. While the data are not compared to direct control patients in the
studies, this analysis suggests that, in addition to potentially having an effect on
treatment of the cancer, there may be an amelioration of 5-FU adverse events.
Since gut epithelial damage and inflammation are important components of
5-FU side effects, it is possible that galectins are involved in this pathology.
This hypothesis requires additional research, but raises the possibility that
galectin inhibition may have a role in cancer supportive care in combination with
chemotherapy.

In addition to these four previous clinical trials, there is a clinical trial that is
currently enrolling patients. As described in Chapter 16, GM-CT-01 is being used
in combination with a peptide vaccine in patients with metastatic melanoma.

32

D
ow

nl
oa

de
d 

by
 F

O
R

D
H

A
M

 U
N

IV
 o

n 
D

ec
em

be
r 

19
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
00

1

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 

http://dx.doi.org/10.1021/bk-2012-1115.ch016


GCS-100

GCS-100, a modified citrus pectin compound, was evaluated in three clinical
trials performed by GlycoGenesys/Prospect Therapeutics, all suspended for lack
of funding, as found on ClinicalTrials.gov:

1. http://clinicaltrials.gov/ct2/show/NCT00776802?term=gcs-100&rank=1
2. http://clinicaltrials.gov/ct2/show/NCT00514696?term=gcs-100&rank=2
3. http://clinicaltrials.gov/ct2/show/NCT00609817?term=gcs-100&rank=3

Preliminary data from two of these trials was reported in abstract form.
In a phase 1 dose escalating trial, GCS-100 was administered to patients with
refractory solid tumors to determine dose-limiting toxicity (DLT), maximum
tolerated dose (MTD), and pharmacokinetics (PK) and efficacy. The DLT was
a Grade 3 erythematous, maculopapular rash, resolving with systemic steroid
treatment. Skin biopsy revealed a vasculitis similar to findings seen in dog
models. Other adverse events included nausea, vomiting, diarrhea, fatigue,
fever and hyperglycemia. Sustained periods of stable disease were achieved in
a number of patients with previously treated advanced solid tumors (124). A
phase 2 clinical trial was conducted in elderly patients with CLL, in which it
was reported that 6 of 24 patients had partial responses and two patients had to
discontinue treatment because of rash (125).

Considerations for Development of Human Therapeutics

This overview and the excellent set of associated chapters reveal that there are
multiple galectin dependent diseases that may be amenable to therapies targeted
at galectins. It is now time for efforts to shift from academic descriptions and
experiments into pharmaceutical development. As part of this effort, as stated
above, the current set of therapeutic agents need to be characterized in relation
to binding and mechanism of action. The diseases to target need to be carefully
chosen based on the relevance to human disese. While there is some data in human
cancer, careful thought needs to be given to the right cancers and approach to
therapy, including combinations with existing therapy. We believe that the next
decade will be an exciting and formative one that will see successes of galectin-
targeted therapy in human disease. It may be the start of a new class of agents for
a target that could have widespread use.
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Chapter 2

Low-Molecular Weight Inhibitors of Galectins

Hakon Leffler1 and Ulf J. Nilsson*,2

1Section MIG, Department of Laboratory Medicine, Lund University,
Sölvegatan 23, SE-223 62, Lund, Sweden

2Center for Analysis and Synthesis, Lund University,
POB 124, SE-221 00 Lund, Sweden
*E-mail: ulf.nilsson@organic.lu.se

The galectins are known to be able to recognize and cross-link
ß-D-galactopyranoside-containing glycoconjugates as a result
of presenting multiple binding sites. This review summarizes
efforts in our group for the last ten years towards low-molecular
weight chemically modified carbohydrate derivatives. In
addition to providing an avenue for improved affinity and
galectin-selectivity, we have focused on the chemical synthesis
of low-molecular weight inhibitors, since synthetic derivatives
offer opportunities to design more “drug-like” in order to
circumvent drawbacks typically associated with natural
oligosaccharides and fragments, such as low affinity (high
µM to mM for galectins), limited chemical and metabolic
stability, and high polarity leading to low bioavailability
and rapid clearance. The examples described in the review
provide evidence that it is possible to improve both affinity and
selectivity of low-molecular weight compounds for galectins by
chemically modifying galactose (and other monosaccharides)
with non-carbohydrate structural elements targeting ligand
sub-sites flanking the core galactose-binding sub-site C.
Indeed, inhibitors have been made that possess both low-nM
affinities for galectins and that show potent in vivo efficacy.
Hence, promising low-molecular weight galectin-targeting
lead structures have been identified, although it remains to
investigate and optimize ADME and toxicology aspects of
these compounds in order to fully reach the status of identifying
clinical candidates.

© 2012 American Chemical Society
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Introduction

The galectins are proteins that display a multitude of biological functions.
Several of these are related to their ability to recognize and cross-link
ß-D-galactopyranoside-containing glycoconjugates as a result of presenting
multiple binding sites in the form of dimers, multimers, or tandem-repeat of
binding sites (1). The functional outcome in specific situation depends on the
particular subtype of galectin(s) expressed and the bound glycoconjugate fine
structure flanking the bound core galactoside. Most functional effects on cellular
and organismal level are related to inflammation and cancer (2–4), which are
detailed elsewhere in this book. Due key rate-limiting roles in e.g. inflammation
and cancer, efforts towards selective and efficient galectin inhibitors are today
considered being of great importance. Several chemical strategies for galectin
inhibition have been reported and used in experimental situations, including the
use of natural saccharide fragments, multivalent structures and glycodendrimers,
peptides, antibodies, anti-sense nucleotides, dominant-negative galectin-3
fragments, and low-molecular weight synthetic inhibitors. This mini-review
will summarize efforts in our group for the last ten years towards low-molecular
weight chemically modified carbohydrate derivatives (5, 6). In addition to
providing an avenue for improved affinity and galectin-selectivity, we have
focused on the chemical synthesis of low-molecular weight inhibitors because
synthetic derivatives offer opportunities to design more “drug-like” in order to
circumvent drawbacks typically associated with natural oligosaccharides and
fragments, such as low affinity (high µM to mM for galectins), limited chemical
and metabolic stability, and high polarity leading to low bioavailability and rapid
clearance.

Low-Molecular Weight Inhibitors

The galectins are stable, soluble, and readily expressed which is why
structural studies are relatively frequent and more than 100 structures deposited
in the Protein Data Bank. Hence, a substantial body of structural data on galectin
carbohydrate recognition domains (CRD) available for inhibitor design has aided
in the development of low-molecular weight inhibitors over the last decade. The
galectin CRD is a slightly bent β-sandwich with the carbohydrate–binding site as a
groove on the concave side. This may be divided in five sub-sites (7–9), where the
central C sub-site harbors the key ß-D-galactoside and mono-saccharide residues
(or other moieties) flanking the ß-D-galactoside are positioned in sub-sites A-B
and D-E (Figure 1).

Synthetic low-molecular weight inhibitors can be categorized as being
targeting one or more of the sub-sites A-B and D-E, as well as sub-sites not known
to bind natural ligands. These latter sub-sites are in many cases unique to only
one or a few galectins, which opens up possibilities for creating inhibitors with
improved selectivities. The low-molecular weight galectin inhibitors presented
herein are classified according which sub-sites are targeted by their synthetic
modifications.
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Figure 1. An ultra-high resolution (0.86Å) X-ray structure of galectin-3 in
complex with lactose (10) showing the core ß-D-galactoside situated in sub-site C
and the D-glucose in sub-site D. Sub-sites A-B and E protrudes beyond gal-HO3

and glc-HO1, respectively, and are unoccupied. (see color insert)

Sub-Site A-B

X-ray structures of galectins in complex with natural ligands early on
revealed binding grooves or valleys extending beyond the key galactose O1
and O3 positions (sub-sites A-B and D-E in Figure 2). Hence, an attractive
strategy emerging in the late ‘90s was to create synthetic low-molecular weight
inhibitors occupying these sub-sites by derivatizing galactose at O1/C1 or O3/C3.
Targeting sub-sites A-B was accomplished through synthesis of several series
of O3/C3-modified lacNAc derivatives; 3-O-benzyl ethers (14), C3-amides
(13, 15), C3-thioureas (16), and 1,2,3-triazoles (17, 18). In particular, the
aromatic nature of these lacNAc-modifications proved to enhance affinities
for galectin-1 (4-phenyl-1,2,3-triazole), galectin-3 (benzyl ethers, benzamides,
and 4-phenyl-1,2,3-triazoles), and galectin-7 (aryl thioureas). In addition,
4-carbamoyl-1,2,3-triazol-1-yl substitution at C3 of lacNAc resulted in an
affinity enhancement for galectin-3 in the same range as the corresponding
4-phenyl-1,2,3-triazol-1-yl derivatives. The role of the aromatic group in
the C3-benzamides was discovered to reside in stacking interactions with
galectin-3 arg144 (13, 19), suggesting that cation-π interactions together with
desolvation effects may contribute the affinity enhancement. Interestingly,
the aromatic substitution pattern of the C3-benzamide has a profound effect
on the interaction mode, while as an unsubstituted benzamide simply stacked
onto the galectin-3 arg144 side chain (Figure 2b) (19), a less well solvated
2,3,5,6-tetrafluoro-4-methoxy-benzamide minimized water contact by inducing a
3Å move of the entire arg144 side chain to create and insert into a novel cavity
(Figure 2c) (13). This observation hints towards possibilities to control galectin
conformations via properly designed inhibitor groups and thus create novel
inhibitor interaction sites.
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Figure 2. a) Derivatives of N-acetyllactosamine carrying aromatic moieties
at O3′ or C3′ interacting favorably in galectin sub-sites A-B. Kd values are
determined by a competitive fluorescence polarization assay (11, 12). X-ray

structure of galectin-3 co-crystallized with a b) 3′-benzamido-LacNAc derivative
(10) and a c) 3′-(2,3,5,6-tetrafluoro-4-methoxy)-benzamido-LacNAc derivative

(13). (see color insert)
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More recently, we demonstrated that association of galectin-3 with the
C3-benzamido lacNAc derivatives discussed above and with lactose induces large
increases in protein conformational entropy (19). The increases in conformational
entropy were in the range of the enthalpic contributions to the free energy
of binding. This somewhat unexpected observation suggests that design of
galectin inhibitors should not only take into account enthalpic interactions,
but also the under-exploited and often neglected, or at best, under-estimated
inhibitor effects on protein conformational entropy changes. Although several of
these O3/C3-modified lacNAc derivatives often possess improved affinities and
selectivities compared to natural ligands, all compounds still contain an (almost)
intact lacNAc disaccharide and thus the associated disadvantages such as high
polarity/low bioavailability and chemical/enzymatic lability in vivo. Hence,
further optimization is desirable to improve affinity, selectivity, and ADMET
properties.

Sub-Site E

The discovery that C3-substitution of lacNAc with aromatic moieties could
provide a significant affinity enhancement and improved galectin sub-type
selectivity through aromatic-arginine stacking interactions stimulated efforts
to design inhibitors that presented on aromatic group to interact with the
galectin-conserved arginine residue, e.g. arg74, 186, 75, and 87 in galectin-1, 3,
7, 9 N-terminal (9N), respectively, that are located near bound lactose O2 (Figure
1). Along this hypothesis, we designed and synthesized structurally simple
lactosides carrying at O2 benzoate derivatives, which provided inhibitor orders of
magnitude more potent (Kd low µM) than the parent lac or lacNAc disaccharides
for galectin-1, 3, and 9N (Figure 3) (20). However, as for the sub-site A-B-binding
compounds discussed above, the low-µM affinity of the lactose O2-esters would
still need to be improved, together with ADMET properties, in order to reach the
status of promising candidates for therapeutic interventions.

Figure 3. 2-O-Aryloyl lactose derivative targeting galectin sub-site E.
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Sub-Site A-B and E

Taking cue from our successful studies of sub-site A-B and E interactions
with aromatic ligand appendices, we subsequently embarked on combining
these interactions into one single inhibitor by attaching two aromatic structural
elements onto a disaccharide scaffold. Symmetrically 3,3′-substituted
thiodigalactoside derivatives appeared particularly attractive in this respect as
the two 3,3′-substituents would end up in sub-sites A-B and E, respectively, and
in these potentially also interact favorably with arginine side chains discussed
above, e.g. arg144 and arg186 in galectin-3. Indeed, such thiodigalactosides
carrying aromatic esters (21) or amides (22, 23) or at both C3-positions proved to
be exceptionally potent inhibitors of galectin-3 and 9N with association constants
in sub-µM and double-digit nM range, respectively (Figure 4). Other galectins
investigated were generally less well inhibited. Subsequently, we continued with
an investigation into the possibility of 3,3′-triazolyl-thiodigalactosides being able
of forming similar affinity-enhancing double arginine interactions with galectins
(Figure 4). Indeed, the 3,3′-triazolyl-thiodigalactosides proved to be about as
efficient galectin-3 and 9N inhibitors as the corresponding aromatic amides (17).

The 3,3′-disubstituted thiodigalactosides are the most potent low-molecular
weight galectin inhibitors reported to date and they have been demonstrated
to be promising lead structures in cancer and inflammation relevant in vitro
and in vivo experiments including anti-motility effects on (21) and enhancing
sensitivity towards pro-apoptotic drugs in tumor cells (24), fibrosis (25, 26),
and hepatitis (27). Hence, these classes of compound constitute the most
promising low-molecular weight lead structures to date with high affinity and
good solubility-polarity balance (clogP 0 to 2), although further optimization is
needed with respect to size, galectin selectivity, polar surface area, number of
hydrogen bonding sites, and ADMET properties etc.

Sub-Site D

As reasonable affinity (low µM) is achieved by occupying sub-site C-D with
saccharides, most inhibitors have been developed based on disaccharide scaffolds
such as lactose, N-acetyllactosamine, or thiodigalactoside. However, this often
leaves the inhibitors with a varying risk of acidic or enzymatic cleavage of the
disaccharide glycoside bond. Hence, we have also investigated the possibility
of replacing the sub-site D-binding saccharide moiety with non-carbohydrate
structural elements and galactosyl oximes and phenyl thioglycosides. Aromatic
O-galactosyloximes were thus discovered to be very selective inhibitors of
galectin-3 (28) and substituted phenyl thio-galactosides to be selective inhibitors
of galectin-7 (29), both with affinities in the range of natural disaccharide
fragments (Figure 5). The inhibitory efficiency of the O-galactosyl oximes could
be significantly improved by adding the affinity-enhancing sub-site B-binding
aromatic amides or triazoles (30) described above (Figure 5).
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Figure 4. 3,3′-Di-benzoyl, -benzamido, and -triazolyl-thiodigalactosides. Other
galectins showed a lower binding capacity. The 3,3′-di-(3-methoxybenzoyl)
derivative was named TD131 in an investigation of its effects of enhancing

thyroid tumor cell apoptosis (24), the 3,3′-di-3-(3-methoxybenzamido derivative
was evidenced to block alternative macrophage activation (25), and an analog of
the 3,3′-di-triazole was named TD139 in investigations of anti-fibrotic (26) and

anti-inflammatory (27) effects in vivo.
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Figure 5. Sub-site D-binding O-galactosyl oximes and phenyl thio-galactosides.

Sub-Site C

The core ß-D-galactopyranose bound in sub-site C interacts primarily
with galectins by it’s α-face stacking onto a trp side chain and HO4 and HO6
forming hydrogen bonds to other conserved amino acids. Presumably, any
monosaccharide or other molecule that can mimic these interactions would
potentially bind sub-site C. In accordance with this hypothesis, ß-mannosyl
triazoles were demonstrated to inhibit galectin-3 and 9N (Figure 6) (31). The
triazole moiety presumably interacts with sub-site (A-)B, as discussed for other
inhibitors above, while the mannose HO2 mimics the hydrogen bonding pattern
of galactose HO4. Furthermore, galactose HO2 does not form any interactions
within sub-site C, suggesting that the structural and/or stereochemical variations
at this position may very well be tolerated by galectins. Indeed, inversion at
galactose C2 resulted in taloside derivatives that inhibit galectin-3, 4C and 8N
well. In fact, galectin-4C and 8N bound talose derivatives stronger than the
parent galactose derivatives (32). Taking these structures one step further by
introducing novel functionalities at talose O2 resulted in inhibitors engaging in
previously un-exploited interactions with sub-sites perpendicular to the natural
ligand-binding sub-sites A-E; see below.
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Figure 6. Triazol-1-yl ß-mannosyl amides hypothesized to mimic the binding of
3-(triazol-1-yl)-galactosides in sub-site B-C.

Other Sub-Sites

The cases above all describe galectin inhibitors that interact with sub-sites A-
E, i.e. sub-sites typically occupied by natural oligosaccharide ligands. However,
most galetins have more or less pronounced sub-sites perpendicular to the 5 ß-
sheet-traversing A-E sub-sites. In particular, a sub-site stretching out from the
ß-side of a galactoside bound in sub-site C varies significantly between galectins,
which renders this site an attractive target for developing selective inhibitors. Our
first series of compounds intended to exploit such a sub-site were galactosides
derivatized at O2 (Figure 7). Among these compounds, anionic substituents, a
2-O-sulfates in particular, resulted in enhanced affinity for galectin-3 (33, 34),
while 2-O-alkylphosphates were improved inhibitors of galectin-7 (34). The 2-O-
anionic substituents may enhance the affinity for galectin-3 by interacting with e.g.
arg 144, while a 2-O-benzyl-phosphate was evidenced by X-ray crystallography
to favorably interact with arg31 in galectin-7 (35). Although the anionic 2-O-
substituents proved to be potent inhibitors of galectin-3 and 7 in a protein affinity
assay, their polar and ionic nature presumably limits the use in in vivo and as drug
leads.

Extending the 2-O-substitution strategy to the sub-site C-binding galactose-
mimicking talosides, described above, and combining it with sub-site B-binding
aromatic esters or amides was productive and resulted in promising inhibitors of
galectin-4C (32, 36) and 8N (32). Importantly, any doubts to whether the talosides
actually mimic galactosides in binding sub-site C was recently put aside by X-ray
structural studies with the substituted talosides in complex with galectin-1 and 3
(37). In this study, the talosides indeed bound sub-site C by stacking onto the
conserved trp side chain and by forming hydrogens bond via HO4 and HO6 in a
manner identical to that of natural galactoside-containing ligands (Figure 8).

The examples described above evidence that it is possible to improve
both affinity and selectivity of low-molecular weight compounds for galectins
by chemically modifying galactose (and other monosaccharides) with
non-carbohydrate structural elements targeting ligand sub-sites flanking the core
galactose-binding sub-site C. Indeed, inhibitors have been made that possess both
low-nM affinities for galectins (in vitro) and they show potent in vivo efficacy.
Hence, promising low-molecular weight galectin-targeting lead structures have
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been identified, although it remains to investigate and optimize ADME and
toxicology aspects of these compounds in order to fully reach the status of
identifying clinical candidates.

Figure 7. a) 2,3-Disubstituted galactosides interacting with sub-sites
perpendicular to the A-E sub-sites. b) A 2-O-benzylphosphate in complex with

galectin-7. (see color insert)
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Figure 8. a) 2,3-Disubstituted talosides interacting with sub-sites perpendicular
to the A-E sub-sites. b) A 2,3-disubstituted taloside in complex with galectin-3.

(see color insert)
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Chapter 3

From Carbohydrate to Peptidomimetic
Inhibitors of Galectins

Kevin H. Mayo*

Department of Biochemistry, Molecular Biology & Biophysics,
6-155 Jackson Hall, University of Minnesota, 321 Church Street,

Minneapolis, Minnesota 55455
*E-mail: mayox001@umn.edu

Although the roles that galectins play in controlling and
mediating various biological processes is ever growing,
only recently have galectins been accepted as valid
therapeutic targets for clinical intervention. Because galectin
inhibitors have therapeutic potential in many areas, e.g. as
anti-inflammatory, anti-cancer, and even anti-HIV-1 agents,
considerable efforts are being made by many laboratories
to discover or design galectin antagonists. However, none
are presently available for standard-of-care use in the clinic.
To date, most galectin antagonists target the carbohydrate
binding site, and as such are generally ß-galactoside-analogs
and glycomimetics. Several peptide-based galectin inhibitors
have also been reported, and one of these, calixarene-based
peptidomimetic PTX008 that targets galectin-1, is presently in
a phase I clinical trial. This review provides an overview of
various galectin inhibitors reported to date.

Keywords: NMR, nuclear magnetic resonance spectroscopy;
CRD, carbohydrate binding domain; RMSD, root mean square
deviation
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Galectin Structure: The Starting Point for Inhibitor Design

High resolution structures have been reported for many galectins (1). In all
instances, the galectin CRD folded structure is composed of two antiparallel β-
sheets of five (β1 to β5) and six (β6-β11) β-strands, arranged in a β-sheet sandwich
motif, that has an overall “jelly roll” topology (e.g. galectin-1, PDB 1gzw (2) in
Figure 1a). Most importantly is the fact that monomer folds of all CRDs are highly
homologous, not only between the same galectin from different species, but also
between/among all galectins, with RMSD values for β-strand backbone atoms of <
~1Å. In these structures, loops aremore variable due in part to increased flexibility
and differences in amino acid type and number of residues.

Galectins are also known to self-associate, mostly forming dimers, especially
those from the prototype group, and despite homology of theirmonomer structures,
these galectins can form different types of dimers. The so-called “terminal” dimer
is formed through hydrophobic interactions between N- and C-terminal residues of
the twomonomer subunits, with the subunits being related by a 2-fold rotation axis
that runs approximately perpendicular to the plane of the β-sheets (e.g. galectin-
1 in Figure 1a). This dimer interface involves β-strands β1 and β11 from each
subunit (1). Another prototype dimer is exemplified with galectin-7 (Figure 1b)
whose interface is formed by electrostatic interactions among charged residues on
the convex surfaces of two monomers.

Oligomerization increases the number of CRDs in the galectin complex, and
this allows galectins in general to function by cross-linking glycans on the surfaces
of cells (1).

The carbohydrate binding site of galectin CRDs, which is highly conserved
(e.g. arginine, histidine, asparagine, glutamine, and a totally conserved tryptophan
that interacts with the hydrophobic surface of the galactose ring) among all
galectins, is located at the top of the six-stranded β-sheet (1), as illustrated in
Figures 1a,b, with bound lactose molecules shown in green. Lactose is essentially
“grabbed” by the peptide loop above the lactose molecule and the relatively large
and flat tryptophan side chain at the bottom of the disaccharide. NMR structural
studies indicate that this loop is relatively flexible when the disaccharide is absent,
and is more firmly positioned when the disaccharide is bound (3). However,
conformational flexibility, at least in galectin-1 (3) and galectin-3 (4), is actually
increased upon ligand binding which contributes favorably to thermodynamic
stability of the ligand-bound complex. Lactose is the simpliest disaccharide to
which galectins bind, with affinities usually in the micromolar range, i.e. 64 x
10–6 M to 80 x 10–6 M (3). Carbohydrate binding affinity can be increased by
modifying the lactose disaccharide, e.g. to N-acetyllactosamine (1). Although
galectins were originally identified as β-galactoside binding lectins, they can
also bind to carbohydrates with various other linkages, e.g. α-galactosides
(5–7). Moreover, actual carbohydrate moieties of glycoconjugates on the cell
surface are far more complicated than simple β-galactosides like lactose or
N-acetyllactosamine, and it is likely that other saccharide units in those glycans
interact to some extent with galectins to determine and/or differentiate the
function of various galectins. In fact, the carbohydrate binding site on galectin-1
has been reported to be larger than that covered by simple disaccharides (8).
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Figure 1. The structure of prototype galectin-1 dimer (PDB access code 1gzw)
(upper panel) and prototype galectin-7 dimer (PDB access code 1bkz) (lower
panel). The carbohydrate binding site in each monomer subunit (upper panel)
or in one of the monomer subunits in the dimer (lower panel) is indicated by a
lactose molecule shown as a ball-and-stick structure in green. (see color insert)

Because specific interactions with different β-galactosides like lactose are
generally quite similar for all galectin CRDs (1), these have usually been at
the heart of designing galectin inhibitors. Three hydroxy groups of lactose
(or N-acetyl-lactosamine), i.e., the C4-OH and C6-OH of Gal and the C3-OH
of GlcNAc (or Glc), are required to form hydrogen bonds with side chains of
hydrophilic residues from galectins. The galactose ring in particular forms several
H-bonds between its oxygen atoms O4, O5 and O6, and H44, E71, and N61 of
galectin-1. The O3 of the glucose ring forms H-bonds with residues R48 and
E71. H52 and W68 are proposed to have van der Waals interactions with both the
glucose and galactose rings, respectively. The non-polar side of the galactose ring
(composed primarily of its C1, C3, and C5 hydrogen atoms and distinguished by
its axial C4-OH on the more polar side) interacts primarily with the tryptophan
residue. This hydrophobically mediated interaction contributes favorably to the
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binding free energy, and plays a role in the binding site discrimination between the
galactose and glucose rings. In contrast to galactose, glucose has its C4-OH group
in an equatorial position, which decreases the apolar nature of the corresponding
surface and attenuates hydrophobic interactions with the conserved tryptophan
(1). Aside from lactose, galectin structures in complex with N-acetyllactosamine,
linear trisaccharde, and N-acetyllactosamine octasaccharide have also been
reported (1). In all cases, a carbohydrate disaccharide moiety binds the galectin
in a similar fashion.

In addition, the number of ligand contacts is correlated with the binding
affinities. For example, substitution of the hydroxyl group by deoxy-acetamido
in position 2 of the reducing sugar (glucose vs. N-acetyl-glucose) increases
binding affinity by about 5-fold (1). This increase may be due to interaction
with the acetyl group. Furthermore, derivatization of the β-galactoside in
N-acetyllactosamine at the 3′ position with the charged substituent sialic
acid increases binding affinity by 2-fold compared to that from LacNAc, and
addition of the α1-2fucoside further consolidates binding by reducing the Kd
by 4-fold over that of LacNAc. Perhaps the largest effect is observed with
the linear B2 trisaccharide or Galili pentasaccharide, where the Kd value (1 x
10–6 M) is about 10-fold lower (i.e. better) than with LacNAc. Working with
more complex N-acetyllactosamine-based carbohydrates, Leppanen et al. (9)
reported that human galectin-1 binds to immobilized extended glycans (i.e.
poly- N-acetyllactosamine, (-3Galβ1-4GlcNAcβ1-)n sequences, complex-type
biantennary N-glycans, modified chitin-derived glycans, and even to native and
desialylated human pro-myelocytic HL-60 cells) with similar Kd values of 2 to 4
x 10-6 M. Interestingly, galectin-1 binding affinity fell when these glycans were
free in solution (i.e. not immobilized), suggesting that the N-acetyllactosamine
recognition element on surface-bound glycans is more optimally conformed
for favorable interactions with galectin-1. Working with even more complex
carbohydrates, Hirabayashi et al. (10) demonstrated that some galectins, like
galectin-1 and galectin-7, showed increased binding affinity with an increase
in branching number up to triantennary N-glycans. In general, binding affinity
to branched N-glycans could be increased by up to about a factor of 5 to 10
compared to monovalent analogs. However, for other galectins like galectin-8,
N-glycan branching lead to decreased affinity. Of further note, galectin-9 showed
the greatest affinity for both repeated oligolactosamines and branched type
N-glycans, with Kd values e.g. of 0.7 x 10-6 M for bianntenary N-glycans, and
0.16 x 10-6M for both trianntenary and tetraanntenary N-glycans. These Kd values
indicate about 100 times greater affinity for these branched glycans compared
to analogous monovalent N-glycans. Overall, these data suggest that binding of
some galectins to glycans in situ will be much stronger than anticipated from
results of routine galectin binding assays that employ standard disaccharides
like lactose. Moreover, this galectin-dependent variance of N-glycan binding
(e.g. branched vs. non-branched) may be one way in which galectins could
differentially modulate biological activity. This angle, along with maximizing
the number of ligand contacts with the lectin, has been exploited in designing
selective galectin inhibitors.
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Targeting the Carbohydrate Binding Site

Given the structural and functional significance of the galectin CRD
carbohydrate binding site, the obvious site in galectins to target is its carbohydrate
binding site, and therefore, most investigators have focused their efforts on
designing low molecular weight saccharide-based inhibitors that target the
CRD carbohydrate binding site. The general approach has been to design
competitive inhibitors where binding affinities are greater than that of e.g. lactose
or N-acetyllactosamine. Moreover, the multivalent way in which galectins
can cross-link glycans has also been exploited in the design of some galectin
antagonists.

Galectin antagonists reported to date are mostly ß-galactoside-analogs
and glycomimetics that target the obvious, canonical carbohydrate binding
site. Most of these compounds were designed to antagonize galectins 1,
3, 7, 8, and 9 (primarily gal-3) and include aryl O- and S-galactosides
and lactosides (11, 12), carbohydrate-based triazoles and isoxazoles (12),
3-(1,2,3-triazol-1-yl)-1-thio-galactosides (13), anomeric oxime ether derivatives
of ß-galactose (O-galactosyl aldoximes) (14), phenyl thio-ß-D-galactopyranoside
analogs (15), thioureido N-acetyllactosamine derivatives (16), and multi-valent
arene thiodigalactoside bis-benzamido analogs with groups on each end
of the carbohydrate moiety to interact with arginine residues within the
carbohydrate binding domain (17). Other multivalent inhibitors include
functionalized unnatural amino acids (phenyl-bis-alanine and phenyl-tris-alanine)
with 2-azidoethyl ß-D-galactopyranosyl-(1-4)-ß-D-glucopyranoside (18), a
bi-lactosylated steroid-based compound (19), and polymethylene-spaced
di-lactoseamine derivatives (20). The play on attaching hydrophobic groups to
a lactose-based compound took a different slant when Fort et al. (21) attached
linear alkyl chains of varying length to the anomeric carbon of the glucose or
N-acetyl glucose ring of lactose. By screening their synthetic “lacto-N-biose”
libraries for binding to galectin-3 using microscale affinity chromatography and
mass spectrometry, they identified compounds with Kd values ranging from 11 x
10-6 M to 73 x 10-6 M. These and other related compounds are discussed more
thoroughly in Chapter 2.

There are several problems with designing galectin inhibitors for use in
the clinic, e.g. weak ligand binding affinity, galectin selectivity, low in vivo
exposure. Although some of the carbohydrate-based compounds mentioned
above bind various galectins in vitro with single digit micromolar Kd values,
most bind galectins rather weakly with Kd’s >100 µM. Galectin selectivity is
another significant issue, due primarily to the conserved structural homology of
ß-galactoside binding sites among galectins, as discussed above. This issue is
being addressed. For example, Collins et al. (22) has replaced galactose with
talose (C2 epimer of galactose), because O2 substituents are more solvent exposed
and should enhance the potential for designing more selective galectin inhibitors.
These authors established proof-of-concept by demonstrating differential effects
between galectin-1 and galectin-3.

Galectin-3 may in fact be the easiest galectin to target selectively, because
its binding site is somewhat different in footprint and composition vis-à-vis
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other galectins (1). This may be important because galectin-3 is crucial to many
pathologies. Galectin-3 is anti-apoptotic, and plays a role in tumor development,
as well as in cardiac inflammation, fibrosis, hypertrophy, and dysfunction. A
number of galectin-3 selective inhibitors have been reported. Glinsky et al.
(23) found that lactulosyl-L-leucine (Lac-L-Leu) targets galectin-3 to promote
apoptosis in human cancer cells, and augments paclitaxel activity by increasing
its efficacy against established metastases. Liu et al. (24) reported that the
naturally-occuring tetrapeptide N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP)
prevents Gal-3-induced cardiac inflammation and collagen deposition in the
heart in hypertension and heart failure post-myocardial infarction. Lin et al.
(25) reported that a galectin-3 targeting thio-lactose-based compound, Td131_1,
promoted apoptosis, improved radiosensitivity, and synergistically enhanced
chemosensitivity to doxorubicin in papillary thyroid cancer (PTC) cell lines
(8505-C and TPC-1). However, the in vitro inhibitory concentration of Td131_1
was found to be in the 200 μM to 600 μM range for about 50% effect, indicating
that it is a relatively weak inhibitor of Gal-3. Nevertheless, as an adjuvant,
Td131_1 did enhance effects from doxorubicin and increased radiosensitivity in
clonogenic assays.

Although few of these galectin inhibitors has been tested in vivo,
bioavailabilty of simple carbohydrate-based compounds will also likely be
problematic in in vivo settings, primarily due to hydrolysis, metabolism, and
short half-lives. Unless these issues can be overcome, it appears that targeting
galectins with carbohydrate-based inhibitors will remain an academic exercise.
One solution to this issue may be to use larger glycans that would be less subject
to clearance and metabolism.

Galectin Therapeutics, Inc. already has a plant-derived α-galactomannan,
GM-CT-01(Davanat), in the clinic (see http://clinicaltrials.gov/ct2/show/
NCT00110721). This glycan has a weight average molecular weight of 59
kDa (26), allowing it to cleared more slowly from circulation vis-à-vis simple
carbohydrates. Its larger size also should make it less susceptible to rapid
metabolism in vivo. In addition, GM-CT-01 has a larger footprint for binding
to galectin-1 (5). GCS-100 (La Jolla Pharmaceuticals; Prospect Therapeutics)
is a large modified glycan (~1000 kDa) derived from citrus pectin that targets
galectin-3. In the clinic, GCS-100 has an acceptable human safety profile, as
well as an anti-myeloma effect in the context of bortezomib resistance (27). It is
active in several animal tumor models and in phase 1 studies with solid tumors
and CLL32 with minimal toxicity to normal lymphocytes or myelopoiesis.

Non-Carbohydrate-Based Inhibitors

For reasons discussed above, low molecular weight carbohydrates may not
be the best galectin inhibitors for use in the clinic. An alternative approach is to
target galectins at sites other than their carbohydrate binding site with peptides or
peptidomimetics. These sites on galectins are likely to be less conserved and may
allow for better galectin-specific targeting. Complex glycans found on the surface
of cells may in fact interact with galectins at surface patches that are not within,
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or are more distant from, the canonical carbohydrate binding site. In fact, such a
site has been observed for the binding of GM-CT-01 to galectin-1 (5). This is one
site that may be targeted with non-carbohydrate inhibitors. Although an obvious
site to target is at galectin oligomer interfaces (28), no inhibitors that target this
site have been reported.

Rotblat et al. (29) identified a hydrophobic patch on galectin-1 that is
analogous to the Cdc42 geranylgeranyl binding site on RhoGDI from the
X-ray structure of the RhoGDI/Cdc42 complex (30). By comparing the Cdc42
geranylgeranyl- binding cavity on RhoGDI with the surface of homologously
folded galectin-1, Rotblat et al. (29) identified a homologous hydrophobic
isoprenoid-binding site on galectin-1. This proposed farnesyl-like binding site
incorporates galectin-1 residues L9, L11, L17, F30, F32, and I128, which lie
within the β-sheet sandwich fold. Because a binding analysis suggested that
L11 was most crucial for interactions with a farnesyl-like group, Rotblat et al.
(29) used site-directed mutagenesis to generate a L11A mutant of galectin-1
and provide proof for their model. Their work demonstrated that the L11A
mutant destabilized Ras-GTP and its association with the membrane, and
subsequently inhibited Ras function (fibroblast transformation and PC12-cell
neurite outgrowth). Moreover, the L11A mutant possessed normal galectin-1
carbohydrate binding and dimerization properties, allowing them to conclude
that intracellular galectin-1/Ras interactions are not dependent on galectin-1
β-galactoside (lactose) binding (29). Whether H-Ras/galectin-1 interactions
indeed involve insertion of the farnesyl moiety of Ras into the described
hydrophobic pocket in galectin-1 will need to be validated structurally.

In a related study, Ashery et al. (31) confirmed that hydrophobic prenyl-
binding surfaces on galectin-1 and galectin-3 interact with the farnesyl group on
the C-terminus of Ras, thereby contributing to the prolongation of Ras signals in
the plasma membrane. More recently, Gorfe et al. (32) modeled the structure
of farnesyl-modified H-Ras protein in a DMPC bilayer, and showed that part of
the farnesyl group (the farnesyl cysteine carboxymethylester) in fact lies over
a hydrophobic domain on the β-sheet surface of Ras, which in many respects
resembles a part of the β-sheet domain in galectins, reminiscent of the Rotblat
et al. study discussed above. It may be that one face of the β-sheet sandwich of
galectin-1 interacts with the β-sheet surface of Ras, as well as with the farnesyl
moiety, in a sort of hydrophobic ternary complex.

Competitive inhibitors of glycan binding have also been explored. Moise
et al. (33) combined proteolytic fragmentation without/with ligand and mass
spectrometry to identify two peptides from the carbohydrate recognition
domains of galectin-1 (64-73 DGGAWGTEQR and 37-48 DSNNLCLHFNPR)
and galectin-3 (152-162 GNDVAFHFNPR and 177-183 LDNNWGR). These
peptides harbor key residues in contact with the ligand and therefore represent
bioactive sequences in these two galectins. These peptides work by competing
with galectins for binding to glycans. For example, the galectin-3-derived
hexapeptide FHFNPR (residues 157-162) was able to reduce galectin-3 binding
to lactose presented by a surface-adsorbed neoglycoprotein and even interfered
with the binding of galectin-3 to the surfaces of cells. However, the peptide
concentrations needed are rather high, i.e. 0.5 mM to 2 mM, and this generation
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of peptide inhibitor will not be a useful therapeutic. Nevertheless, the potential
for optimization of this competitive inhibitor is evident.

In a different peptide-based approach, Zou et al. (34) used combinatorial
bacteriophage display and identified 13 peptides, two of which (G3-A9
and G3-C12, with amino acid sequences PQNSKIPGPTFLDPH and
ANTPCGPYTHDCPVKR, respectively) bound specifically to galectin-3 (at its
carbohydrate binding site) (and not to any other galectins or plant lectins) and with
relatively high affinity (Kd of 80 x 10-9 M) and inhibited metastasis-associated
cancer cell adhesion in vitro. Both peptides recognized cell surface galectin-3 on
cultured carcinoma cells and monocytes; blocked interaction between galectin-3
and TFAg (Thomsen-Friedenreich glycoantigen), and inhibited adhesion of
human breast carcinoma cells to endothelial cells under flow conditions. However,
the in vivo effectivity of these peptides is not known, as animal model studies
have not been performed. Moreover, although these peptides bind galectin-3 and
inhibit its biological function in vitro, it remains unclear where they bind on the
surface of galectin-3, or if they actually block the binding of carbohydrate ligand
to galectin-3. Nevertheless, it seems likely that the peptides bind somewhere
on the surface of the galectin, and not directly at the carbohydrate binding
site, especially because both peptides carry a net positive charge like the actual
carbohydrate binding site.

A Galectin-1-Targeting Peptidomimetic in the Clinic

Early on, we designed a series peptide 33mers that formed well-folded
β-sheets and remained soluble in aqueous solution under physiological conditions,
the βpep series (35, 36). Using NMR spectroscopy, we elucidated the solution
structure of βpep-4 and found that this designed peptide folded as an anti-parallel
ß-sheet (37). Other βpep peptides also formed relatively stable β-sheet structures in
aqueous solution (36, 38, 39). Because most antiangiogenic proteins and peptides
(e.g. endostatin, angiostatin, PF4, thrombospondin, gamma interferon-inducible
protein-10 (IP-10), tumor necrosis factor, BPI, thrombospondin type 1 repeat
peptides, Flt-1 peptide) are structurally and compositionally homologous to βpep
peptides (anti-parallel ß-sheet structure and a preponderance of positively charged
and hydrophobic residues) (40), we screened our βpep library for the ability to
inhibit endothelial cell (EC) proliferation, an in vitro indicator of angiogenic
potential (41), and identified ßpep-25 (anginex) as a potent angiogenesis inhibitor.
Anginex inhibits tumor growth by attenuating angiogenesis within the tumors in
mice (42–47), and was most effective against slower growing tumors.

Using yeast 2-hybrid screening and other approaches, galectin-1 has been
identified as the molecular target of anginex (48). Most importantly, we used
NMR spectroscopic HSQC chemical shift mapping using uniformly 15N-enriched
galectin-1 to identify the anginex binding site on galectin-1, which lies on the
surface of galectin-1 near to the carbohydrate binding site, as illustrated in Figure
2. A molecule of lactose is shown in blue for visual orientation. Since anginex
does block adhesion of endothelial cells to the extracellular matrix, it is likely
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that anginex functions to interfere somehow with molecular interactions between
complementary components of the matrix and the endothelial cell surface (48).

An SAR study of anginex identified residues responsible for its angiostatic
activity (49, 50). This region on anginex includes several hydrophobic residues
within the first two ß-strands that were most important to promote the activity of
anginex and interact with galectin-1 (Figure 2).

Figure 2. A space filling model of the surface of galectin-1 (PDB access code
1gzw) is shown in yellow, with the anginex interaction site in red, and a molecule
of lactose at its binding site in blue (Nesmelova et al, unpublished results). (see

color insert)

Moreover, these hydrophobic residues in anginex occur at alternating
positions (i, i+2), consistent with a β-strand motif, as well as at cross-strand
positions that comprise the hydrophobic face of the amphipathic ß-sheet structure.
We also found that positive charge character was important to angiostatic activity
(51). Cysteine-substituted, disulfide-linked analogs of anginex firmly established
that antiparallel ß-sheet defines the bioactive conformation (52).

This SAR information indicated which peptide segments were non-essential
(C-terminal residues G27–D33 and the loop (R12-W19) between β-strands 1 and
2) and allowed us to design a partial peptide mimetic of Anginex, called 6DBF7
(49), wherein the mimetic has remnants of β-strands 1 and 2 from anginex and a
ß-turn mimetic scaffold (dibenzofuran, DBF) (53, 54) to induce ß-sheet formation.
The anti-parallel β-sheet structure of 6DBF7was confirmed by NMR spectroscopy
(49), with the general topology having an alternating sequence of non-polar vs.
polar amino acid residues, as in anginex, which results in one face of the sheet
being adorned largelywith hydrophobic substituents and the other facewith largely
positively charged, neutral and hydrophilic negatively charged, respectively, as
illustrated in Figure 3.
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Figure 3. A cartoon structure of 6DBF7. The dibenzofuran moiety is shown
head-on at the top right, and polar residues on the hydrophilic side of the

amphipathic β-sheet are highlighted with squares and non-polar residues on the
hydrophobic side of the amphipathic β-sheet are highlighted with circles. (see

color insert)

Using EC proliferation, migration, and sprouting assays, we found that
6DBF7 displayed antiangiogenic activity with an IC50 of 15 μM in the EC
proliferation assay compared to 4 βM for parent anginex. However, in mice,
6DBF7 was about 2-fold better at inhibiting tumor growth compared to anginex,
likely due to better in vivo exposure of 6DBF7 (49). In these in vivo experiments,
there was no apparent sign of toxicity from 6DBF7 or anginex, as assessed by
unaltered behavior and normal weight gain of the animals, and no change in
hematocrit and creatinine levels in the blood. Moreover, macro- and micro-scopic
morphology of internal organs were observed to be normal within all experimental
groups of animals.

The final step was to re-design the peptidomimetic to eliminate all peptide
components and further reduce the size of the inhibitor. With proteins, any
interaction surface is defined by the spatial arrangement of amino acid side chains
(i.e. chemical groups) that are scaffolded in place by the peptide backbone, which
by itself is often irrelevant to the interaction surface. Because of this, we found
that we could use an organic scaffold with appropriate chemical appendages to
mimic the molecular dimensions, surface topology, and chemical composition of
the biofunctional structural unit in anginex and 6DBF7.
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Figure 4. (A) The design concept for β-sheet topomimetics of anginex is shown,
with topological features influencing the choice of the calix[4]arene scaffold for
arraying hydrophobic and hydrophilic substituents to mimic the structural and
compositional characteristics of anginex. In the folded structure of anginex,
hydrophobic and hydrophilic surfaces, as well as specific amino acid residues
in one letter code, are indicated. The calix[4]arene scaffold is shown to scale,
and hydrophobic (t-Bu = tert-butyl; Me = methyl) and basic group chemical
substituents that were used on the two faces of the calix[4]arene scaffold are
indicated. (B) Two structural representations of the tetra-amine compound
0118 and two related analogs, diguanidine 1097 and inactive tetraamine 1049

are shown. (see color insert)

Figure 4a illustrates the design concept with the calix[4]arene scaffold.
The structural unit encompassing key residues in anginex covers approximately
the dimensions of a 2-stranded ß-sheet only about four amino acid residues in
length on each strand. The overall backbone dimensions are similar to those
of a calix[4]arene scaffold. Adding hydrophobic and basic chemical groups
to the calix[4]arene scaffold can increase the molecular surface span on each
side of the scaffold up to about 15 Å, which approximates maximal distances
between proximal side chains in the ß-sheet. From structural biology and
synthetic chemistry perspectives, calixarene provides a good scaffold from which
to position chemical groups that mimic the character and surface topology of
key amino acid side chains in anginex. Based on this rationale, we synthesized
a relatively small library of 23 calixarene-based compounds, with each analog
displaying chemical substituents (Figure 4b) to mimic the approximate molecular
dimensions and amphipathic features of folded anginex (46, 55). Nearly all could
be prepared rather easily via a four to six step long synthetic route, with a yield
of multi-ten mg quantities.
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This “small molecule” library of calixarene compounds is unique because
calixarene-based protein surface topomimetics maintain volume like that found
in small segments of β-sheet (or helix for that matter). Moreover, calixarenes
are not “traditional” therapeutics, because they are structurally unlike most, if
not all, compounds found in “small molecule” libraries. In drug discovery, a
chemical library is only as good as the breadth and variety of the compounds
in it. We screened the topomimetic library using an EC proliferation assay and
identified two members 0118 and 1097 (see chemical structures in Figure 4) as
potent inhibitors of EC growth (46), with topomimetic 0118 (IC50 = 2 µM) being
more active than 1097 (IC50 = 8 µM) or anginex (IC50 = 4 µM). Both topomimetics
were subsequently found to be angiostatic in vivo and inhibited tumor growth (60%
to 80%) in mouse models at daily doses of 10 mg/Kg (42–44, 46, 47, 56). In all
in vivo experiments, there were no signs of general toxicity from 0118 or 1097, as
assessed in the animals by unaltered behavior, normal weight gain, and hematocrit
and creatinine levels in the blood. Moreover, macro- and microscopic morphology
of internal organs were also observed to be normal within all experimental groups
of animals.Calixarene compound 0118 is also known as PTX008 (from PepTx
Inc.) and OTX008 (from OncoEthix Inc).

NMR spectroscopy demonstrated that 0118 indeed interacts with galectin-1
and on the surface of the lectin near to, but not at, its carbohydrate binding
site (57), as observed for anginex and 6DBF7. Topomimetic 0118 functions as
a non-competitive, allosteric inhibitor of carbohydrate binding to galectin-1,
as demonstrated by several approaches (57). Flow cytometry shows that
FITC-labeled gal-1 binding to natural glycans on splenocytes (leukocytes (CD4+
and CD8+ cells) and endothelial cells (CD31+)) is inhibited in a dose dependent
manner as the concentration of 0118 is increased. This finding is supported by
results from agglutination assays where addition of 0118 significantly attenuates
RBC and leukocyte agglutination. The concentration responsiveness from 0118
in flow cytometry and agglutination experiments with galectin-1 parallels that
observed in cell proliferation inhibition studies using a series of human cell lines
that express varying amounts of gal-1.

As an antagonist of galectin-1, calixarene 0118 is unique, primarily because
it binds at a site on the lectin that is located on the side to back face of the lectin
away from its ß-galactoside-binding site. Since galectin-1 is crucial to several
processes required for tumor growth, this may explain why 0118, like anginex
and 6DBF7, displays multimodal activities (inhibition of EC proliferation and
promotion of leukocyte infiltration into tumors). For instance, interfering with
gal-1 function could (i) prevent tumor angiogenesis (48), (ii) abrogate tumor
escape from immunity through blockade of gal-1-induced apoptosis in activated
T lymphocytes (58), and (iii) prevent metastasis formation through inhibition of
gal-1 facilitated tumor cell-EC interactions.

Preclinical work with 0118 has been promoted by PepTx Inc. and further
developed by OncoEthix Inc. who brought the galectin-1 inhibitor into the clinic
in a Phase I trial with terminal cancer patients starting in February 2012. At this
point, it appears that 0118 is well tolerated in patients, as discussed in Chapter 5.
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Chapter 4

Intracellular Galectins: Platforms for Assembly
of Macromolecular Complexes

John L. Wang,*,1 Kevin C. Haudek,1 Patricia G. Voss,1
Ronald J. Patterson,2 and Eric J. Arnoys3

1Department of Biochemistry and Molecular Biology,
Michigan State University, East Lansing, Michigan 48824
2Department of Microbiology and Molecular Genetics,
Michigan State University, East Lansing, Michigan 48824

3Department of Chemistry and Biochemistry, Calvin College,
Grand Rapids, Michigan 49546
*E-mail: wangj@cns.msu.edu

Although members of the galectin family were initially isolated
on the basis of their saccharide-binding activity and cell
surface localization, at least 11 of the 15 galectins identified in
mammalian systems have been reported to be in the nucleus,
as well as in the cytoplasm of cells. More interestingly, the
precise intracellular localization and activity of the various
galectins also cover a wide range. In most instances, distinct
galectins give rise to the same or similar cellular responses.
At the inner surface of plasma membranes, for example,
galectin-1 (Gal1) and galectin-3 (Gal3) exhibit similar activities
by binding to the Ras oncogene product to direct effector
usage and signaling pathway. Gal1 and Gal3 also interact with
Gemin4 and TFII-I as a part of ribonucleoprotein complexes
and the two galectins have been documented to be required, but
redundant, factors in pre-mRNA splicing. On the other hand,
however, it appears that, although Gal3 and galectin-7 (Gal7)
both bind to the apoptosis repressor protein Bcl-2, the ultimate
cellular response is opposite: Gal3 is anti-apoptotic while Gal7
is pro-apoptotic. In all of these interactions, the ligands bind to
the galectins through protein-protein interactions rather than via
protein-carbohydrate recognition. The emergent general theme
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is that the galectins can serve to organize macromolecular
platforms for a variety of activities.

Introduction

The galectins are a family of carbohydrate-binding proteins that share two
key properties: (a) binding affinity for β-galactoside; and (b) conserved sequence
elements in the saccharide-binding site (1). In mammalian systems studied to
date, this family contains at least 15 members. Galectins have also been identified
in many non-mammalian species, including birds, amphibians, fish, worms,
sponges, and fungi. Screening the databases of genomic DNA sequences and
expressed sequence tags has revealed putative galectins in plants and viruses (2).
In addition to binding to galactose-containing glycoconjugates, many members
of the galectin family share another property in terms of their cell biology ---
they exhibit the phenomenon of dual localization (3), being found in both the
intracellular (cytoplasm and nucleus) and the extracellular (cell surface and
medium) compartments.

Of the 15 galectins identified, at least 11 have been reported to be in the
nucleus, as well as in the cytoplasm, of cells. Surprisingly, many of these same
galectins are also found outside of the cell. The present essay will focus on the
association of galectins with distinct subcellular structures at different locations
within the cytoplasm and the nucleus. These two compartments are connected
by an aqueous channel of the nuclear pore complex and thus, are topological
equivalent to each other but are separated from the lumen of intracellular vesicles
and the outside of the cell by a lipid membrane barrier.

Galectin-1 and Galectin-3 Serve as Escorts of Ras Proteins

In the cytoplasm of H-Ras(12V)-transformed Rat-1 (EJ) cells, galectin-1
(Gal1) binds to and mediates the membrane anchorage of the H-Ras oncogene
product, thereby allowing cell transformation (4). A similar direct interaction has
been documented between galectin-3 (Gal3) and K-Ras (5). Ras signaling and
oncogenesis depend on its dynamic localization between raft and non-raft plasma
membrane microdomains, dictated in part by a farnesyl isoprenoid modification.
Indeed, the galectins bind to Ras in a farnesyl-dependent manner and the binding
is inhibited by S-farnesylthiosalicylic acid. Computational modeling studies have
identified a hydrophobic pocket in Gal1, analogous to the geranylgeranyl-binding
pocket of RhoGDI (6). A similar hydrophobic pocket can be found in the CRD of
Gal3 as well (7).

Interaction of the farnesyl group in H-RasGTP with Gal1 strengthens their
co-localization in non-raft microdomains (7, 8). Immuno-gold labeling and
electron microscopy revealed the localization of both Gal1 and H-Ras(G12V) in
clusters on the inner surface of the plasma membrane. Downregulation of Gal1
by antisense reagents resulted in the disappearance of the Gal1-H-Ras(G12V)
clusters. Similarly, Gal3 is an integral component of K-RasGTP, but not
K-RasGDP, nanoclusters (9). Gal3 binding confers on Ras a conformation that
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reduces the efficiency of GTP hydrolysis by RasGAP (5), thereby prolonging Ras
signals and determination of Ras effector usage. Gal3 promotes K-Ras signaling
to both Raf and phosphoinositide 3-kinase (5) while Gal1 promotes H-Ras
signaling to Raf at the expense of phosphoinositide 3-kinase and Ral guanine
nucleotide exchange factor (7, 10). All of these results suggest that Gal1 and Gal3
can serve as escorts of Ras proteins into membrane microdomains, which in turn
operate as robust platforms for signaling.

Galectin-3 at the Centrosome

Because none of the galectin polypeptides appears to carry a typical signal
sequence for sequestration into the endomembrane pathway for secretion,
several non-classical mechanisms of externalization have been proposed: for
specific galectins, in specific cell types and, in some cases, restricted to specific
developmental/differentiation stages (11–13). A common requirement of these
mechanisms is that the galectin polypeptide must traverse across one lipid bilayer
into the lumen of vesicular compartments, which is topologically equivalent to
the outside of the cell. Nevertheless, studies on the activities of galectins within
various secretory or endosomal vesicles have pointed to a novel intracellular
interaction and function in polarized epithelial cells. Within transport vesicles
of intestinal enterocytes, for example, galectin-4 (Gal4) associates with lipid
microdomains to stabilize "superraft" platforms for sorting and delivery of
components destined for the apical membrane of polarized epithelial cells (14–16).
On the other hand, Gal3 appears to be responsible for clustering raft-independent
glycoproteins (e.g. lactase phlorizine hydrolase and neurotrophin receptor
p75NTR) in the same apical sorting and delivery process, as was observed in
Madin-Darby canine kidney (MDCK) cells and in the adult mouse intestine (17,
18).

In the course of these studies, it was noted that, in small intestines of mice
in which the Gal3 gene has been inactivated (Lgals3-/-), there were indeed
defects in the apical trafficking of glycoproteins. However, the role of Gal3 in
glycoprotein trafficking could not account for all of the other observed alterations
in cytoarchitecture of the normally polarized epithelial cells. This raised the
possibility that Gal3 may be involved in some more fundamental aspect in the
establishment of cell polarity (18). Indeed, depletion of Gal3 (by siRNA treatment
of renal epithelial MDCK cells that form domes in three-dimensional cultures or
by gene inactivation in kidneys of Lgals3-/- mice) resulted in: (a) perturbations
of the microtubular network, which normally arrays from the apical domain
and runs along the apical-basolateral axis; (b) alterations in the morphology of
the primary cilium, which appeared longer and abnormally shaped in the Gal3
deficient cells; and (c) appearance of abnormal centrosome-like structures (19).
Immunofluorescence experiments showed that Gal3 could be co-localized with
centrosomal proteins: centrin-2, pericentrin and γ-tubulin. Interestingly, Gal3
could be co-immunoprecipitated with centrin-2 but only over a limited period
(day 3 - day 5) when confluent MDCK cells undergo polarization. The data
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clearly implicate that Gal3 plays a role in epithelial morphogenesis, most likely
through its interactions at the centrosome.

Intracellular Galectin-3, Galectin-7, and Galectin-12 and
Their Effects on Apoptosis

Human T lymphoma Jurkat cells ectopically expressing Gal3 survive longer
than control cells when subjected to a variety of apoptosis-inducing agents
(20). It has also been shown that Gal3 inhibits apoptosis caused by the loss of
cell anchorage (anoikis) (21). Therefore, Gal3 exhibits anti-apoptotic activity.
Several lines of studies have provided hints regarding the pathways by which
Gal3 antagonizes apoptosis. First, Gal3 binds to the apoptosis repressor Bcl-2,
mimicking the ability of Bcl-2 family members to form heterodimers (20).
Second, in human breast epithelial cells, Gal3 inhibits anoikis by down-regulating
cyclins E and A while up-regulating their inhibitory proteins p21WAF/Cip1 and
p27KIP1 (22). Third, in cisplatin-induced apoptosis of the breast carcinoma cells,
Gal3 is translocated to mitochondrial membranes, where it prevents mitochondrial
damage, cytochrome c release, and the consequent apoptosome activity (23).
This translocation is dependent on synexin, a Ca2+- and phospholipid-binding
protein. Down-regulation of synexin by antisense oligonucleotides inhibited
Gal3 translocation and abolished its anti-apoptotic activity. Finally, Gal3 may
also negatively regulate apoptosis by directly interacting with nucling, which is
involved with cytochromc c/Apaf-1/caspase 9 apoptosome induction following
pro-apoptotic stress (24). Thus, Bcl-2, nucling, and synexin are three ligands of
Gal3 related to the latter’s anti-apoptosis activity from within the cell.

Galectin-7 (Gal7) is expressed in various stratified epithelia and its
overexpression is correlated with the induction of apoptosis in UVB-induced
sunburn keratinocytes (25). Similarly, Gal7 transfection of the human cervical
carcinoma cell line HeLa and the colon carcinoma cell line DLD-1 rendered
the cells more sensitive to apoptosis induced by a variety of distinct stimuli
(26, 27). The Gal7 transfectants displayed up-regulated Jun N-terminal kinase
(JNK) activity, enhanced caspase-3 activity, as well as accelerated mitochondrial
release of cytochrome c. More recently, Villeneuve et al. (28) documented that
a fraction of intracellular Gal7 was constitutively localized at mitochondria in
a Bcl-2-dependent manner and sensitizes the mitochondria to apoptotic signals.
Using highly purified mitochondrial fractions isolated from human HCT16
colon carcinoma cells, a proteomic analysis following Bcl-2 immunocapture
revealed Gal7 as an interacting partner. Gal7 binds directly to Bcl-2, suggesting
a mechanism for its enhancement of the apoptotic pathway. In this connection,
it might be important to note that: (a) Gal3 was not amongst the 127 potential
Bcl-2 interacting proteins identified through the proteomic analysis, despite
the fact that in vitro binding studies had shown a direct interaction between
Gal3 and Bcl-2 (20); and (b) inside cells, Gal3 is anti-apoptotic (20, 21) while
Gal7 is pro-apoptotic (25, 26), possibly reflecting the fact that, while the
polypeptides of the two galectins share a homologous CRD, Gal3 contains
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an unusual amino-terminal domain rich in Pro- and Gly-residues fused onto a
carboxyl-terminal CRD while Gal7 contains only the CRD.

Galectin-12 (Gal12) contains two CRDs arranged as a tandem repeat (29)
and is expressed predominantly in adipose tissue and in differentiated 3T3-L1
adipocytes (30). In the mouse, the Gal12 gene is one of the few genes that are
expressed specifically in adipose tissue (31). Caloric restriction and treatment
of obese animals with troglitazone (a synthetic ligand of peroxisome proliferator
activated receptor γ) increased Gal12 expression. The increase in Gal12 mRNA
in troglitazone-treated animals is accompanied by an increase in the number of
apoptotic cells in adipose tissue. Moreover, transfection of COS-1 cells with Gal12
cDNA induced apoptosis in the recipient cells. On the basis of these results, it was
suggested that Gal12 may participate in the apoptosis of adipocytes (30). In these
studies, Gal12 was localized in the nucleus of adipocytes (30). More recently,
however, Yang et al. (32) reported that the protein is primarily localized on lipid
droplets and regulates lipolytic protein kinase A signaling through cAMP levels.
Mice in which the Gal12 gene has been inactivated (Lgals12-/-) were found to have
increased adipocyte mitochondrial respiration, reduced adiposity, and less severe
insulin resistance. The results suggest that Gal12 functions as an intracellular
regulator of lipolysis.

Ribonucleoprotein Complexes of Galectin-1 and Galectin-3

The nuclear localization of Gal3, coupled with its co-sedimentation with
hnRNPs and snRNPs, provided the initial hint that it might play a role in
pre-mRNA splicing (33, 34). Using a cell-free system, several key findings
indicate that Gal1 and Gal3 are two of the many proteins involved in splicing:
(a) nuclear extracts (NE) derived from HeLa cells, capable of carrying out
splicing of pre-mRNA, contained both Gal1 and Gal3 (35); (b) depletion of both
galectins from NE, either by lactose affinity chromatography or by antibody
adsorption, resulted in the concomitant loss of splicing activity (35, 36); (c) either
recombinant Gal1 or recombinant Gal3 was able to reconstitute the splicing
activity in the galectin-depleted extract, suggesting that their activities were
redundant (35); (d) saccharides which bind to Gal1 and Gal3 with high affinity,
such as lactose and thiodigalactoside, inhibited the splicing reaction when added
to a complete NE whereas non-binding saccharides such as cellobiose failed to
have any effect (36); and (e) when a splicing reaction containing 32P-labeled
pre-mRNA was subjected to immunoprecipitation with either anti-Gal1 or
anti-Gal3, radiolabeled RNA species corresponding to the starting substrate,
intermediates of the splicing reaction, and mature mRNA products of active
spliceosomes were all co-precipitated with the specific galectin (37).

More recently, glycerol gradient fractionation of NE resulted in the
identification of a complex (~10S) in which Gal3 is associated with U1 snRNP
(38). This complex was sufficient to load Gal3 onto the pre-mRNA substrate
during spliceosome assembly. Of particular significance was the observation
that splicing activity in a NE depleted of U1 snRNP can be reconstituted by
the Gal3 – U1 snRNP particle, isolated by immunoprecipitation of the 10S
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region of the glycerol gradient with anti-Gal3 antibodies. In contrast, parallel
anti-Gal3 immunoprecipitation of free Gal3 molecules not in a complex with
U1 snRNP (fraction 1 of the same gradient), failed to restore splicing activity.
These results indicate that the Gal3 - U1 snRNP-pre-mRNA ternary complex is
a productive complex and that U1 snRNP is required to assemble Gal3 onto an
active spliceosome.

This Gal3-U1 snRNP particle also contains the general transcription factor
TFII-I. When NE of HeLa cells was subjected to adsorption on a fusion protein
containing glutathione S-transferase (GST) and Gal3, TFII-I was identified by
mass spectrometry as one of the polypeptides specifically bound (39). Lactose
and other saccharide ligands of the galectins inhibited GST-Gal3 pull-down of
TFII-I, while non-binding carbohydrates failed to yield the same effect. Similar
results were also obtained using GST-Gal1. The association of TFII-I with Gal3
(and Gal1) was of interest because a prior proteomic analysis of the spliceosome
had found TFII-I as one of its proteins (40). Site-directed mutants of Gal1,
expressed and purified as GST fusion proteins, were compared with the wild-type
(WT) in three assays: (a) binding to asialofetuin-Sepharose as a measure of
the carbohydrate-binding activity; (b) pull-down of TFII-I from NE; and (c)
reconstitution of splicing in NE depleted of galectins as a test of the in vitro
splicing activity. The binding of GST-Gal1(N46D) to asialofetuin-Sepharose was
less than 10% of that observed for GST-Gal1(WT), indicating that the mutant
was deficient in carbohydrate-binding activity. In contrast, both GST-Gal1(WT)
and GST-Gal1(N46D) were equally efficient in pull-down of TFII-I and in
reconstitution of splicing activity in the galectin-depleted NE.Moreover, while the
splicing activity of the wild-type protein can be inhibited by saccharide ligands,
the carbohydrate-binding deficient mutant was insensitive to such inhibition.
These results suggest that the carbohydrate-binding and the splicing activities of
Gal1 can be dissociated and thus, saccharide-binding, per se, is not required for
the splicing activity (39).

Gal1 and Gal3 associate with other complexes containing splicing factors
in the absence of pre-mRNA. Gal3 was identified through mass spectrometry
as a member of a large complex (~60S) termed the PCC (PSF-containing
complex) (41). In addition to containing PSF (pyrimidine track binding protein
(PTB)-associated splicing factor), this PCC contained many other proteins
identified in complexes with Gal3 such as Gemin4, SMN, and TFII-I. Both Gal1
and Gal3 interact with the carboxyl-terminal 50 amino acids of Gemin4 (42),
a member of the SMN (survival of motor neuron) complex that assembles the
Sm proteins onto snRNAs in the normal biogenesis of these ribonucleoprotein
complexes (43). Finally, there is also a report that Gal3 stabilizes heterogeneous
nuclear ribonucleoprotein (hnRNP) Q (44).

Other Complexes and Interactions

Shimura et al. (45) reported that in the human breast cancer cell line BT-
549, Gal3 binds β-catenin/Tcf and co-localizes with the complex to the nucleus
to induce trancriptional activity in the Wnt signaling pathway. Using purified
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proteins and GST pull-down assays, direct binding between Gal3 and β-catenin
was documented; the CRD of Gal3 and the NH2-terminal portion of β-catenin
were required for this interaction (45). More recent studies have supported a role
for Gal3 in stabilizing β-catenin and its nuclear accumulation in Wnt signaling in
human colorectal cancer cells (46, 47). However, the direct interaction between
Gal3 and β-catenin has been called into question (47). It was proposed that Gal3
mediates AKT phosphorylation of glycogen synthase kinase-3β, decreasing the
latter’s activity on β-catenin. This, in turn, stabilizes β-catenin in the cytoplasm,
allowing for nuclear accumulation and transcriptional activity.

In a survey of different human cancer cell lines, Gal3 was found maximally
expressed in nuclei of thyroid cancer cells. Gal3 interacts directly with the
thyroid-specific transcription factor TTF-1, up-regulating its transcriptional
activity and thus contributing to the proliferation of the thyroid cells. Concomitant
expression of nuclear Gal3 and TTF-1 was associated with a worse clinical
outcome (48). It has also been reported that OCA-B, a B-cell specific coactivator
for the OCT transcription factors, interacts with Gal1 and Gal3, with a possible
role in regulating B-cell receptor mediated cell proliferation (49). Through
interactions with the Gli family of transcription factors, Sufu serves as a negative
regulator of the Hedgehog signal transduction pathway. A yeast two-hybrid
screen using Sufu as bait identified Gal3 as a potential interacting protein (50).
This direct interaction was confirmed by GST pull-down assays using GST-Sufu
fusion protein and radiolabled Gal3. Like Gal3, Sufu shuttles between the
cytoplasm and nucleus. The possibility is raised, then, that Gal3 may play a
role in the nuclear versus cytoplasmic distribution of Sufu, thereby affecting
transcriptional activity.

The shuttling of Gal3 between the nucleus and cytoplasm (51) is dependent on
both a nuclear localization signal (NLS) (52, 53) as well as a nuclear export signal
(NES) (54), both of which have been identified on the Gal3 polypeptide. Thus,
another set of important interactions is the association of the nucleo-cytoplasmic
transport receptors with Gal3 as their cargo. Although active transport of Gal3
into the nucleus requires both importin-α and importin-β, Gal3 only binds
directly to importin-α (52). The NES of Gal3 fits the spacing of hydrophobic
leucine/isoleucine residues in the canonical nuclear export sequence recognized
by the nuclear export transporter exportin-1 (CRM1), which is inactivated by
the antibiotic leptomycin B (54). Indeed, incubation of cells in the presence of
leptomycin B results in the accumulation of Gal3 in the nucleus.

Concluding Remarks

The present essay has focused on the ligands and interactions of galectins
inside cells (Table I). Although this family of proteins was initially identified as
galactose-specific carbohydrate-binding proteins, all the ligands discussed here
bind to galectins via protein-protein interactions rather than protein-carbohydrate
recognition. Despite this fact, however, it should be noted that the domain
responsible for interacting with the majority of the partners is the CRD and,
in many cases, saccharide ligands such as lactose can perturb the interaction
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(e.g. Bcl-2 binding to Gal3 (20)). In addition, some of the ligands appear to be
location specific (e.g. Ras proteins bind to Gal1 and Gal3 at the inner face of
the plasma membrane) while still other interactions are location and temporally
specific (e.g. centrin-2 binding to Gal3 at the centrosome only at specific stage of
differentiation). Despite these variations, however, it seems clear that a general
theme has become apparent: the galectins can serve to organize macromolecular
complexes at different locations within the cell.

Table I. Polypeptides interacting with galectins inside cells

Ligand Galectin Location Feature and Activity Ref

Bcl-2 3 cytoplasm anti-apoptosis activity via the
apoptosis repressor Bcl-2

(20, 21)

7 mitochondria pro-apotosis activity by
counteracting apoptosis repressor
Bcl-2

(25, 26)

β-catenin 3 cytoplasm translocation of β-catenin/Tcf
complex from cytoplasm
to nucleus to induce
transcriptional activity in the
Wnt
signaling pathway

(45)

centrin-2 3 centrosome transient direct interaction
dependent on stage of
epithelial morphogenesis

(19)

exportin-1
(CRM1)

3 nucleus to
cytoplasm

nuclear export signal-dependent
transport of Gal3
from nucleus to cytoplasm

(53)

Gemin4 1
3

nucleus component of Survival of Motor
Neuron (SMN)
complex in the biogenesis of
small nuclear
ribonucleoprotein complexes
(snRNPs)

(42)

hnRNP Q 3 nucleus stablizes the heterogeneous
nuclear ribonucleoprotein
complex

(44)

importin-α 3 cytoplasm
to nucleus

nuclear localization
signal-dependent localization
of Gal3

(51)

nucling 3 cytoplasm inhibits nucling in cytochrome
c/Apaf-1/caspase 9
apoptosome induction

(24)

OCA-B 1
3

cytoplasm
and nucleus

transcriptional coactivation and B
cell proliferation

(49)

Continued on next page.
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Table I. (Continued). Polypeptides interacting with galectins inside cells

Ligand Galectin Location Feature and Activity Ref

H-Ras
K-Ras

1
3

inner surface
of plasma
membrane

dependent on hydrophobic
interactions with
farnesyl modification on Ras,
prolonging
RasGTP signaling

(4)

synexin 3 cytoplasm to
mitochondria

translocation to mitochondrial
membrane and prevention
of cytochrome c release

(23)

Sufu 3 cytoplasm regulation of nuclear versus
cytoplasmic distribution of
Sufu, which negatively regulates
Gli family of
transcription factors in the
Hedgehog signaling pathway

(49)

TFII-I 1
3

nucleus component of spliceosome in
pre-mRNA processing;
associated with U1 snRNP

(39)
(38)

TTF-1 3 nucleus up-regulate thyroid-specific
transcription factor activity,
contributing to the proliferation
of thyroid cells

(48)
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Chapter 5

Galectins as Novel Regulators of
Platelet Signaling and Function:

Therapeutic Implications

Gabriel A. Rabinovich1 and Mirta Schattner*,2

1Laboratory of Immunopathology, Institute of Experimental Medicine
(IMEX), and National Academy of Medicine, Argentina
2Laboratory of Experimental Thrombosis, Institute of

Biology and Experimental Medicine (IBYME), CONICET,
National Academy of Medicine, Argentina

*E-mail: mschattner@hematologia.anm.edu.ar

Platelet activation at sites of vascular injury leads to the
formation of a hemostatic plug. Activation of platelets is
therefore crucial for normal hemostasis. However, uncontrolled
platelet activation may also lead to the formation of occlusive
thrombi that can cause ischemic events. Platelets can be
activated by soluble molecules including thrombin, TXA2,
ADP, serotonin or by adhesive extracellular matrix proteins
such as von Willebrand factor and collagen. By acting either
in soluble or immobilized form, Galectin-1 and 8 trigger
platelet activation through modulation of discrete signaling
pathways. These novel findings offer new hypotheses and some
speculations about the role of platelet-galectin interactions not
only in hemostasis and thrombosis but also in inflammation and
related diseases such as atherosclerosis and cancer.

© 2012 American Chemical Society
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Platelets are enucleated blood cells derived from megakaryocytes that are
essential for proper hemostasis and thrombosis and also play critical roles in
inflammatory processes, atherosclerosis, tumor metastasis and host defense.
When platelets perceive activating signals through their cell surface receptors,
they undergo dramatic structural and chemical changes, involving a complex
interplay of cell adhesion and signaling molecules. Activated platelets rapidly
bind circulating platelets via membrane integrin αIIbβ3 (GPIIb/IIIa) and
fibrinogen, to form a thrombus for preventing bleeding at sites of vascular injury.
However, platelet aggregation can also occlude atherosclerotic arteries causing
cardiac and cerebrovascular diseases (1).

Galectins are structurally related carbohydrate-binding proteins, which are
defined by their affinity for poly-N-acetyllactosamine-enriched glycoconjugates
and sequence similarities in the carbohydrate recognition domain (CRD)
(2). Although experimental and clinical studies have extensively implicated
galectins in the regulation of immune cell homeostasis and host-pathogens
interactions, there is increasing evidence that these proteins are also involved
in the pathogenesis of cardiovascular diseases, in particular development of
atherosclerosis (3, 4). Moreover, recent work from our laboratory has shown
that galectin (Gal)-1 and Gal-8 can trigger platelet activation by interacting
with different platelet receptors and promote the formation of platelet-leukocyte
aggregates suggesting a novel mechanism of thrombus formation mediated by
galectin-glycan interactions (5, 6).

Galectins and Platelet Aggregation

The capacity of platelets to form a thrombus depends on their ability to
aggregate. At a molecular level, platelet aggregation is mediated by a specific
receptor on the platelet surface: the αIIbβ3 integrin (7). Like most traditional
platelet agonists, both soluble Gal-1 and Gal-8 promote the transition of this
integrin from a low-affinity state (resting state) to a high-affinity state (active
state), which results in the unmasking of neoepitopes in the αIIbβ3 complex,
and allows fibrinogen binding which acts as a bridging molecule between
platelets to form aggregates. This conformational change of αIIbβ3 integrin
triggered by galectins is accompanied by a raise in intracellular calcium levels
as well as morphological changes of platelets involving the rearrangement of the
cytoskeleton including extension of filopodia and lamellipodia (spreading) and
F-actin polymerization.

Both Gal-1 and Gal-8 induce aggregation of platelets suspended either in
plasma or buffer which indicates a relevant role of these lectins in physiological
media (5, 6). Although cell agglutination was one of the first biological activities
described for these lectins, this effect on platelets was only observed at high Gal-1
and Gal-8 concentrations. Platelet aggregation at lower concentrations is absent
in fixed platelets, in the presence of calcium chelating agents, or eptifibatide (an
αIIbβ3 antagonist), implying that platelet responses mediated by galectins could
be related either to cell activation or to a clustering effect of platelet surface
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receptors depending on their concentration. Although both galectins were capable
of promoting aggregation, Gal-8 was found to be ten times more potent than
Gal-1 in this stimulatory effect. Although the dimeric structure of Gal-8 would
anticipate a more robust effect of this galectin compared to Gal-1, the observation
that only the N-terminal domain was also able to trigger platelet activation
indicates that lectin bivalency is not essential to promote activating effects on
platelets. The differences in the concentration required to achieve a similar effect,
could therefore reflect different downstream molecular signals triggered by each
galectin.

The initial formation of platelet thrombus is rapidly reinforced by the
generation and release of platelet TXA2 and ADP (the main metabolite of
arachidonic acid by the cyclooxigenase pathway, and a component of platelet
dense granules respectively) which acting in a paracrine and autocrine manner
promote further platelet activation (1). Both molecules are generated on platelet
stimulation by Gal-1 and Gal-8. Moreover, although the aggregation response
triggered by low Gal-8 concentrations was inhibited in the presence of aspirin
(cyclooxigenase inhibitor) and/or an ADP-scavenger, a full response was obtained
at higher concentrations indicating that Gal-8 is a strong agonist that activate
platelets independently from TXA2 formation or ADP release (6).

Galectins Trigger Proinflammatory and Procoagulant
Platelet-Mediated Responses

The role of platelets in inflammation and vascular repair is mainly associated
to the release of α granule content which includes among others cell adhesion
molecules that favor platelet/endothelial and leukocyte interaction (P-selectin,
CD40L) prothrombotic substances (vWF) and pro- and anti-angiogenic molecules
(vascular endothelial growth factor (VEGF) or endostatin respectively) (8).

Gal-1 and Gal-8 are strong inducers of P-selectin expression. The major
role of P-selectin on the platelet surface is the interaction with PSGL-1, its major
counterreceptor on leukocytes, to form platelet-leukocyte aggregates (9). In fact,
activation of platelets by Gal-1 in the presence of polymorphonuclear leukocytes
results in a significant formation of heterotypic cell aggregates (5). This
interaction promotes activation of both cell types, which is a crucial condition for
triggering inflammation, vascular remodelling and thrombosis. Platelet-leukocyte
aggregates represent an established link between inflammation and thrombosis
in acute syndromes including coronary diseases and related disorders (10, 11).
Furthermore, the interaction of P-selectin with PSGL-1 induces the up-regulation
of tissue factor in the leukocyte membrane and the production of procoagulant
microparticles, thereby contributing to a pro-thrombotic state. In addition, a role
for P-selectin in platelet aggregation and the formation of arterial thrombi, has
also been described (12).

vWF is a large multimeric glycoprotein that allows platelet-endothelium,
platelet-subendothelium and platelet-platelet interaction and is therefore important
for platelet adhesion and thrombus formation. Similarly to P-selectin, vWF is
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stored in platelet α granules and in Weibel-Palade bodies of endothelial cells
from which is released during injury or inflammation. vWF is a biomarker for
endothelial dysfunction and cardiovascular risk and high levels of vWF are found
in both chronic and acute inflammation (13). The release of alpha granule stored
vWF occurs after activation of platelets by Gal-1 (unpublished data) or Gal-8
(6).Thus, P-selectin expression and vWF release mediated by galectins might play
an important role in the pathogenesis of thrombus formation and the modulation
of inflammatory responses.

Vesiculation of the platelet membrane and formation of platelet microparticles
(PMPs) is a characteristic effect of certain agonists such as collagen, thrombin
or C5b-9 complement fragment (14). PMPs are released not only during
platelet activation in vitro but are also detected in vivo (15, 16). They are
thought to provide catalytic surface for several enzyme complexes of the
coagulation system and to underlie the pro-coagulant responses elicited by
platelet activation. Moreover, PMPs may themselves evoke cellular responses
in the immediate microenvironment including platelet adhesion to the site of
endothelial injury and angiogenesis (17). The ability of Gal-1 (5) to induce
phosphatidylserine-expressing PMPs suggests that this lectin not only promotes
platelet activation, but could also indirectly activate the coagulation cascade.

Galectins and Platelet Adhesion

Platelet adhesion to the extracellular matrix (ECM) at sites of vascular
injury represents a key step for limiting bleeding but, if uncontrolled, can lead to
occlusion. Under low shear rate, such as that found in veins and larger arteries,
platelet adhesion to the vessel wall primarily involves binding to fibrilar collagen,
fibronectin and laminin. However at conditions of elevated shear stress, the
initial tethering and firm adhesion of platelets to the exposed subendothelium
is mediated by the interaction of the platelet GP Ib/IX/V complex and the
subendothelial bound vWF (1). However, as vWF-deficient mice have delayed
but not absent arterial thrombus formation it was suggested that under these
conditions GPIb may bind other ligands that can mediate platelet adhesion (18).
Interestingly, in vitro studies have shown that Gal-8 (6) and Gal-1 (19) promote
platelet adhesion and spreading. αIIbβ3 integrin was identified as a functional
receptor for Gal-1 (19) and GPIbα was identified for Gal-8 (6). Thus, it could be
conceivable that galectins may act directly as a substrate or may either behave as
matricellular proteins that bind to platelet GPIb-V-IX complex thus contributing
to the platelet adhesion to the ECM. Of note, GPIb-V-IX complex plays a wide
role in vascular biology since it not only binds to vWF but also recognizes several
ligands on leukocytes and endothelium allowing the interaction of platelets with
other vascular and blood cells (18). These data identify Gals as unique platelet
agonists that have the ability to activate platelets in both soluble and immobilized
conformations.

98

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
D

ec
em

be
r 

20
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
00

5

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Platelet Receptors for Galectins

Most of the extracellular functions mediated by galectins involve the
interaction of these proteins with cell surface glycoconjugates containing
repeating units of N-acetyllactosamine [Galβ1,4GlcNAc]. Platelet activation
mediated by Gal-1 or Gal-8 is prevented by lactose but not sucrose (5, 6)
indicating that these effects involve the interaction of these lectins with specific
carbohydrate ligands on the platelet surface. Among the different receptors,
integrins are known to be involved in Gal-1 mediated biological responses. Given
the relevance of different integrins in platelet function, these molecules may
represent potential binding partners for Gal-1.

We identified αIIb integrin as a Gal-1 binding partner by mass spectrometry.
Studies using blocking antibodies and platelets derived from patients who are
deficient in αIIbβ3 established that this integrin acts as a functional receptor for
Gal-1 in platelets. Because galectins in general, have the ability to form lattices,
we hypothesized that Gal-1 binding to platelet surface results in the clustering of
αIIbβ3 molecules, a phenomenon known to trigger outside-in signaling. In fact,
stimulation of platelets by Gal-1 resulted in the activation of the major signaling
pathways involved in the outside-in signaling including phosphorylation of the β3
cytoplasmic tail and activation of the tyrosine kinases Syk and Akt and the enzyme
phospholipase C γ 2 (PLCγ2) (19).

MALDI/TOF mass spectrometry analyses determined that Gal-8 binds
platelet surface GPs, subunit αIIb from the αIIbβ3 integrin and GPIb and V from
GPIb-IX-V complex (6). However, the use of platelets derived from patients
who are deficient in αIIbβ3 or in GPIb, revealed that only GPIb is essential
for Gal-8-dependent signal transduction and therefore represents a functional
Gal-8 counter-receptor (6). Moreover, Src, PI3K/Akt and PLCγ2 (well known
downstream signaling molecules related to GPIb-IX-V complex) (20), are
involved in platelet activation induced by Gal-8, giving additional support to the
notion that GPIb is an essential receptor for transducing Gal-8 signaling (6).

Thus, extracellular Gal-1 and Gal-8 induce platelet activation by engaging
distinct cell surface receptors. Whether this phenomenon implies a synergism
between different members of the galectin family to trigger platelet activation
requires further investigation.

Platelets Express Galectins

In addition to almost all of the vascular cells, human platelets express
substantial levels of Gal-1 and Gal-8 (5, 6). Although both galectins are secreted
proteins, they are mainly found in the cytosol of different cell types. Human
platelets express the two splice variants of Gal-8. Moreover, whereas Gal-8,
like P-selectin, is absent on the surface of resting platelets, it is exposed on the
membrane of thrombin-stimulated platelets. In contrast, Gal-1 is not expressed
on platelet surface upon activation (unpublished observation). The differences
between both galectins are still not clear. Interestingly, addition of lactose
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and thiodigalactoside moderately inhibits the aggregation induced by classical
agonists suggesting that platelet-derived galectins might contribute to platelet
activation.

Role of Endogenous Gal-1 in Hemostasis

We investigated the role of Gal-1 in platelet function using wild-type mice
and Gal-1 deficient mice. In vivo evaluation of hemostasis by tail bleeding
revealed increased bleeding time in KO animals, which was not associated to a
lower platelet count. Using ex vivo techniques, we showed that Gal-1-deficient
platelets exhibited impaired kinetics of clot retraction and platelet spreading on
fibrinogen in the presence of normal integrin αIIbβ3 expression. Gal-1-deficient
platelets showed normal alpha granule secretion and normal platelet aggregation.
Therefore, Gal-1 appears to regulate integrin αIIbβ3 “outside-in” signaling events
in platelets and is necessary for normal primary hemostasis in vivo (19).

Pathophysiologic Implications of Galectin-Platelet Interactions

Hemostasis, Thrombosis, and Inflammation

Given the described effects of Gal-1 and Gal-8 in platelet physiology,
exposure of these endogenous lectins in the subendothelium or in activated
endothelial cells (21) is expected to trigger platelet adhesion, spreading and
thrombus formation (Figure 1A). Moreover, in the vascular system, platelets
are another source of Gal-8 that would be accessible upon platelet activation to
eventually promote further thrombus growth. Studies in galectin-null mutant
mice reveal the relevance of these lectins in physiological hemostasis.

The expression of P-selectin on the platelet surface, the formation of
leukocyte-platelets aggregates and leukocyte activation are relevant events in deep
vein thrombosis (DVT). Given that galectins promote all these responses, binding
of these lectins to platelets might represent potentially novel mechanism involved
in DVT. Interestingly, Gal-3 binding protein has been found to be up-regulated
in proteomics analysis of microparticles during DVT (22). While Gal-8 has been
linked to proinflammatory processes (23, 24), both, anti- and pro-inflammatory
activities have been ascribed to Gal-1 (25). Whether anti-inflammatory effects
occur at low concentrations of Gal-1, while pro-inflammatory effects prevail at
high concentrations, still remains to be established. The fact that Gal-1 promotes
platelet activation support to the notion that under certain circumstances, Gal-1
could also act as a pro-inflammatory factor.
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Figure 1. Potential Galectins roles in physiopathological platelet responses.
A- When endothelial injury occurs, platelets could recognize Gal-1 and

Gal-8 present in the surface of activated endothelial cells and in the exposed
subendothelial extracellular matrix. Galectins would be able to trigger platelet
adhesion, spreading and thrombus formation. B- Galectins might be involved
in atheroma plaque formation and progression. When plaque rupture occurs
platelets may bind to galectins present in the plaque and in the activated

endothelium thus enhancing thrombus formation. C- Tumor cells overexpress
Gal-1 and Gal-8. The lectins are released or exposed in the tumor cell surface
and this might activate platelets which release the content of their granules that
is rich in growth factors that can promote tumor development and angiogenesis.
D- A circulating tumor cell that express Gal-1 and Gal-8 on its surface can bind
platelets, thus forming heterotypic aggregates which may possibly protect tumor

cells against immune attack, favouring metastasis. (see color insert)
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Atherosclerosis

Although the expression and role of Gal-8 in human atherosclerotic lesions
has not yet been explored, several groups demonstrated that galectins including
Gal-1 participate in the initiation, progression and rupture of an atheroma plaque.
Gal-1, -3 and -8 are not only expressed by the different cellular components of the
atheroma lesions (26–28) but they also promote smooth muscle cell proliferation
and transformation of macrophages into foam cells through the uptake of modified
lipoproteins or AGEs (29, 30).

Platelets are essential mediators in atherothrombosis. Platelet adhesion and
mural thrombosis are ubiquitous in the initiation and generation of the lesions
of atherosclerosis in animals and humans. Platelets can adhere to dysfunctional
endothelium, exposed collagen, and macrophages. When activated, platelets
release their granules, which contain cytokines and growth factors that contribute
to the migration, activation and proliferation of smooth-muscle cells, monocytes
and T-leukocytes (31).

The expression of galectins in the inner of atheroma plaque may not only
represent strong amplifiers of platelet activation but may also be key components
of the extremely thrombogenic core exposed after plaque rupture, the main
trigger for acute thrombus formation and cause of unstable angina, myocardial
infarction, transient ischemic attack, and stroke. Evidence for a role of galectins
in atherosclerosis has also emerged from whole-genome association studies for
myocardial infarction in Asian populations (26) although these findings were not
reproduced in studies of populations with other ancestries (32).

Tumor Progression

It has been extensively shown that depletion or functional inactivation
of platelets through a variety of genetic and pharmacological manipulations
markedly reduces tumor progression and metastasis. Platelets may influence
the metastatic potential of tumor cells via several mechanisms: a) through the
release of a variety of inflammatory mediators which may influence tumor growth
and stroma formation, b) through the expression of P-selectin, platelets may
contribute to the stable adhesion to endothelium and/or transmigration of tumor
cells outside of the vasculature, c) through the formation of heterotypic aggregates
between mucins in circulating cancer and P-selectin in activated platelets which
may protect tumor cells against immune attack (33).

The overexpression of galectins in tumor cells might also be a trigger for
platelet activation allowing the release of alpha granules content that include
growth factors which can promote tumor development and angiogenesis (Figure
1C). Furthermore, the formation of mixed-cell aggregates between tumor
cells expressing high levels of galectins and platelets might also represent a
complementary molecular mechanism to mucins and P-selectin interaction by
which platelets contribute to tumor progression and metastasis (Figure 1D).
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Cancer-Associated Thrombosis

Thrombosis and disseminated intravascular coagulation are common
complications in cancer patients. A hypercoagulable or pro-thrombotic state
of malignancy occurs due to the ability of tumor cells to activate platelets and
the coagulation system. Pro-thrombotic factors in cancer include the ability
of tumor cells to produce and secrete pro-coagulant/fibrinolitic substances
and inflammatory cytokines and the physical interaction between tumor cell
and platelets (34). However, the mechanisms allowing the occurrence of
prothrombotic states in cancer patients are not completely understood.

The observed increased levels of Gal-1 and Gal-8 in tumoral endothelial
cells as well as in other malignant cells could represent a pathogenic mechanism
involved in thrombosis and disseminated intravascular coagulation complications,
commonly present in cancer patients. Given the pivotal role of Gal-1 and Gal-8
in tumor progression, it could be conceivable that galectin-induced platelet
activation might contribute to the pathogenesis of thrombosis in cancer patients.

Perspectives

Over the last decade we have witnessed impressive advances regarding the
biology of galectins and their role in cell homeostasis, in particular as regulators of
the immune response. The information currently available indicates that galectins
are expressed and secreted by several cell types in normal and pathological
conditions.

The emerging evidence showing that galectins are also capable of triggering
platelet activation opens a completely new field of research where so far there
are more questions than answers. The study of platelet activation mediated
by galectins will certainly provide further insight into the mechanisms linking
inflammatory mediators to thrombus formation and could expand our view of the
role of platelets much beyond homeostasis to their pathophysiologic role during
inflammation and cancer.

References

1. Rivera, J.; Lozano, M. L.; Navarro-Nunez, L.; Vicente, V. Haematologia
2009, 94, 700–711.

2. Rabinovich, G. A.; Baum, L. G.; Tinari, N.; Paganelli, R.; Natoli, C.; Liu, F.
T.; Iacobelli, S. Trends Immunol. 2002, 23, 313–320.

3. Papaspyridonos, M.; McNeill, E.; de Bono, J. P.; Smith, A.; Burnand, K. G.;
Channon, K. M.; Greaves, D. R. Arterioscler. Thromb. Vasc. Biol. 2008, 28,
433–440.

4. Al-Ansari, S.; Zeebregts, C. J.; Slart, R. H.; Peppelenbosch, M.; Tio, R. A.
Trends Cardiovasc. Med. 2009, 19, 164–169.

5. Pacienza, N.; Pozner, R. G.; Bianco, G. A.; D’Atri, L. P.; Croci, D. O.;
Negrotto, S.; Malaver, E.; Gomez, R. M.; Rabinovich, G. A.; Schattner, M.
FASEB J. 2008, 22, 1113–1123.

103

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
D

ec
em

be
r 

20
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
00

5

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



6. Romaniuk, M. A.; Tribulatti, M. V.; Cattaneo, V.; Lapponi, M. J.; Molinas, F.
C.; Campetella, O.; Schattner, M. Biochem. J., 432, 535–547.

7. Shattil, S. J.; Kim, C.; Ginsberg, M. H. Nat. Rev. Mol. Cell Biol., 11,
288–300.

8. Dole, V. S.; Bergmeier, W.; Mitchell, H. A.; Eichenberger, S. C.; Wagner, D.
D. Blood 2005, 106, 2334–2339.

9. Furie, B.; Furie, B. C. Trends Mol. Med. 2004, 10, 171–178.
10. Michelson, A. D.; Barnard, M. R.; Krueger, L. A.; Valeri, C. R.; Furman, M.

I. Circulation 2001, 104, 1533–1537.
11. Dotsenko, O.; Chaturvedi, N.; Thom, S. A.; Wright, A. R.; Mayet, J.;

Shore, A.; Schalkwijk, C.; Hughes, A. D. J. Thromb. Haemostasis 2007, 5,
2036–2042.

12. Celi, A.; Lorenzet, R.; Furie, B. C.; Furie, B. Dis. Markers 2004, 20,
347–352.

13. Vischer, U. M. J. Thromb. Haemostasis 2006, 4, 1186–1193.
14. Bode, A. P.; Sandberg, H.; Dombrose, F. A.; Lentz, B. R. Thromb. Res. 1985,

39, 49–61.
15. Pereira, J.; Alfaro, G.; Goycoolea, M.; Quiroga, T.; Ocqueteau, M.;

Massardo, L.; Perez, C.; Saez, C.; Panes, O.; Matus, V.; Mezzano, D.
Thromb. Haemostasis 2006, 95, 94–99.

16. van den Goor, J. M.; van den Brink, A.; Nieuwland, R.; van Oeveren, W.;
Rutten, P. M.; Tepaske, R.; Tijssen, J. G.; Sturk, A.; de Mol, B. A.;
Eijsman, L. J. Thorac. Cardiovasc. Surg. 2003, 126, 1101–1106.

17. Brill, A.; Dashevsky, O.; Rivo, J.; Gozal, Y.; Varon, D. Cardiovasc. Res.
2005, 67, 30–38.

18. Bergmeier, W.; Piffath, C. L.; Goerge, T.; Cifuni, S. M.; Ruggeri, Z.
M.; Ware, J.; Wagner, D. D. Proc. Natl. Acad. Sci. U.S.A. 2006, 103,
16900–16905.

19. Romaniuk, M. A.; Croci, D. O.; Lapponi, M. J.; Tribulatti, M. V.;
Negrotto, S.; Poirier, F.; Campetella, O.; Rabinovich, G. A.; Schattner, M.
FASEB J. 2012.

20. Ozaki, Y.; Asazuma, N.; Suzuki-Inoue, K.; Berndt, M. C. J. Thromb.
Haemostasis 2005, 3, 1745–1751.

21. Thijssen, V. L.; Hulsmans, S.; Griffioen, A. W. Am. J. Pathol. 2008, 172,
545–553.

22. Diaz, J. A.; Ramacciotti, E.; Wakefield, T. W. Thromb. Res. 2009.
23. Tribulatti, M. V.; Cattaneo, V.; Hellman, U.; Mucci, J.; Campetella, O. J.

Leukoc. Biol. 2009.
24. Cattaneo, V.; Tribulatti, M. V.; Campetella, O. Biochem. J., 434, 153–160.
25. Yang, R. Y.; Rabinovich, G. A.; Liu, F. T. Expert Rev. Mol. Med. 2008, 10,

e17.
26. Ozaki, K.; Inoue, K.; Sato, H.; Iida, A.; Ohnishi, Y.; Sekine, A.; Sato, H.;

Odashiro, K.; Nobuyoshi, M.; Hori, M.; Nakamura, Y.; Tanaka, T. Nature
2004, 429, 72–75.

27. Nachtigal, M.; Al-Assaad, Z.; Mayer, E. P.; Kim, K.; Monsigny, M. Am. J.
Pathol. 1998, 152, 1199–1208.

104

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
D

ec
em

be
r 

20
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
00

5

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



28. Chellan, B.; Narayani, J.; Appukuttan, P. S. Exp. Mol. Pathol. 2007, 83,
399–404.

29. Papaspyridonos, M.; Smith, A.; Burnand, K. G.; Taylor, P.; Padayachee, S.;
Suckling, K. E.; James, C. H.; Greaves, D. R.; Patel, L. Arterioscler. Thromb.
Vasc. Biol. 2006, 26, 1837–1844.

30. Moiseeva, E. P.; Javed, Q.; Spring, E. L.; de Bono, D. P. Cardiovasc. Res.
2000, 45, 493–502.

31. Ross, R. N. Engl. J. Med. 1999, 340, 115–126.
32. Kimura, A.; Takahashi, M.; Choi, B. Y.; Bae, S. W.; Hohta, S.; Sasaoka, T.;

Nakahara, K. I.; Chida, K.; Sawabe, M.; Yasunami, M.; Naruse, T.; Izumi, T.;
Park, J. E. Tissue Antigens 2007, 69, 265–269.

33. Borsig, L. Expert Rev.Anticancer Ther. 2008, 8, 1247–1255.
34. Noble, S.; Pasi, J. Br. J. Cancer 2010, 102 (Supplement 1), S2–S9.

105

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
D

ec
em

be
r 

20
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
00

5

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Chapter 6

Galectin-1 Cross-Linking of GM1 Ganglioside
in Autoimmune Suppression

Robert W. Ledeen,*,1 Gusheng Wu,1 David Bleich,2
Zi-Hua Lu,1 and Hans-Joachim Gabius3
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2Department of Medicine, New Jersey Medical School, University of
Medicine and Dentistry of New Jersey, Newark, New Jersey 17101

3Institute of Physiological Chemistry, Faculty of Veterinary Medicine,
Ludwig-Maximilians-University Munich, Munich, Germany

*E-mail: ledeenro@umdnj.edu

Galectins are a crucial element in the adaptive immune system
that maintains immune tolerance through suppression of
autoreactive T cells. The homodimeric (proto-type) galectin-1
(Gal-1) is recognized as having a prominent role in this
regulatory process based on its presence in regulatory T
cells (Tregs) and ability to induce anergy and/or apoptosis in
effector T cells (Teffs). While Gal-1 is known to interact with
distinct glycoproteins in a variety of cell types, its primary
counter-receptor in Teffs was shown to be the GM1 ganglioside,
a glycosphingolipid which experiences significant elevation
upon Teff activation. Complementary activation upregulates
Gal-1 in Tregs, which upon release then reacts with GM1 in
the Teff cell membrane. The resulting lattice formation causes
cross-linking of integrin heterodimer (e.g. α5β1) with which
GM1 is associated, thereby triggering a signaling cascade that
culminates in TRPC5 Ca2+ channel activation. The resultant
Ca2+ influx, when achieved beyond a threshold level, initiates
further downstream signaling that suppresses proliferation of

© 2012 American Chemical Society
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autoreactive Teffs. Failure to achieve this threshold in Teffs
from non-obese diabetic (NOD) mice was shown to result from
marked deficiency of GM1, which could be remedied both in
vitro and in vivo by GM1 supplementation. Alleviation of type
1 diabetes in the NOD mouse by Gal-1 supplementation is
thought to result from pushing cross-linking of deficient GM1
in the Teff membrane to higher levels, sufficient to elevate
Ca2+ influx to the required threshold level. There is potential
therapeutic advantage in examining autoimmune conditions
in general for possible points of failure in this galectin-based
regulatory mechanism.

Introduction

The pivotal role of regulatory T cells (Tregs) in controlling the expansion of
pathogenic effector T cells (Teffs) is now well recognized (1) and has led to efforts
to increase the number or potency of Tregs as a means of controlling autoimmune
disorders. This approach has registered some success with animal models, as in
type 1 diabetes (T1D) which was prevented or consigned to delayed onset by
this strategy (2–4). However, detailed investigations of Tregs have revealed a
diversity of cell types, especially in humans where FoxP3 has proved less reliable
as marker of suppressor activity than was the case with mouse Tregs (5–7). A
novel aspect of Treg function now in view is the occurrence in these cells of
galectin-1 (Gal-1), a homodimeric (proto-type) member of a family of endogenous
lectins that promotes self tolerance through suppression of autoreactive Teffs
(8–10). Galectins, by selectively binding to cell surface glycans, are potent
adhesion/growth-regulatory effectors (11). In fact, Gal-1 amelioration of a
number of animal models has been described, this work having started with in
vivo application in 1983 on autoimmune myasthenia gravis and rabbits (12) and
continued with TID (13), collagen-induced arthritis (14), experimental colitis
(15), concanavalin A-induced hepatitis (16), and experimental autoimmune
encephalitis (EAE) (9, 10, 17) The particular glycan(s) targeted by Gal-1 in
promoting immune tolerance and details of the underlying mechanisms have
not been clearly identified. In this review we summarize evidence pointing to
GM1 ganglioside as the key counter-receptor for Gal-1 in autoreactive Teffs and
provide evidence for increased Ca2+-influx as effector signaling.

Galectin-1 Interaction with GM1 Promotes
Immunosuppression: In Vitro Evidence

Galectin-1 is strongly upregulated in activated Tregs (8, 10) and released
by a non-classical secretory mechanism (18) following which it can bind to
glycoconjugates on its own cell surface for further (cell-cell) interaction or
function in trans as effector. The target in either case is a functionally interactive
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glycoconjugate(s) on the membrane of another cell. Consideration has been
accorded glycoproteins as binding sites, well delineated examples being the
fibronectin receptor or CD7 as functional counter-receptor in Gal-1-dependent
growth regulation, even at the clinical level [for review, see ref. (19); for
case studies on mentioned glycoproteins, see refs. (20, 21)]. Also indicating
glycoprotein involvement was correlation of α2,6-sialylation of cell surface
protein glycans with modulation of reactivity of Gal-1 toward differentiated
TH1- and TH17- T cells compared with TH2 cells (9). However, Gal-1 can
also bind functionally to cell surface glycolipids when suitably presented, as
we demonstrated by comparison of splenic T cells from wild-type mice with
those from genetically engineered (KO) animals with disrupted GalNAcT
gene (GM2/GD2 synthase, B4galnt1-/-) which lack ganglio-series gangliosides
[for details on ganglioside metabolism and nomenclature, see refs. (22, 23)].
Mixed-culture experiments revealed impaired inhibition if the tested Teffs came
from KO mice as opposed to wild-type (WT) mice (Figure 1A, right side).
Fittingly, binding of labeled Gal-1 to spleen Teffs was markedly weaker when
KO mice were the cell source (Figure 1B), analogous to earlier observations
with human neuroblastoma cells with reduced GM1 presentation due to blocking
the activity of cell surface ganglioside sialidase (S’ase) (24). Use of anti-Gal-1
antibody in the mixed cultures abrogated Teff cell suppression (Figure 1A, left
side), further confirming the regulatory role of this galectin.

The suppression-inducing member of the ganglio-series in the Teff cell
membrane proved to be GM1, a gangliotetraose glycosphingolipid with a single
sialic acid attached in α2,3-linkage to the internal galactose (Figure 2). GM1 is
rather special in being one of the very few sialoglycoconjugates that is resistant
to most forms of vertebrate S’ase, thus facilitating its increase through S’ase
reaction on oligosialogangliosides (e.g., GD1a – see Figure 2). This is now
recognized as one mechanism for increasing GM1 on the cell surface, mediated
by cell membrane-situated S’ase as observed in neuroblastoma cells (24, 25) as
well as T cells. Focusing on Teffs, (S’ase) is upregulated upon their activation
(26), a process thought to account at least in part for the remarkable elevation of
GM1 on the cell surface during Teff cell activation (10, 27, 28).

Of interest was the concurrent elevation of GD1a, metabolic precursor of
GM1 (via S’ase), upon T cell activation (10). These findings and additional
evidence (see below) support the hypothesis that Gal-1 from Tregs engages
GM1 on Teffs as its primary counter-receptor in Teff cell suppression. Similar
GM1/Gal-1 interaction was observed in the growth regulation of human
SK-N-MC neuroblastoma cells (24, 29), further illustrating this as a shared
mechanism of Teffs and some neural cells; significantly, microdomain integrity
was shown to be relevant for the high-affinity binding (30).
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Figure 1. Involvement of ganglio-series gangliosides, galectin-1 (Gal-1) and the
TRPC5 Ca2+-channel in effector T cell (Teff) suppression. Reduced effect of

regulatory T cells (Treg) on 3H-thymidine incorporation by activated CD4+/CD8+
T cells of wild-type mice in the presence of Gal-1-specific antibody (A, left) and
by T cells from ganglio-series-deficient (KO) mice (A, right). Different levels of
binding of labeled Gal-1 to cells from wild-type (WT) and KO mice revealed the
requirement of ganglio-series gangliosides for substantial Gal-1 binding (B).
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Knock-down of TRPC5 by short hairpin RNA (shRNA) blocked suppression of
activated CD4+ and CD8+ T cells by Gal-1 and CtxB (C). This knock-down

effectively precluded Ca2+ influx upon CtxB binding to CD4+ and CD8+ T cells,
as monitored by fura 2-AM (D). (For further details, please see reference (10)).
Abstracted from reference (10) with permission of the Journal of Immunology and
the New York Academy of Science (Ledeen et al. 2012. Beyond glycoproteins as
galectin counterreceptors: Tumor-effector T cell growth control via ganglioside

GM1. Ann NY Acad Sciences 1253:206-221).

Figure 2. Structure of gangliosides GM1 (R = H) and GD1a (R = Neu5Ac,
N-acetylneuraminic acid).

Galectin-1 Interaction with GM1 Promotes
Immunosuppression: In Vivo Evidence

One line of experimentation has been direct application of the counter-
receptors to autoimmune animal models. As outlined above, Gal-1 administration
attenuated a number of autoimmune conditions (9, 10, 12–17). In similar vein,
application of GM1, or ganglioside mixtures containing GM1, ameliorated
disability in EAE, a widely used model for multiple sclerosis (31–33) and
experimental autoimmune neuritis, its peripheral nerve counterpart (34, 35). In
addition, GM1 reduced the expression of diabetes in the NOD mouse (36), a
finding that may be correlated with the GM1 deficit that characterizes NOD Teffs
(see below). Another general approach has been to observe enhancement of
autoimmune pathology in genetically altered mice lacking GM1 or Gal-1. Thus,
mice deficient in Gal-1 (9), similar to mice lacking GM1 (10), showed enhanced
EAE disability and neuropathology compared to WT mice.
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Parallel Activities of Gal-1 and GM1-Binding Bacterial Toxins

Further insight into the suppression mechanism came in the finding of
strikingly parallel activities of Gal-1 and cholera toxin B subunit (CtxB), the latter
a protein that binds GM1with relatively high affinity and specificity (37). Detailed
structural analysis of binding revealed selection of different conformers of GM1’s
pentasaccharide by Gal-1 and CtxB, yielding the high-affinity recognition (38).
The B subunit of Escherichia coli heat-labile enterotoxin is structurally and
functionally similar to CtxB, and, fittingly, both GM1 cross-linking agents have
been shown to effectively suppress a number of autoimmune disorders, in a
manner analogous to Gal-1 (10, 39–41).

The mechanistic consequences of GM1 cross-linking were suggested in
studies showing that CtxB binding led to Ca2+ influx in rat lymphocytes (42) and
a human leukemic (Jurkat) T cell line (43). Equally important, Gal-1 promoted
Ca2+ influx in a similar manner in Jurkat T cells (44). Such influx occurred via a
voltage-independent channel (45), subsequently shown in a study of NG108-15
neuroblastoma cell differentiation (46) to be TRPC5, a member of the canonical
subfamily belonging to the transient receptor potential superfamily of signal
transduction-gated ion channels (47). That this channel is at the heart of the
Ca2+ influx in T cells in conjunction with T cell suppression was demonstrated
by failure of both Teff cell suppression (Figure 1C) and Ca2+ influx (Figure 1D)
following shRNA knockdown of TRPC5.

Notably, Gal-1 and CtxB showed comparable potency in suppressing
proliferation of activated murine Teffs (Figure 1C). The pentavalent nature of
CtxB accords with its cross-linking mode of action, an essential feature of its
Teff suppression activity. That cross-linking of GM1 rather than mere binding
is the modus operandi of suppression was indicated in blockage of CtxB-
or Gal-1-induced Ca2+ influx by non-cross-linking anti-GM1 antibody (48);
additional evidence came in the observation that IgM but not IgG anti-GM1
antibody induced similar Ca2+ influx as CtxB does (49).

Signaling Induced by Galectin-1/GM1 Interaction

Further probing into the cross-linking phenomenon revealed a prominent
role for a heterodimeric integrin with which GM1 is tightly associated in raft-like
microdomains. With Teffs this proved to be β1 in association with both α4 and
α5 integrin subunits (10), analogous to α5β1 in NG108-15 cells (46). Galectin-1
and CtxB thus cross-link GM1 in a manner that results in co-cross-linking of
heterodimeric integrin, shown in the latter cells to induce autophosphorylation of
associated focal adhesion kinase at Tyr 397 followed by assembly of a signaling
complex that includes phospholipase Cγ and phosphoinositide-3 kinase (46). The
resultant TRPC5 channel activation thus represents Gal-1-induced signaling at a
distance, as opposed to direct GM1-TRPC5 association. Although demonstrated
more fully in NG108-15 neuroblastoma cells, it appears likely a similar signaling
sequence pertains to Teffs in view of the above indicated parallels in neural and
immune cell behavior including the similar roles for TRPC5 and heterodimeric
integrin.
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CD8+ T Cells Show Similar Gal-1/GM1 Interaction

It was of interest that CD8+ T cells (cytotoxic T lymphocytes) showed entirely
parallel behavior compared to CD4+ T cells in the above studies. This pertained
to activation-induced elevation of GM1, proliferation suppression by Gal-1 and
CtxB, GM1 association with α4β1 and α5β1 integrins, and TRPC5-mediated Ca2+
influx. This is in line with recognition of CD8+ T cells as major players in
autoimmune reactivity (50–53). Of particular note, they were shown to express
more GM1 than CD4+ T cells (54) and experience a higher level of apoptosis with
GM1-specific enterotoxin (54, 55).

NOD Mouse Pathology and GM1 Deficiency

The hypothesis that Gal-1-induced cross-linking of GM1 mediates
autoimmune suppression has found support in a study of the NOD mouse (48).
This animal is considered a suitable model for the human T1D condition (56).
It had been previously reported that Teffs from such mice were unresponsive to
suppression by Tregs from WT mice (57), analogous to Teffs from human T1D
patients (58), and it thus seemed worth exploring whether this anergy might
reflect insufficient GM1 presentation in the Teff cell membrane. This proved to
be the case, GM1 presence in NOD CD4+ Teffs being less than half the levels
of three other tested strains in both the resting and activated states (Figure 3A);
similar deficits were found for GD1a, the above-mentioned metabolic precursor
of GM1, and both gangliosides were found reduced to a comparable extent in
CD8+ cells as well (48).

This was, as noted above, analogous to growth control of the SK-N-MC
neuroblastoma cells that was impaired by S’ase inhibition and resulting failure
of GM1 elevation (24, 29). Mixed-culture experiments substantiated the idea of
defective Teffs with insufficient GM1 as the cause of failed suppression (Figure
3B), consistent with the results of GM1 supplementation which significantly
restored responsiveness of NOD Teffs to growth inhibition (Figure 3C) and
Gal-1-induced Ca2+ influx (Figure 3D). GM1 is known to insert spontaneously
into the membrane of cultured cells with behavior analogous to that of endogenous
GM1 (59). Blockade of Gal-1-induced Ca2+ influx by non-cross-linking anti-GM1
antibody (Figure 3D) further emphasized the necessity for GM1 cross-linking.
TRPC5 channel involvement was supported by the diminished Ca2+ influx caused
by SK&F96365, a TRP channel inhibitor (48).
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Figure 3. Detection of deficiency in GM1/GD1a in activated effector T cells
(Teffs) of NOD mice, its consequence for inter-T cell communication and its
amelioration by GM1 replacement in vitro. High-performance thin-layer
chromatography using bovine brain ganglioside (BBG) mixture as internal
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control revealed a NOD strain-specific defect (A). Experiments with mixed
cultures of cells from NOD and BALB/c mice to determine the level of Teff

proliferation revealed maintained effectiveness of regulatory T cells (Treg) but
impaired responsiveness of Teffs (B). Robust suppression of Balb/c Teffs occurred
with galectin-1 (Gal-1) and failed suppression of NOD Teffs was corrected
by GM1 pretreatment (C). Involvement of TRPC5 Ca2+-channels (please see
also Figure 3D) was evidenced by measuring the Ca2+-influx for these cell

populations; TRP channel inhibitor (SK&F) blocked Ca2+-influx, addition of a
non-cross-linking anti-GM1 antibody impaired the Gal-1-dependent effect, and
pretreatment with GM1 improved the defective signal for activated Teffs from
NOD mice (D). (For further details, please see reference (48)). Abstracted from
reference (48) with permission from the journal Diabetes; also the New York
Academy of Sciences (Ledeen et al. 2012. Beyond glycoproteins as galectin
counterreceptors: Tumor-effector T cell growth control via ganglioside GM1.

Ann NY Acad Sciences. 1253:206-221).

Conclusions and Future Directions

Galectins are carbohydrate-binding proteins with the defined mission of
decoding the biological information encrypted in the “sugar code” [for recent
reviews, see refs. (60, 61)]. They are present in virtually all immune cells
where they occur either constitutively or through induction. In that sense, they
constitute a crucial element in the adaptive immune system that maintains T
cell homeostasis and immune tolerance through suppression of autoreactive T
cells. Our findings implicate Gal-1 in association with GM1 as key players in
that process. A flow scheme summarizing these lines of evidence (Figure 4)
indicates Gal-1 cross-linking of GM1, along with GM1-associated integrin(s), as
initiating event for signaling in autoimmune suppression. Integrin cross-linking
and autophosphorylation builds a signaling complex leading to TRPC5 Ca2+
channel activation. Upregulation of S’ase, which converts GD1a to GM1,
is one mechanism, along with de novo synthesis, that can elevate this Gal-1
counter-receptor on the Teff cell surface. Concurrent activation of Tregs results
in upregulation of Gal-1 which finds its GM1 target following release as soluble
homodimer and/or as protein presented on the Treg surface. TRPC5 itself is
upregulated during Teff activation, thus indicating elevation of all necessary
components of this regulatory mechanism (Figure 4).

This would ensure the required amplitude of Ca2+ influx for Teff suppression
via apoptosis or anergization, failure of which could result from defects of one kind
or another in the indicated pathways. As mentioned, insufficient GM1 in the NOD
Teff cell membrane resulted in sub-threshold influx of Ca2+, a failure remedied both
in vitro and in vivo by GM1 supplementation. Alternatively, sub-threshold levels
of Ca2+ influx in that condition could conceivably be remedied with enhanced Gal-
1 levels, which may explain the observed suppression of T1D in the NOD mouse
by direct application of this galectin (13) or by indirect supplementation via Tregs
(2–4)). Elevation of Gal-1 by these means might compensate for deficient GM1
by more efficient utilization of the GM1 that is present. Although galectins are
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not considered to have specific protein receptors on the cell surface, in contrast
to cytokines or certain hormones, we propose that GM1 does fulfill such a role in
lectin-glycan interaction with respect to Teff cell proliferation. Modulation of cell
surface glycoconjugate display thus ensures swift regulation in situ. These findings
suggest the potential advantage in examining other autoimmune conditions for
possible points of failure in this proposed mechanism. That in turn could point to
potential medical applications based on restoring a threshold level of signaling in
patient Teffs to re-establish successful inter-T cell communication.

Figure 4. Schematic illustration of inter-T cell communication after activation of
effector/regulatory T cells (Teff/Treg) via ganglioside GM1/galectin-1 contact.
T cell receptor activation of regulatory T cell (Treg) by antigen presenting
cells causes upregulation of galectin-1 (Gal-1) that is expressed on the Treg
cell surface and released into the surroundings. As a homodimer it cross-links
GM1 which has been elevated through sialidase reaction (and possibly de novo
synthesis) in the plasma membrane of Teff following activation of the latter. This
induces co-cross-linking of heterodimeric integrin, which is associated with
GM1, and this in turn induces a signaling sequence resulting in activation of

TRPC5 Ca2+ channels. Elevated intracellular Ca2+ in Teffs prevents proliferation
through anergy and/or apoptosis. Reprinted with permission from the New York
Academy of Sciences (Ledeen et al. 2012. Beyond glycoproteins as galectin
counterreceptors: Tumor-effector T cell growth control via ganglioside GM1.

Ann NY Acad Sciences. 1253:206-221). (see color insert)
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Chapter 7

How To Build “Lean and Mean”
Anti-Tumor T Cells: A Strategic View
into the Anti-Carbohydrate Action of
Fluorinated Glucosamine Analogs

Charles J. Dimitroff*

Department of Dermatology, Brigham and Women’s Hospital,
Harvard Medical School, 77 Avenue Louis Pasteur, HIM, Rm. 662,

Boston, Massachusetts 02115
*E-mail: cdimitroff@rics.bwh.harvard.edu

Cell surface N-acetyllactosaminyl glycans have been shown
to be key regulators of the vitality and effector function of
anti-tumor T cells. When the S-type lectin, galectin-1 (Gal-1),
binds N-acetyllactosamines displayed at high levels by distinct
membrane glycoproteins on anti-tumor T cells, these cells either
undergo apoptosis or adopt an immunoregulatory phenotype.
Methods designed to antagonize the expression and function
of these galactose – N-acetylglucosamine disaccharides on
N- and O-glycans have thus intensified. The hope of such
neutralization strategies is to circumvent the consequences of
Gal-1-binding and tolerogenic effects to anti-tumor T cells.
Because tumors characteristically express an abundance of
Gal-1, it has been hypothesized that tumor-derived Gal-1
is a critical determinant in protecting tumor cells from T
cell-mediated anti-tumor activity. To date, competitive glycan
inhibitors of Gal-1 binding have shown effectiveness towards
interfering with Gal-1-mediated effects. Though more recent
efforts using fluorinated analogs of glucosamine designed
to antagonize the biosynthesis of N-acetyllactosamines in
effector/memory T cells have shown great promise for evading
Gal-1 control and boosting anti-tumor T cell levels. In this

© 2012 American Chemical Society
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perspective, the history and prospect of fluorinated glucosamine
analogs as cancer therapeutics and potential value of eliminating
N-acetyllactosamines on anti-tumor T cells to boost anti-tumor
immunity is addressed.

Historical View of Fluorinated Glucosamine Analogs in
Pharmaceutical Development

Nearly 35-years ago, acetylated and fluorinated derivatives of D-glucosamine
were synthesized and evaluated as cytotoxic anti-cancer agents (1–3). The
intent was to create analogs of natural-occurring hexosamines that could
passively enter cancer cells, compete for nucleotide precursors and inhibit
ongoing glycoconjugate and RNA/DNA synthesis pathways (1–3). This
metabolic antagonism could thus potentially alter the expression of cell surface
glycoconjugates and/or attenuate cell proliferation. As such, it was proposed
that glucosamine analog treatment could change the antigenicity of cancer cell
surface and boost immune-mediated mechanisms or simply block cancer growth.
Indeed, though evidence suggested that these glucosamine analogs could be
metabolized by cancer cells (1–3), precisely how they blocked glycan formation
or whether nucleotide-sugar analog conjugates were even formed and utilized by
glycosyltransferases to incorporate into growing oligosaccharide chains was still
unknown.

It was later shown that, at non-growth inhibitory concentrations, the fully
acetylated and 4-fluorinated glucosamine analog, 2-acetamido-2,4-dideoxy-
1,3,6-tri-O-acetyl-4-fluoro-D-glucopyranose (4-F-GlcNAc), could alter the
structure and function of N- and O-glycans on ovarian and colon cancer cell
glycoproteins (2, 4–8). These alterations inhibited human ovarian cancer (OCa)
and colon cancer (CCa) cell binding to galectin-1 (Gal-1) and endothelial
(E)-selectin, respectively (2, 4–8). These results provided hope that modulating
N-acetyllactosamine (galactose ß1,4 N-acetylglucosamine) synthesis essential
for both Gal-1- and E-selectin-binding activity, could actually interfere with
lectin-mediated cell adhesion events critically involved in the metastatic process.
In fact, because OCa cell adhesion to the extracellular matrix underlying the
peritoneal lining and CCa cell trafficking to liver are, in part, mediated by Gal-1
and E-selectin, respectively, there remains much promise for these sugar analogs
to be developed as anti-metastatic therapeutics (4–18). Nevertheless, these results
offered the experimental rationale for targeting glyco-metabolically active cells
distinct from cancer cells, where glycoconjugate processing and function provide
key cell behavioral features without posing a significant threat to cell viability.

Subsequent research on fluorinated glucosamine analogs transitioned in
intent to altering key glycan-recognition determinants on skin-homing T cells
that initiate their entry into skin (19). Effector/memory T cells educated to enter
dermal tissues require the E-selectin-binding glycan, sialyl Lewis X, for binding
E-selectin constitutively expressed on dermal microvessels and for initiating
a cascade of adhesive events that facilitates diapedesis. Considering evidence
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on E-selectin-binding glycan downregulation in 4-F-GlcNAc-treated CCa cells,
it was hypothesized that 4-F-GlcNAc treatment could inhibit sialyl Lewis
X synthesis on skin-homing T cells and block E-selectin-mediated adhesion
to dermal microvessels and recruitment into inflamed skin. Indeed, studies
showed that antigen-dependent CD4+ T cell activation in skin-draining lymph
nodes triggered sialyl Lewis X biosynthesis that conferred a susceptibility to
4-F-GlcNAc antagonism (19, 20). Treatment with 4-F-GlcNAc reduced the level
of sialyl Lewis X and corresponding E-selectin-binding activity, which blunted
antigen-dependent T cell-mediated inflammation in the skin (9–22). These
inhibitory effects were similarly found on human leukemic cells treated with a
peracetylated 4-fluorinated N-acetylgalactosamine analog (23).

To understand more globally the anti-carbohydrate effects on T cells by
fluorinated glucosamine analogs, further evaluations focused on analysis of
Gal-1 binding to T cells following 4-F-GlcNAc treatment. Considering Gal-1’s
key role in binding and inducing apoptosis or immunoregulatory activity in
effector CD4+ T cells (24–30), understanding the relative difference between
inhibition of Gal-1-binding and E-selectin-binding was an important distinction
to ascertain. It can be construed that inhibiting the N-acetyllactosamine
lattice required for Gal-1-mediated inflammatory silencing of activated/effector
T cells may paradoxically offset a deficit in T cell trafficking due to
lowering of E-selectin-binding glycans. It was, in fact, demonstrated that
the expression of Gal-1-binding glycans on activated CD4+ T cells was more
sensitive than E-selectin-binding glycans to 4-F-GlcNAc treatment (31).
In support of this observation, earlier studies analyzing the specificity of
glycoconjugate action showed that 4-F-GlcNAc preferentially limits the synthesis
of N-acetyllactosamines in N- and O-glycans on glycoproteins and not on
neolactoglycosphingolipids, which can also function as E-selectin-binding
glycans (19–21, 31–35).

Collectively, these findings suggested that Gal-1-binding glycans and related
triggering of downstream immune tolerogenic pathways may be a more amenable
target for 4-F-GlcNAc treatment. This notion posed new questions on how
4-F-GlcNAc can most effectively be used for N-acetyllactosamine antagonism
and whether 4-F-GlcNAc should indeed be developed as an anti-inflammatory
therapeutic. We have thusly postulated that interfering with the synthesis of
Gal-1-binding glycans in effector T cells would be perhaps more applicable in
the context of cancer immunotherapy, whereby anti-tumor T cells treated with
4-F-GlcNAc would be resistant to Gal-1-mediated tumor immune evasion (31).

Mechanism of Fluorinated Glucosamine
Anti-Carbohydrate Action

Early evidence suggested that fully acetylated variants of glucosamine could
effectively traverse a cancer cell’s plasma membrane and sequester endogenous
UTP and CTP pools necessary for steady-state RNA/DNA biosynthesis, which
elicited a cytotoxic effect in cancer cells (2, 3). Furthermore, it was found that
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diversion of endogenous UTP pools by exogenous glucosamine analog treatments
could elevate UDP-N-acetylglucosamine levels, thereby lowering native pools of
other nucleotide-sugars, such as UDP-galactose and UDP-N-acetylgalactosamine
needed for N- and O-glycan extension (2, 3).

Fluorinated glucosamine analogs were synthesized by addition of a fluorine
atom, which cannot form a glycosidic bond, at strategic pyranose ring carbons
that could antagonize oligosaccharide elongation (1–3). As such, by substituting
fluorine for a hydroxyl group at the carbon-4 position, it was theorized that,
upon entering a cell and incorporation into a growing poly-N-acetyllactosaminyl
chain, 4-F-GlcNAc could block glycosidic bonding of a galactose residue at the
carbon-4 position. All data on the anti-glycoconjugate effects of 4-F-GlcNAc
efficacy subsequently, in fact, indicated that synthesis of (galactose ß1,4
N-acetylglucosamine)n residues and related sialyl Lewis X moieties were
inhibited (19–22). More recent structural data provided a more refined assessment
in that N-acetyllactosamines and sialyl Lewis X on N-glycans and on core 2
O-glycans were reduced and the content and structural diversity of tri- and
tetra-antennary N-glycans and of O-glycans were reduced, while biantennary
N-glycans were increased. However, MALDI-TOF mass spectrometry analysis
did not reveal any m/z ratios relating to the presence of fluorine atoms in N-
and O-glycans released from 4-F-GlcNAc-treated human T cells and leukemic
cells, indicating that 4-F-GlcNAc did not in fact incorporate into and truncate
glycan chains (31). 4-F-GlcNAc treatment also neither affected the expression
nor activity of N-acetyllactosamine-synthesizing enzymes or the level of sialyl
Lewis X on glycolipids (31). As expected though, 4-F-GlcNAc did significantly
reduce intracellular levels of UDP-GlcNAc (31), which was validated by another
group assessing the mechanism of acetylated and fluorinated glucosamine analog
action (36). What was also noted from this recent work was the first evidence of
UDP-4-F-GlcNAc donor sugar in 4-F-GlcNAc-treated cancer cells (36).

Cumulatively, data on fluorinated glucosamine analog action and 4-F-GlcNAc
anti-carbohydrate efficacy indicate that Gal-1- and E-selectin-binding reductions
are not caused by direct 4-F-GlcNAc incorporation into oligosaccharides and
consequent chain termination, but rather by shunting endogenous UDP-GlcNAc
synthesis towards production of UDP-4-F-GlcNAc (Figure 1).

In that there is no evidence of glycan incorporation of fluorinated analogs, the
fluorine residue at the carbon-4 position in UDP-4-F-GlcNAc is likely hindering
the ability of N-acetylglucosaminyltransferases to transfer the 4-F-GlcNAc sugar
to an oligosaccharide acceptor (31, 36). Alternatively, in addition to titrating out
pools of UTP, another potential mode of action is that 4-F-GlcNAc is irreversibly
binding and inactivating UDP-acetylglucosamine pyrophosphorylase (UAP)
directly. These possibilities need to be investigated further.
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Figure 1. Mechanism of Peracetylated 4-Fluorinated Glucosamine
Anti-Carbohydrate Action. (A) T cells actively synthesizing cell surface
glycoconjugates are sensitive to glyco-metabolic antagonists, such as fully

acetylated 4-F-GlcNAc. (B) Following passive cellular entry and deacetylation
of peracetylated 4-fluorinated-glucosamine, 4-F-GlcNAc is phosphorylated
and conjugated to UTP by UDP-acetylglucosamine pyrophosphorylase

(UAP). Depending on the cytosolic concentration of 4-F-GlcNAc, endogenous
UDP-GlcNAc levels are compromised due to sequestration of UTP. This shunting
effect causes reductions in N-acetyllactosamines necessary for extending and
branching of N- and O-glycan antennae characteristically bound by Gal-1. (see

color insert)
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Blocking N-acetyllactosamine Synthesis in CD8+ T Cells
To Improve Anti-Tumor Immunity

The presence of tumor-infiltrating lymphocytes, in particular, CTLs, and
their implication in cancer patient survival and prognosis is not clear (37–40).
Moreover, adoptive transfer of autologous anti-melanoma CTLs has shown
only a modest improvement in patients with advanced disease (41–43). These
observations suggest that melanomas can innately avert the immune system.
Galectins, in particular Gal-1 and Gal-3, have been shown to be produced at
high levels by melanoma cells (44–46) as well as certain lymphomas, such as
Hodgkin’s lymphoma (47–49) and cutaneous T cell lymphoma (26), and found to
elicit potent immunosuppressive features (26, 48–50). In fact melanoma-derived
Gal-1 has been shown to efficiently subdue the effector function of T helper (Th)
1 and Th17 cell subsets as well as CTLs (27, 29, 50), all of which express a
high level of Gal-1-binding N-acetyllactosamines. Since Gal-1 characteristically
binds effector CD4+ T cells with anti-tumor activity and CTLs and causes
apoptosis/tolerization, we have hypothesized that reducing Gal-1-binding to
N-acetyllactosamines on anti-tumor T cells could significantly elevate anti-tumor
T cell immune activity, particularly against tumors that express copious amounts
of Gal-1.

Accordingly, most recent efforts in 4-F-GlcNAc development have centered
on anti-tumor studies with the intent to lower Gal-1-binding glycans, alleviate
Gal-1-dependent immunoregulation boost anti-tumor T cell immunity. Our
laboratory has recently accumulated some exciting in vivo data on the use of
4-F-GlcNAc to treat melanomas and lymphomas. Melanoma was not only
included as a tumor model based on its high Gal-1 expression, but that diminution
of E-selectin-binding glycan would be inconsequential. Since microvessels
within melanomas do not express E-selectin (51), 4-F-GlcNAc-treated T cells
could theoretically still infiltrate melanomas while evading Gal-1-dependent
control to elicit their effector function. Using non-toxic doses of 4-F-GlcNAc in
mice bearing melanoma or lymphoma, we found that tumor growth was grossly
attenuated (52). These results were, in part, due to 4-F-GlcNAc-dependent sparing
of Gal-1-mediated apoptosis of IFN-γ- and IL-17-producing CD4+ T cells and
of melanoma specific CTLs by reducing their surface content of Gal-1-binding
N-acetyllactosamines. In other words, there was a shift in the effector - regulatory
T cell balance towards more Th1 and Th17 cells and more CTLs, and less immune
regulating IL-10+ T cells generated by tumor-derived Gal-1 (26, 52, 53). These
findings reinforced the importance of N-acetyllactosamines in controlling the fate
and function of effector CD4+ T cell and CTL subsets and indicated that treating
melanomas and lymphomas, which abundantly express Gal-1 and likely other
immunosuppressive galectins, with 4-F-GlcNAc could prove to be therapeutically
efficacious (52). In all, these data highlight the promise of 4-F-GlcNAc to limit
tumor growth by boosting T cell-mediated immunity (53).
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Conclusion and Future Prospects of
Fluorinated Glucosamine Analogs

There exists a long standing history on the development of fluorinated
glucosamine analogs for the metabolic antagonism of glycoconjugate and DNA/
RNA synthesis. While early studies focused on the merits of cytotoxic-induction
in cancer cells by 4-F-GlcNAc, subsequent efforts re-considered these intents
and began to evaluate the targeting of glyco-metabolically-active T cells. In
this case, the main objective was to selectively target these T cells, which could
rapidly uptake glucosamine analogs to antagonize UDP-GlcNAc production
and block the synthesis of sialyl Lewis X necessary for E-selectin-mediated
trafficking to inflamed skin. During attempts to illuminate the mechanism of
4-F-GlcNAc-glycan alterations and lectin-binding activities, it was appreciated
that Gal-1-binding was more efficiently inhibited than E-selectin-binding activity.
These results encouraged later efforts to evaluate 4-F-GlcNAc as an inhibitor
of Gal-1-binding N-acetyllactosamine synthesis in T cells and blocker of the
immunoregulatory control of tumor-derived Gal-1 (Figure 2A).

As such, studies from our laboratory showed that 4-F-GlcNAc elicited potent
anti-tumor activity by increasing the quantity of effector T cells and reducing
the level of immune regulating IL-10+ T cells characteristically generated by
tumor-derived Gal-1 (26, 52, 53) (Figure 2B). However, much skepticism
remains as this mode of therapy could theoretically alter glycosylation in other
glyco-metabolically-active leukocytes, such as activated antigen-presenting cells
and hematopoietic progenitor cells, wherein lectin-binding events are known
to affect their immunologic behavior (54–57). Future studies are needed to
ascertain the relative specificity of anti-glycosylation effects on non-T cells in
4-F-GlcNAc-treated animals.

As a prospective approach, which provides ultimate targeting efficiency,
we are beginning efforts to study 4-F-GlcNAc in the setting of adoptive T
cell cancer therapy. Adoptive transfer of autologous tumor-specific CTLs as
an anti-cancer therapy is a promising, though imperfect, approach to boost
anti-tumor immunity (58–60). We believe that 4-F-GlcNAc treatment of in
vitro-expanded tumor Ag-specific CTLs will generate CTLs lacking not only
Gal-1-binding N-acetyllactosamines but potentially Gal-9-binding TIM-3 and
other immunoregulatory galectin ligands, enhancing their tumoricidal activity
due to their insensitivity to galectin(s)-dependent regulation (Figure 2C). Since
CTLs express an abundance of N-acetyllactosamines, tailoring 4-F-GlcNAc
treatment with this ex vivo approach could improve the quantity, longevity and
anti-tumor activity of CTLs, particularly against tumors that overexpress Gal-1,
Gal-9 and other immunoregulatory galectins. Whereas a neutralizing antibody
against a single galectin could help alleviate respective galectin-dependent
immunoregulation, 4-F-GlcNAc’s ability to potentially inhibit the synthesis
of Gal-1, Gal-3 and Gal-9 binding glycans on CTLs could indeed offer a
multifaceted strategy, in which multiple galectin regulators are neutralized (53).
This N-acetyllactosamine reduction strategy could even be advantageous to help
boost the potency of cancer vaccines or viral vaccines for other diseases, wherein
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tumor- and virus-specific CTLs are key regulators of an efficacious immunologic
response, though have been shown to be negatively regulated by Gal-9 (61, 62).
Moreover, combining 4-F-GlcNAc with a vaccine delivery method, such as skin
scarification, can perhaps synergize the efficacy of immunologic response and
help maintain protective immunity (63, 64). The mechanism and functional
consequences of 4-F-GlcNAc efficacy on CTLs have reinvigorated the prospect
of using fluorinated glucosamines as a novel immunotherapeutic adjuvant for
treating cancer and for boosting vaccine efficacy against infectious diseases.

Figure 2. Neutralization of the Gal-1 – Gal-1 ligand axis to Boost Anti-tumor
T cell Immunity. (A) A schematic depiction of tumor immune evasion model
in which melanoma-derived Gal-1 can antagonize the anti-tumor efficacy of T
cells. (B) A cartoon depiction of the metabolic antagonism of Gal-1-binding
N-acetyllactosamine synthesis in effector anti-tumor T cells caused by
4-F-GlcNAc and consequent enhancement of anti-tumor immunity. (C) A

schematic overview of a novel cancer immunotherapeutic strategy to selectivity
target donor CTLs with 4-F-GlcNAc for escaping Gal-1 control and improving

the efficacy of adoptive T cell therapy. (see color insert)
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Chapter 8

Post-Translational Modification of Galectin-3
and Its Role in Biological Function

James C. Byrd, Nachman Mazurek, and Robert S. Bresalier*

Department of Gastrointestinal Medicine and Nutrition,
The University of Texas MD Anderson Cancer Center,

1515 Holcombe Blvd., Houston, Texas 77030
*E-mail: rbresali@mdanderson.org

The chimeric lectin galectin-3 is subject to structural
modifications, primarily in its non-lectin domains, by
phosphorylation and proteolysis. These modifications in
galectin-3 structure have the potential to alter important biologic
functions of intracellular and extracellular galectin-3. We have
studied the effect of galectin-3 on the susceptibility of breast and
colon cancer cells to death receptor-mediated apoptosis induced
by TRAIL. Phosphorylation of intracellular galectin-3 can shift
ligand binding from a lectin-carbohydrate to a protein-protein
mode, with diverse cellular effects. Phospho-galectin-3 leads
to TRAIL sensitivity by human breast cancer cells through
induction of PTEN expression. In contrast, extracellular
galectin-3 can lead TRAIL resistance in colon cancer cells by
inhibiting the TRAIL-dependent clustering and endocytosis
of death receptors. The gene for galectin-3, LGALS3 is
polymorphic in human populations, and a P64H mutation has
been linked to cancer incidence, TRAIL sensitivity, and the
susceptibility of the galectin-3 protein to proteolytic cleavage.
It is postulated that the truncated protein, which lacks the
ability to dimerize, could compete with extracellular full-length
galectin-3 act as a dominant-negative inhibitor.

© 2012 American Chemical Society
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Structure of Galectin-3

Galectins are carbohydrate binding proteins characterized by their affinity for
beta-galactosides and by conserved sequences in the carbohydrate-binding site
(1, 2). Galectin-3, with a monomer subunit of about 30 kDa, is the only chimeric
galectin in mammals. It consists of three structural domains, an N-terminal
domain essential for homodimerization, which can be phosphorylated at Ser6, a
C-terminal domain containing a single carbohydrate-recognition domain (CRD),
and a collagen-like sequence (residues 29-113) linking the N-terminal domain to
the CRD (Figure 1).

Figure 1. Structure of galectin-3. (see color insert)

Galectin-3 is subject to post-translational processing, primarily in the
non-lectin domains. Phosphorylation (3–11) and proteolysis (12–21) of galectin-3
have been studiedwith the aim of understanding how these structural modifications
affect the biological functions of galectin-3. One important function of galectin-3,
particularly in breast and colon cancer, is its role in apoptosis (8, 10, 11, 22–31).
Phosphorylation of galectin-3 occurs at both serine and tyrosine residues and
can have diverse functional effects. The Ser6 phosphorylation of galectin-3 of
galectin-3 has been most extensively studied. Proteolysis of full-length galectin-3
can occur at several sites in the collagen-like linker domain. This removal of the
N-terminal domain from galectin-3 prevents homodimerization that is necessary
for multivalent ligand binding, and the resulting truncated C-terminal galectin-3
can act as an antagonist of full-length galectin-3. Polymorphism of the gene for
galectin-3 (LGALS3) results in the expression of galectin-3 with His64 instead of
Pro64 and Pro98 instead of Thr98 in a relatively large number of individuals (24,
27, 28, 32–35). The relationship of these sequence changes to the phosphorylation
and proteolysis of galectin-3 are incompletely understood.

Extracellular and Intracellular Functions of Galectin-3

Galectin-3 has pleiotropic biological functions and has been implicated in cell
growth, differentiation, adhesion, RNA processing and malignant transformation.
For example, several studies have found a positive relationship between total
galectin-3 levels and colon cancer progression (36–39). Galectin-3 concentrations
are increased in sera from colorectal cancer patients and are higher in those with
metastatic disease than in patients with localized tumors (40, 41). Galectin-3 is
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distributed in the cytoplasm and nucleus, and is present at the cell surface (2, 42),
but its specific role in each compartment remains to be determined.

Intracellular (Non-Lectin) Functions of Galectin-3

It is a paradox that the defining characteristic of galectins, carbohydrate
binding, is not the basis for some of the most important intracellular functions
of galectin-3. Rather, protein-protein interactions are important for many of its
intracellular functions. Intracellular ligands for galectin-3 include Bcl-2, synexin,
beta-catenin, Sufu , K-Ras, Gemin4, and the transcription factors TTF-1 and
TFII-I (42). Nuclear galectin-3 participates in mRNA splicing and in regulation
of gene transcription. A number of studies have shown that galectin-3 influences
gene expression, though few have shown direct interaction on transcription
factors (22, 43). Studies from our lab have shown that galectin-3 modulates
MUC2 mucin expression in human colon cancer cells at the level of transcription
via AP-1 activation (44). Galectin-3 transactivates AP-1 by direct interaction with
c-Jun and Fra-1, forming a complex at the AP-1 site on the MUC2 promoter. It is
not known how the intracellular, non-lectin, functions of galectin-3 are affected
by the post-translational processing of galectin-3, but the N-terminal of galectin-3
is essential for some of its protein-protein interactions, such as binding to Bcl-2
and synexin to regulate intrinsic apoptosis (14).

Extracellular Functions of Galectin-3

The best-characterized function of secreted galectin-3 is binding to
extracellular glycoproteins. Studies from this laboratory have shown that
galectin-3 binds to colon cancer mucin (7, 45). Galectin-3 has also been shown
to bind LAMP-1 and -2, CEA, Mac-2 binding protein, and laminin (2). Other
biologically relevant ligands for galectin-3 include DMBT1, IgE, high-affinity
IgE receptor, CD32, and cubulin (2), and a 40 kDa circulating protein that is an
aberrantly glycosylated form of haptoglobin produced by colon cancer cells (41).

Extracellular galectin-3 also influences cell/cell and cell/substratum adhesion,
invasion and angiogenesis. Galectin-glycan lattices may control the dialog
between tumor and tumor-associated stromal and immune cells (46). Circulating
multimeric soluble galectin-3 induces homotypic aggregation, immune evasion,
and enhanced survival, and also promotes homing of blood-borne cells to
secondary sites (47). Secreted galectin-3 from tumor stromal cells and/or
cancer-initiating cells also exhibits immunosuppressive properties and modulates
cytokine release (48, 49).

Galectin-3 has been shown to interact with several cell surface glycoprotein
receptors. Among these are the binding to beta-integrins (31, 50) and the binding
to EGFR/MUC1 complexes (51). It has been proposed that multivalent galectin-
3 acts as a scaffolding molecule by simultaneously binding glycan ligands on
multiple glycoproteins on the cell surface such as growth factor receptors and ECM
proteins (52–55). Alternatively, it can bind and segregate the same receptors into
different membrane domains (12).
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Phosphorylation of Galectin-3

Early studies of galectin-3 in a variety of cancers focused on it binding to
carbohydrates containing the N-acetyl-lactosaminemoiety. However, intracellular
galectin-3 is subject to phosphorylation, which can modulate its non-lectin
functions (Figure 2).

Figure 2. Phosphorlylation of intracellular galectin-3. Note that it is not known
whether the P64H or the T98P mutations affect phosphorylation. (see color

insert)

Ser6 Phosphorylation of Galectin-3

The casein kinase 1-dependent phosphorylation of serine 6 in the
amino-terminal domain of galectin-3 blocks binding of carbohydrates by the
C-terminal carbohydrate recognition domain (7), while phosphorylation of
galectin-3 is necessary for several non-carbohydrate-dependent functions,
including its anti-apoptotic activity, its export from the nucleus, and the
up-regulation of several genes. This suggests that phosphorylation serves as a
switch-board that shifts galectin-3 ligand binding from a lectin-carbohydrate to a
protein-protein mode.

Ser96 Phosphorylation

Galectin-3 has been shown to participate in the Wnt signaling pathway
by increasing the levels of nuclear beta-catenin and decreasing beta-catenin
degradation (56). This requires interaction with GSK3beta, and may involve
phosphorylation of galectin-3 at residue Ser96 (57). In gastric cancer cells, Ser96
phosphorylation of galectin-3 increases TCF4 promoter activity and leads to
increased expression of genes, including cyclin D1 and fascin (22, 43).
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Tyrosine Phosphorylation

In addition to serine phosphorylation, tyrosine phosphorylation at residue
Y107 , Y79 or Y118 has been shown to occur in breast cancer cells, mediated
by c-Abl kinase (3, 6). Interference with Y107 phosphorylation alters cell
morphology and decreases cell motility (3). Also, tyrosine phosphorylation by
c-Abl is involved in the lysosomal degradation of galectin-3 (6).

Anti-Apoptotic and Pro-Apoptotic Activities of Intracellular
Phospho-Galectin-3

Galectins play a significant role in apoptosis and other cellular processes.
In particular, galectin-3 may exert anti- or pro-apoptotic activity depending
on the cell type and the nature of the stimulus. Cytoplasmic galectin-3
generally functions to decrease intrinsic (mitochondria independent) apoptosis.
For example, overexpression of galectin-3 in breast carcinoma renders them
resistant to chemotherapeutic drugs (58, 59). The mechanisms by which
galectin-3 regulates intrinsic apoptosis are not fully understood. A portion of its
anti-apoptotic activity may be attributed to the anti-death motif that is conserved
in the Bcl-2 family (59). Like Bcl-2, phosphorylation controls the anti-apoptotic
function of galectin-3 (11). Galectin-3 undergoes phosphorylation at Ser-6 by
casein kinase1 (5, 7) and in response to an apoptotic insult phospho-galectin-3
is exported from the nucleus to the cytoplasm, where it maintains mitochondrial
homeostasis and blocks cytochrome c release (10).

In different cell types, galectin-3 can either increase or decrease extrinsic
apoptosis mediated by death receptors. TRAIL, a member of the tumor necrosis
factor family, transmits death signals through death domain-containing receptors
(8). Because TRAIL selectively induces apoptosis in a variety of transformed
cells, but not in most normal cells, this pathway is being investigated as a
target for therapies, including phase 1 clinical trials of recombinant soluble
TRAIL, anti-DR4 antibody, anti-DR5 antibody (60). In addition to its direct
apoptosis-inducing effect, TRAIL also plays an important role in immune
surveillance against tumor initiation, development, and metastasis, suggesting a
potential application to cancer therapy (61–64). Resistance to TRAIL mediated
apoptosis in cancer cells may, however, limit the successes of TRAIL therapy.

We recently found that phospho-galectin-3 plays a pivotal role in the
acquisition of TRAIL sensitivity by human breast carcinoma cells (8). We
identified a TRAIL-induced nonclassical caspase activation cascade mediated by
P-Gal3 through induction of PTEN expression and inactivation of the PI3K/Akt
survival pathway. The persistent cell death observed in BT549 transfectants
expressing P-Gal3 independently of the mitochondria suggests the existence
of alternative apoptotic pathways that can bypass the apoptosome and induce
apoptotic death. Our results suggest that P-Gal3 regulates PTEN expression at
the post-transcriptional level; a finding further supported by the demonstration of
coordinate expression of Gal3 and PTEN in both breast cancer cell lines and in
a subset of human breast cancer specimens. These findings (8) could provide a
basis for innovative targeted therapeutic strategies for the activation of PTEN in
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breast cancer and afford insight into the cellular mechanisms of sensitivity and
resistance to apoptosis in cancer cells.

Anti-Apoptotic Activity of Extracellular Galectin-3

Recent results from this lab (26) have shown that extracellular galectin-3 can
hinder the TRAIL-dependent clustering and endocytosis of DR4 and DR5 death
receptors, leading to TRAIL resistance in colon cancer cells (Figure 3). Exposure
of LS-LiM6 colon cancer cells to TRAIL results in apoptosis which plateaus at
65% cell death. Residual cells were propagated to yield a TRAIL-resistant cell
line, LiM6-TR. Components of apoptotic pathways downstream of caspase-8
activation were similar in LiM6 and LiM6-TR, but TRAIL failed to activate
caspase-8 in LiM6-TR, suggesting that DISC formation is deficient. Total
protein levels of constituents of the DISC, including DR4, DR5, FADD, FLICE
and caspase-8, were not different in LiM6-TR compared to LiM6. However,
levels of cell-surface galectin-3 were much higher in LiM6-TR than in LiM6.
Internalization of death receptor in LS-LiM6 was blocked in LiM6-TR, but
restored by knockdown of galectin-3. Inhibitors of glycosylation sensitized
LiM6-TR to TRAIL-dependent apoptosis. These results indicate that galectin-3
binds to the oligosaccharides of DR4 and/or DR5, thus inhibiting the trafficking
of death receptors and activation of caspase-8. These results are in contrast to
the pro-apoptotic activity of intracellular phospho-galectin-3 leading to TRAIL
sensitivity in breast cancer cells, but it is not established to what extent these
two results reflect cell type differences or opposing effects of cell-surface vs.
intracellular galectin-3.

This anti-apoptotic activity of extracellular galectin-3 represents a novel
TRAIL-resistance mechanism in which full-length galectin-3 but not truncated
galectin-3 impedes trafficking of death receptors by anchoring them in glycan
nanoclusters, blocking the execution of the apoptosis signal. Elevated levels of
cell-surface galectin-3 may predict unfavorable outcome to TRAIL-based therapy
of colon cancer patients, and small molecule inhibitors of galectin-3 binding could
overcome TRAIL resistance. This mechanism affords the prospect of restoration
of TRAIL sensitivity, by: (i) decreasing the levels of cell surface galectin-3,
(ii) decreasing the extent of glycosylation of death receptors, (iii) removal
of the N-terminal domain of galectin-3, or (iv) inhibition of galectin-3/death
receptor binding by secreted glycoproteins, oligosaccharides, or small molecule
glycomimetics.

Polymorphism of Galectin-3

The gene for galectin-3, LGALS3 is polymorphic in human populations.
Three common single nucleotide polymorphisms (snp’s) have been identified
in the coding region of the galectin-3 gene (Table 1): rs4644 (substituting
Cytidine 342 with Adenosine, which changes Proline 64 to Histidine); rs4652
(substituting Adenosine 443 with Cytidine, which changes Threonine 98 to
Proline); and rs10148371 (substituting Guanosine 699 with Adenosine, which
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changes Arginine 183 to Lysine) (34, 35). Of these three snp’s, only rs4644 is
reported to have functional significance (27, 32).

Figure 3. Cell surface galectin-3 confers resistance to TRAIL by impeding
trafficking of DR4 death receptors. This model predicts that monovalent

truncated galectin-3, resulting from MMP cleavage of His64 galectin-3, would
allow TRAIL sensitivity. (see color insert)

Table 1. Coding single nucleotide polymorphisms in LGALS3. (source:
dbSNP)

snp ID nt change AA
change Heterozygosity European Asian African

rs4644 c.342C>A P64H 0.414 51% A 18% A 27% A

rs4652 c.443A>C T98P 0.483 48% C 42% C 82% C

rs10148371 c.699G>A R183K 0.089 0% A 0% A 12% A
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The allele frequency of this polymorphism shows considerable racial
variation, with Pro64 galectin-3 much more prevalent in African and Asian
populations than in European populations (49%P64, 51%H64). This is intriguing,
since African-Americans have higher colon cancer incidence and mortality
rates than non-Hispanic whites (65). It is not yet known whether expression of
His64 galectin-3 is related to colon cancer incidence and progression. In a pilot
study (24), we examined LGALS3 genotype in eight available cells lines. The
preliminary analyses of the genotypes of eight available established colon cancer
cell lines revealed a disproportionately high prevalence of homozygotic Pro64
(Caco-2, HCT116, RKO, SW480, LM12, and HT29 cells), and a paucity of cell
lines heterozygotic (RSB-1) or homozygotic (KM12) for His64 galectin-3. This
suggestive finding (24) supports the notion that the P64H mutation could be
related to colorectal cancer incidence.

Genotype distribution of rs4644 in Caucasian and Asian populations showed
an occurrence of the His64/His64 genotype was significantly higher in breast
cancer patients than in controls, indicating that the presence of His64 galectin-3,
which is MMP-2/-9 cleavable, could be related to an increased breast cancer
incidence and progression (32). The His64 galectin-3 has also been reported to be
related prostate cancer incidence (28), and to predisposition toward rheumatoid
arthritis (33).

In a recent study, we found that the His64 confers TRAIL sensitivity to breast
cancer cells (27). When a collection of 9 breast cancer cell lines that express
galectin-3 was examined for LGALS3 genotype and sensitivity to TRAIL, 0/5
cell lines that were homozygous for Pro64 galectin-3 were TRAIL sensitive, but
2/2 homozygous His64 cell lines and 1/2 heterozygous cell lines were sensitive to
TRAIL. Forced expression of His64 galectin-3 rendered BT549 cells sensitive to
TRAIL, but cells expressing Pro64 galectin-3 remained TRAIL-resistant. These
results indicate that the naturally occurring P64H mutation in galectin-3 increases
sensitivity to death receptor-mediated apoptosis. The conclusion could be relevant
to disparities in breast cancer outcomes across population groups, and could guide
design of future clinical trials of TRAIL-based therapies.

Proteolysis of Galectin-3

The association of His64 galectin-3 with disease incidence and TRAIL
sensitivity may be related to sequence-dependent proteolytic cleavage. The gene
product of the functional germline mutation (rs4644) substituting proline with
histidine (H64 allele) is susceptible to matrix metalloprotease cleavage which may
produce a truncated protein (21 kDa, Gal3C), lacking the ability to homodimerize
and thus the potential to act as a cross-linker. Indeed, it was reported that purified
recombinant galectin-3 bearing the H64 but not the P64 is cleaved by purified
MMP-2 or -9 to produce a 21 kDa truncated protein (18). Furthermore, the 21
kDa truncated protein could be detected in both total lysates and conditioned
media of the galectin-3-null human breast carcinoma cells (Bt-549) expressing
the H64 protein but not the P64 variant (32).
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Truncation of Galectin-3 by Proteolysis

Extracellular galectin-3 is subject to cleavage by matrix metalloproteinases
(MMPs) to produce a truncated protein that retains carbohydrate-binding activity,
but loses the ability to oligomerize. Specific sites of proteolysis that have been
identified (Figure 1) include Ala62-Tyr63 (MMP2, MMP7, MMP9, MMP13,
and MT1-MMP), with additional minor sites of cleavage at Gly32-Ala33
(MMP2), at Pro92-Ser93 and Pro102-Ala103 (MMP13), and at Pro76-Gly77 and
Pro113-Leu114 (MMP7) (20). Prostate specific antigen (21) cleaves galectin-3 at
a unique site, Tyr107-Gly108. Phosphorylation of Tyr107 inhibits this cleavage
(4). Susceptibility of galectin-3 to enzymatic cleavage at Ala62-Tyr63 depends
on substituting amino acid Pro64 with His64 (13, 18). The resulting 21 kDa
truncated protein can be detected in lysates and media of BT549 human breast
cancer cells expressing the H64 protein but not the P64 form (16, 32). Collagenase
cleavage of galectin-3 at Pro113-Leu114 provides a readily available, albeit
non-physiological, truncated galectin-3, Gal-3C (19).

Biological Consequences of Proteolytic Cleavage

Oligomeric galectin-3 modulates functions critical to the development
and maintenance of the tumor phenotype, including cell adhesion, migration,
invasion, angiogenesis, immune function, and apoptosis (19, 66–68). It is
postulated that the truncated protein, which lacks the ability to dimerize, competes
with extracellular full-length galectin-3 and inhibits crosslinking, acting as
a dominant-negative inhibitor (Figure 3). Gal-3C has been shown to inhibit
tumor growth, angiogenesis, and metastasis, and has the potential to modulate
immunoadjuvant therapy that targets EGFR, VEGF, or death receptors (15, 17,
23). While carbohydrate-specific galectin-3 inhibitors are being tested in clinical
trials as potential cancer therapies, truncated galectin-3 also has therapeutic
potential.

Significance of the Post-Translational Modification of
Galectin-3 in Its Biological Function

The modifications in galectin-3 structure resulting from phosphorylation,
proteolysis and polymorphism have the potential to alter important biologic
functions of galectin-3, including modulation of the susceptibility of breast and
colon cancer cells to death receptor-mediated apoptosis. Understanding these
modifications could help to develop new diagnostic, prognostic, and therapeutic
approaches to a number of diseases. For example, immunohistochemical
detection for phospho-galectin-3 might be more cancer-specific than staining for
total galectin-3. Similarly, proteolytically truncated galectin-3, besides being a
competitive inhibitor, might also serving a diagnostic marker, since its production
requires expression of full-length galectin-3 and matrix metalloproteases, both of
which are cancer-associated.
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Chapter 9

The Role of Galectin-3 in Malignant Melanoma

Gordana Radosavljevic,1 Ivan Jovanovic,1 Jelena Pantic,1
Nada Pejnovic,1 Nebojsa Arsenijevic,1 Daniel K. Hsu,2

and Miodrag L. Lukic*,1

1Center for Molecular Medicine and Stem Cell Research,
Faculty of Medicine Science, University of Kragujevac,
Svetozara Markovica 69, 34000 Kragujevac, Serbia
2Department of Dermatology, School of Medicine,

University of California Davis,
Sacramento, California 95816, United States

*E-mail: miodrag.lukic@medf.kg.ac.rs

Mechanisms by which Galectin-3 participate in regulation
of innate and acquired immune responses include adhesion
of neutrophils, chemoattraction of monocytes/macrophages
and activation of mast cells and T-cell survival. We have
demonstrated proinflammatory effects of Galectin-3 in several
experimental models of T-cell-mediated inflammatory and
autoimmune diseases. Galectin-3 is also expressed in malignant
cells and is involved in tumor development and progression
as well as tumor immune escape. Using Galectin-3-deficient
mice and malignant melanoma model we recently showed
that the expression of Galectin-3 in the host cells facilitate
establishment of metastasis in the lung. Mechanisms
contributing to resistance to melanoma in Galectin-3-deficient
mice appear to be the lower tumor cell adhesion and modulation
of immune responses. Galectin-3-deficient mice had higher
serum levels of IFN-gamma and IL-17 and a decrease in the
percentage and total number of regulatory CD4+Foxp3+T cells
compared to wild-type mice. Protective effects of Galectin-3
deficiency on metastatic melanoma spread was dependent on
NK cells and associated with an enhanced cytotoxic activity of
splenic NK cells in vitro and increased frequency of effective
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cytotoxic CD27highCD11bhigh NK cells as well as immature
CD27highCD11blowNK cells in vivo. Thus, target inhibition
of Galectin-3 expression can prevent melanoma metastasis
by decreasing tumor cell adhesion and by enhancing NK
cell-mediated anti-tumor immune response.

Introduction

Galectins, a family of evolutionarily conserved carbohydrate-binding
proteins, are defined by homologous carbohydrate recognition domains (CRDs)
and affinity for β-galactosides (1, 2). Presently, 15 mammalian galectins have
been identified and classified into three distinct groups based on their structures
and number of CRDs they include: proto-type, chimera type and tandem repeat
type galectins (2–4). There are no specific receptors for individual galectins, but
they bind to a set of cell surface or extracellular matrix glycoproteins that contain
suitable oligosaccharides (4). As different members of galectin family have
specific distribution, expression patterns and binding ability, they exert different
modulatory functions in various physiological and pathological processes (5).

Galectin-3 is a unique chimera-type member of galectin family which
contains three structural domains: (i.) an NH2-terminal domain with a serine
phosphorylation site that participate in regulation of intracellular signaling;
(ii.) collagen-like sequence, sensitive to matrix metalloproteinase MMP-2 and
MMP-9-induced proteolysis; and (iii.) a COOH-terminal domain containing a
single CRD with Asp-Trp-Gly-Arg amino acid sequence (NWGR) responsible
for the anti-apoptotic action of Galectin-3 (6–10). Similarly to other galectins,
Galectin-3 is present both inside and outside cells (11–13) and interacts with
numerous intracellular and extracellular ligands. Galectin-3 upon binding
to multivalent carbohydrates can form pentamers that modulate intracellular
signaling cascade (14). In general, extracellular Galectin-3 acts as an adhesion
molecule by cross-linking adjacent cells or cells and extracellular matrix
components (15) and has chemokine-like functions in recruitment of macrophages
and neutrophils (16). Intracellular Galectin-3 has been shown to exert diverse
cellular functions including pre-mRNA splicing (17), regulation of cell growth
and cell cycle progression and apoptosis (18). In addition, cytoplasmic Galectin-3
is anti-apoptotic, whereas nuclear and extracellular Galectin-3 is pro-apoptotic
molecule (10, 19, 20). The ability of Galectin-3 to function as a potent modulator
of immune responses has attracted much attention.

The Role of Galectin-3 in Immunoregulation

Galectin-3 is expressed in many immunocompetent and inflammatory
cells, either constitutively or in an inducible fashion, suggesting its pleiotropic
functions in regulating innate and acquired immune response (21). Galectin-3
may regulate immune response through its ability to modulate immune cell
activation, differentiation, migration and apoptosis [reviewed in (21–23)].
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Mechanisms by which Galectin-3 may participate in regulation of innate
immune response are activation and adhesion of neutrophils (24), chemoattraction
of monocytes/macrophages (16), opsonization of apoptotic neutrophils (25)
and activation of mast cells (26). Further, Galectin-3 can stimulate important
pathways involved in the innate immune response including oxidative burst in
neutrophils (27) and mast cell degranulation (26).

T cells play a central role in the acquired immune response. An important
role for Galectin-3 in regulation of T-cell receptor signaling was studied by
Demetriou and colleagues (28) who suggested that Galectin-3 might play an
inhibitory role in T-cell activation by forming complexes with TCR glycans,
therefore limiting TCR clustering necessary for initiation of TCR-mediated
signaling. Several studies have demonstrated that Galectin-3 is also involved
in T-cell apoptosis. For example, intracellular Galectin-3 inhibits (10), whereas
extracellular Galectin-3 induces T-cell apoptosis (29).

It has been suggested that although lack of Galectin-3 does not affect
differentiation and maturation of dendritic cells (DCs), it greatly influences the
magnitude, but not the nature of the acquired immune response (30). This view
has been challenged by our data of dendritic cell phenotypes during induction
of experimental autoimmune encephalomyelitis (EAE) in Gal-3 deficient mice
(31). Breuilh et al. (30) showed that Galectin-3 modulates immune response
during helminthic infection and that its expression in dendritic cells controls
the magnitude of T-cell priming. We have shown important associations of
Galectin-3 with various pathological conditions using several experimental
models of T-cell-mediated inflammatory and autoimmune diseases. Our recent
study in Galectin-3-deficient mice strongly indicates that Galectin-3 plays an
important pro-inflammatory role in Con-A-induced hepatitis by promoting the
activation of T lymphocytes, NKT cells and DCs, secretion of pro-inflammatory
cytokines and prevention of M2 macrophage polarization and mononuclear cell
apoptosis which result in severe liver injury (32).

Galectin-3 is also involved in immune-mediated pancreatic β-cell damage
and is required for MLD-STZ induced diabetes by promoting the expression of
pro-inflammatory IFN-gamma, TNF-alpha and IL-17 as well as iNOS in immune
and accessory effector cells (33). Interestingly, Galectin-3 may exert protective
effect in obesity induced type 2 diabetes (unpublished data). Namely, we found
increased body weight, amount of visceral adipose tissue and fasting blood
glucose levels in Gal-3-/- mice fed high-fat diet which was accompanied with
adipose tissue inflammation as reflected by increased proportion of Type 1 T and
NKT lymphocytes and pro-inflammatory macrophages, and reduced percentages
of CD4+CD25+FoxP3+ regulatory T cells. Also pancreatic islet inflammation with
marked infiltration of mononuclear cells, higher NLRP3 inflammasome and IL-1ß
expression and increased accumulation of advanced glycation endproducts (AGE)
and upregulation of receptor for AGE (RAGE) was found in obese Gal-3-/- mice.

These data suggest important immunoregulatory and protective roles for Gal-3
in metabolic disorders including type 2 diabetes, which could be of therapeutic
importance. We showed that Galectin-3 promotes Th1- and Th17-type cytokine
response in a model of autoimmune neuroinflammation (31). Recent findings also
demonstrate that Galectin-3 is able to activate immune and inflammatory signaling
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events through phosphorylation of various transcriptional factors, suggesting that
Galectin-3 exerts cytokine-like regulatory actions, amplifying the inflammatory
cascade in the brain (34).

In addition to immunoregulatory roles in various inflammatory and
autoimmune diseases, Galectin-3 is also expressed in malignant cells and is
involved in tumor development and progression as well as tumor immune escape.
In the current review, we focus on the role of Galectin-3 in tumor biology, as
evaluated in malignant melanoma.

The Role of Galectin-3 in Tumors

Tumor-associated Galectin-3 may play a significant role in different processes
important for tumorigenesis and tumor progression through its involvement in
regulation of cell proliferation, apoptosis, cell adhesion, invasion, angiogenesis
and metastasis (4, 18).

Presence of Galectin-3 inside cells promotes malignant cell transformation by
stimulating cell growth and inhibiting apoptosis (18). Some studies suggest that
increased expression of this lectin may be necessary for malignant transformation
of at least some cell types, since inhibition of Galectin-3 expression in cells
of human MDA-MB-435 breast cancer cells and thyroid papillary carcinoma,
resulted in the loss of the malignant cell phenotype and slower tumor growth
(35, 36). These findings were confirmed in experiments in which transfection of
normal thyroid follicular cells by Galectin-3 cDNA induced their malignant cell
transformation (37).

Galectin-3 can trigger malignant cell transformation by interacting with
essential components of signalling pathways such as oncogenic Ras proteins (38)
since it preferentially binds to K-Ras and causes activation of phosphatidylinositol
3-kinase (PI3K) and Raf1 thus modulating gene expression at the transcriptional
level (38, 39). Additional mechanism by which Galectin-3 may participate
in tumorigenesis is its action on regulators of cell cycle (18, 40). It has been
reported that Galectin-3 downregulates expression of cyclin E and cyclin A and
upregulates expression of cell cycle inhibitors p21 (WAF1) and p27 (KIP1) (41).
Other studies have shown that Galectin-3 by interacting with β-catenin enhances
the expressions of cyclin D and c-myc and promotes cell cycle progression
(40, 42). Human MDA-MB-435 breast cancer cells transfected with antisense
Galectin-3 cDNA have reduced proliferative capacity, indicating the important
role for Galectin-3 in the proliferation of malignant cells (43).

Galectin-3 has a role in tumor progression by regulating apoptosis.
Overexpression of intracellular Galectin-3 in aggressive form of B cell lymphomas
protected these cells from apoptosis (44). Matarrese et al. (45) demonstrated
that intracellular Galectin-3 maintains mitochondrial integrity and block release
of pro-apoptotic factors, thereby preventing apoptotic cell death. Another
mechanism by which Galectin-3 might exert anti-apoptotic action is its interaction
with Bcl-2 [reviewed in (18)]. Several studies have indicated that overexpression
of Galectin-3 protects malignant cells from apoptosis after the loss of cell
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anchorage (anoikis) (41, 46) that also underlies anticancer drug resistance (45,
47), which is considered to be a hallmark of metastatic phenotype (48, 49).

Outside the cell, galectin-3 plays a pivotal role in different steps of tumor
progression and metastasis such as cell adhesion, promotion of survival of
anchorage dependent cells, invasiveness and migration of metastatic cells (46,
50–52). Cell surface-associated Galectin-3 expressed on tumor cells stimulates
homotypic cell-cell adhesion resulting in the formation of tumor emboli allowing
survival of malignant cells during hematogeneous dissemination (18, 53, 54).
This lectin also stimulates the binding of tumor cells to different components of
extracellular matrix (heterotypic interaction), and thus accelerates tumor invasion
and metastasis (18, 52). In addition, high levels of circulating Galectin-3 in cancer
patients are associated with higher incidence of metastasis in distant organs (55).
There are evidence that Galectin-3 may bind to a number of substrates such as
Thomsen-Fridenreich antigen and transmembrane mucin protein MUC1 (56, 57).

Galectin-3 has been shown to promote motility and invasiveness of malignant
cells, and also to affect metastases by exerting its effect on tumor angiogenesis
(18). Accumulation of Galectin-3 in lung cancer cells is associated with enhanced
cell motility and invasiveness in vitro (58). In addition, Galectin-3 has a role in
controlling tumor cell migration and therefore tumor cell invasion by modulating
activation or expression of integrins (18, 46). Galectin-3 also participates in
angiogenesis by stimulating the migration of endothelial cells in vitro (59). Beside
this, it has been reported that Galectin-3 stimulates angiogenesis in vivo that
resulted in breast cancer growth in nude mice. It seems that through interaction
with αvβ3 integrin, this lectin mediates vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF) - mediated angiogenesis (60).

Finally, clinical evidence has shown that expression of Galectin-3 is altered
in malignant cells (61). Overexpression of Galectin-3 in human tumors generally
correlates with tumor progression and metastasis (61). However, the expression
of Galectin-3 has been shown to increase (62) or decrease (63) with progression of
colorectal carcinoma. Also, decreased expression of this molecule in tumor tissue
has been associated with higher metastatic capacity of breast carcinoma cells (64).
It seems that Galectin-3 expression is dependent on the organ or tissue, and may be
modulated by tumor- or tissue specific factors (61). Additionally, Galectin-3 can
modulate the effects of matrix metalloproteinases, so that activity of this lectin in
various processes of tumor progression is under control of the enzymes present in
the tumor microenvironment (65).

The Role of Galectin-3 in Human Melanoma

Human melanoma is the most aggressive form of skin cancer that originates
in malignant melanocytes. Malignant transformation of melanocytes is multistep
process that involves activation of multiple oncogenes (e.g. N-Ras and BRAF) and
the inactivation of tumor suppressor genes (e.g. PTEN and p16IKN4A), resulting in
"unplanned" proliferation ofmelanoma cells which also become immortal and able
to invade and metastasize to other tissues (66–68).
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Although the data from studies describing the role of Galectin-3 in the
pathogenesis of malignant melanoma are conflicting, the general conclusion
is that Galectin-3 could modulate melanoma progression and metastasis. It
was demonstrated that expression of Galectin-3 is upregulated in primary and
metastatic melanoma lesions compared with benign nevi, suggesting that its
overexpression correlates with metastatic progression of human melanoma and
poor clinical outcome (69). Further, melanocytes accumulation of Galectin-3,
particularly in the nucleus, is associated with melanoma progression. It seems
that this translocation of Galectin-3 to nucleus of malignant melanocytes results
in a more aggressive tumor behavior, as it acts as a survival factor and renders
melanocytes resistant to apoptosis induced by anoikis and chemotherapeutic
agents (69).

Similarly, Galectin-3 expression was shown to be higher in malignant
compared to benign tumor lesions (70). The nuclecytoplasmic pattern of
Galectin-3 expression is associated with probability of malignant phenotype and
poor prognostic impact on patient’s outcome (70). There are data that expression
of Galectin-3 also correlates with lymphatic invasion and distant metastasis,
suggesting its pivotal role in lymphogenous metastasis (71). Furthermore, some
studies have reported that serum level of Galectin-3 is higher in patients with
advanced melanoma (55, 72).

Studies using xenograft melanomamodel in nudemice with humanmelanoma
cell lines have shown that Galectin-3 expressionwas lower inmetastaticmelanoma
lesions than in thin primary lesions which was inversely correlated with tumor
aggressiveness (73). Given the role of Galectin-3 in adhesion interactions, it seems
that the progressive decrease of Galectin-3 levels may act as a trigger for metastatic
dissemination of melanocytes (73). The results from clinical study demonstrated
higher Galectin-3 expression in thin primary melanomas compared to benign nevi,
and a progressive fall in Galectin-3 expression between thin primary melanomas,
thicker melanomas and metastatic lesions, suggesting that Galectin-3 might be a
marker for melanoma progression (74).

Metastatic phenotype of melanoma is associated with high invasive potential,
ability of melanocytes to survive and to colonize distant organs, effective tumor
angiogenesis and high plasticity of melanocytes (68, 75). For example, highly
aggressive melanocytes have the capacity to produce "vasculogenic mimicry"
(vasculogenic channels lined by melanoma cells) by expressing endothelium-
and epithelium-associated markers, and to form a vasculogenic-like network in
vitro (76). The study using human melanoma cell lines has demonstrated that
Galectin-3 exerts pro-tumorigenic and pro-metastatic properties by promoting
tumor angiogenesis and melanoma cell "vasculogenic mimicry" (77).

Galectin-3 might play an important role in tumor immunity by regulating the
survival of immune cells in tumor microenvironment. It has been demonstrated
that expression of Galectin-3 in human melanoma biopsies correlated with
apoptosis of tumor-associated lymphocytes (78), therefore contributing to tumor
immune escape.

The existing information suggests that Galectin-3 might be a potential
therapeutic target in treatment of malignant tumors.

160

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
D

ec
em

be
r 

19
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
00

9

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



The Role of Galectin-3 in Murine B16-F1 Melanoma Metastasis

A series of experimental and clinical evidence indicate that Galectin-3 on
the surface of tumor cells as well as circulating Galectin-3 have regulatory roles
in tumor progression and metastasis, but the role of Galectin-3 in regulating
anti-tumor immunity and metastatic process in vivo still remains a puzzle.
Using Galectin-3-deficient mice we recently provided evidence that expression
of Galectin-3 in the host also facilitate establishment of metastasis in B16-F1
malignant melanoma model (79). In fact, Galectin-3 deficient mice were
significantly protected against the development of metastatic melanoma reflected
by decreased number and size of melanoma colonies in the lung.

Based on these findings, we suggest that expression of Galectin-3 on the host
cells could be critical for promoting lung tumorigenesis as well as metastasis.
Similar conclusion has been drown from the study of NNK-induced lung
tumorogenesis in Galectin-3 deficient mice (80). Additionally, we demonstrated
that one of the mechanisms contributing to resistance of Galectin-3-deficient
mice is lower tumor cell adhesion. In this context, our results from in vitro assays
showed that deletion of Galectin-3 decreased number of attached malignant
cells in lung tissue sections (79). We assume that endothelial Galectin-3 may
be pivotal for the adhesion of tumor cells through its interaction with numerous
carbohydrate ligands expressed on tumor cells (54, 81, 82), thus participating in
the formation of metastatic foci in target tissue (83).

Recent study demonstrated that Galectin-3 by segregation of CD8 from TCR
molecule (84) caused anergy of tumor-specific cytotoxic T lymphocytes (CTLs),
suggesting that Galectin-3 in tumor microenvironment could impair T-cell
mediated anti-tumor immunity in vivo (85). Our study showed that deletion of
Galectin-3 in the C57BL/6 mice inhibited formation of metastasis by modifying
anti-melanoma immune response (79). We found that Galectin-3-deficient
mice had higher serum levels of IFN-gamma and IL-17 compared to wild-type
C57BL/6 (WT) mice. Further, injection of melanoma cells resulted in a significant
increase in the percentage and total number of regulatory CD4+Foxp3+T cells in
WT mice, but not in Galectin-3-deficient mice.

Most importantly, we noticed that protective effects of Galectin-3 deficiency
on metastatic melanoma spread was dependent on NK cells and associated
with an enhanced cytotoxic activity of splenic NK cells in vitro and increased
frequency of effective cytotoxic CD27highCD11bhighNK cells as well as immature
CD27highCD11blowNK cells in the spleen. On the other side, we showed that WT
mice had increased percentage of CD27lowCD11bhigh less functionally exhausted
NK cells as well as NK cells bearing inhibitory KLRG1 receptor (79). We
postulated that metastatic melanoma spread in WT mice was mainly associated
with decreased cytotoxic capacity of NK cells most probably due to increased
expansion of suppressive CD4+Foxp3+ T regulatory cells in spleens. Also, an
inverse correlation between NK cell activity and expansion of regulatory T cells
has been demonstrated in cancer patients (86), indicating that regulatory T cells
might hamper NK cell function (87, 88).

Our findings indicate that expression of Galectin-3 on the host cells may
facilitate melanomametastasis by affecting tumor cell adhesion and bymodulating
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mainly innate anti-tumor immune response (79). Thus, target inhibition of
Galectin-3 expression can prevent melanoma metastasis by decreasing tumor cell
adhesion and by enhancing NK cell-mediated anti-tumor immune response.

Effects of Galectin-3 Inhibition in Vitro

Given the important roles for Galectin-3 in modulating numerous processes
relevant for tumorogenesis and tumor progression, this lectin could be considered
as one of molecular targets in the therapy of malignant diseases.

Inhibitory effects by certain Galectin-3 inhibitors on growth and metastasis
in cancer cell lines have been demonstrated. Thus, treatment of B16-F1 and UV-
237 with a monoclonal antibody against tumor cell surface lectins before their
intravenous injection strongly inhibits experimental lung metastasis of melanoma
and fibrosarcoma cells (89). TheGalectin-3C is a soluble recombinant galectin that
binds carbohydrates and competes with endogenous Galectin-3 for carbohydrate
binding sites. It has been shown that Galectin-3C significantly decreased the tumor
growth and metastasis of breast MDA-MB-535 carcinoma in a mouse orthotopic
model (90). The pH-modified citrus pectin (MCP), a competitive inhibitor for
natural ligands of Galectin-3, has been shown to affect homotypic aggregation
of B16-F1 melanoma cells (91, 92), angiogenesis and tumor cells adhesion to
endothelial cells in vitro (93). In addition, injection of B16-F1 melanoma cells
with MCP resulted in a marked decrease of experimental metastasis in the lung
tissue (92).

Recently, Galectin-3 has sparked interest for developing synthetic selective
inhibitors. Thus, thiodigalactoside diester Td131_1 preferentially binds and
inhibits Galectin-3, because it has a high affinity and specificity for this lectin
due to the specific interactions of its two ester moieties with Arg144 and Arg186
of Galectin-3 (94). Data from Lin et al (95) demonstrated that treatment of
papillary thyroid cancer cell lines and human ex vivo papillary thyroid cancer
with Td131_1 results in their enhanced sensitivity to chemotherapeutic drug such
as doxorubicin. It seems that Td131_1 activates apoptosis and improves the
sensitivity of papillary thyroid cancer cells to radiotherapy and to chemotherapy
in a synergistic fashion, suggesting that Galectin-3 inhibitor is a promising agent
for advanced tumors that are refractory to conventional therapies. Interestingly,
pre-treatment of C57BL/6 mice with selective inhibitor of Galectin-3 (TD139)
led to attenuation of liver injury in Concanavalin A-induced hepatitis model in
vivo (32).

These observations clearly indicate that blockade of Galectin-3 might
result in therapeutic benefits in cancer metastasis as well as in autoimmune and
inflammatory diseases.
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Chapter 10

Galectins as Novel Targets for the Treatment
of Malignant Gliomas

Herwig M. Strik*,1 and Matthias Ocker2

1Department of Neurology and Medical School, University of Marburg,
Baldingerstrasse, D-35043 Marburg, Germany

2Institute for Surgical Research, Medical School, University of Marburg,
Baldingerstrasse, D-35043 Marburg, Germany

*E-mail: strik@med.uni-marburg.de

The treatment of brain tumors is associated with important
limitations, not only because complete surgical resection is
impossible, but also because blood-brain barrier protects the
brain from external substances and is permeable only for
small-molecular, lipophilic substances. The most common
malignant brain tumors, glioblastomas, are associated with
a grim prognosis of approximately 12 months in unselected
series. In addition to special aspects associated with their
intracranial localization, gliomas have a marked resistance
against antiapoptotic stimuli. A high migratory potential,
intense neoangiogenesis and a strong immunosuppressive
environment also contribute to the usually rapid proliferation in
spite of all therapeutic efforts. An ideal anti-glioma compound
should be orally available, small-molecular and lipophilic and
modulate several or all of the known factors proliferation,
apoptosis resistance, angiogenesis and immune escape. Among
other molecular factors, carbohydrate-binding galectins -1, -3,
-4 and -8 – are known to be expressed in malignant gliomas.
Galectin -1 and -3 have been shown to be associated with
proliferation, apoptosis-resistance and migration. Effects on
angiogenesis and immune escape may also exist. Intra- or
extracellular modulation of galectin functions therefore appears
to be a promising strategy for the treatment of malignant
gliomas.

© 2012 American Chemical Society

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
D

ec
em

be
r 

19
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
01

0

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



Introduction

The most common malignant brain tumor, glioblastoma multiforme, is also
the most aggressively growing, classified as grade IV by WHO. The median
survival in unselected series still does not exceed approx. 12 months (1) and
14-17 months in large chemotherapy trials (2, 3). Neither operation nor ionizing
irradiation or systemic antineoplastic treatment are able to cure patients suffering
from this disease.

Several biological features are known to contribute to the poor response to
antineoplastic treatment and aggressive growth of these tumors. One prominent
characteristic of gliomas is a marked resistance against apoptosis-inducing stimuli
(4). Mutations of p53, for example, are found in numerous glioblastomas and
cause a deficiency in cell death (5). The balance between pro- and antiapoptotic
factors, called the apoptotic rheostat, is shifted towards antiapoptotic functions
such as upregulation of anti-apoptotic and downregulation of pro-apoptotic
members of the B-cell lymphoma 2 (BCL-2) protein family (6). A comparison
of individual tumors even showed an additional anti-apoptotic shift during the
development from primary to recurrent disease. Such mechanisms may contribute
to the resistance against radiotherapy or chemotherapy and lead to even increased
protection during the course of the disease. Conventional tumor therapy like
chemotherapy or ionizing irradiation aims at inducing apoptosis. Therefore,
suppression of antiapoptotic stimuli may enhance the effect of such treatments
(7).

Alkylating agents are most often applied to treat malignant gliomas.
ACNU (nimustine), BCNU (carmustine) or CCNU (lomustine) efficiently pass
through the blood-brain barrier and have been effective in numerous studies.
The combination of ACNU with cytarabinoside (Ara-C) or etoposide (VM26)
achieved a median overall survival of approx. 17 months, which is still among
the best results in large multicenter trials (2). The hematotoxicity observed with
these combinations, however, was considerable.

Another alkylating agent, temozolomide, is an orally available
imidazotetrazine derivative with good penetration through the blood-brain
barrier and favorable toxicity profile. In a large multicenter trial, addition of
temozolomide was significantly more effective than radiotherapy alone (3).

Ever since this study was published, efforts have been made to further
enhance the effect of this chemotherapeutic agent. Dose-dense application of
temozolomide aims at depleting MGMT, an important anti-alkylating molecule
that is able to revert the effect of temozolomide (8). The effect of this strategy,
however, is limited and more efficient inhibition of apoptosis-resistance desired.

Another important feature of malignant gliomas is a marked potential
for migration and invasion (9). Since glioma cells can migrate up to several
centimeters from the main tumor localization (10), local treatment strategies like
surgery or radiotherapy are not able to cure patients. Systemic chemotherapy
will probably be less effective in the infiltration zone surrounding the tumor
because the blood-brain barrier is intact in this region, as opposed to the main
tumor bulk, and migrating cell have a reduced proliferation rate, so a reduced
response to radiation and chemotherapy has to be expected (11). Inhibition of
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migration and invasion of glioma cells might therefore enhance the effect of local
tumor treatment. For example, matrix metalloproteinases like MMP-2 and -9 and
integrins like αvβ3 have been shown to markedly influence glioma cell migration
(12) and might therefore be suitable targets for future therapeutic intervention.

One crucial feature of cells to form a well-functioning tumor tissue is to
gain sufficient blood supply. An important role for glioma angiogenesis has been
proven for hypoxia-inducible factor-1α (HIF-1α), transforming growth factor beta
(TGF-β), basic fibroblast growth factor (bFGF) and – most importantly – vascular
endothelial growth factor (VEGF) (13). Conversely, anti-angiogenic endostatin
is downregulated during the malignant transformation of human gliomas (14).
After first discouraging results, numerous studies have shown promising results
with the anti-VEGF antibody bevacizumab (15), proving the importance of this
strategy.

A further prominent feature of malignant gliomas is the abundant infiltration
with up to 30% of monocytes/microglial cells (16) without apparent tumor
cell phagocytosis. These monocytic cells may probably be modulated towards
chronic inflammatory M2 macrophages. These could promote tumor growth
through the production of specific cytokines. Mainly immunosuppressive growth
factors like interleukin (IL)-4, IL13 and IL10 have been found in human gliomas,
while proinflammatory cytokines like IL12, tumor necrosis factor α (TNFα)
or interferon γ (IFN-γ) were absent (17). Moreover, other immunosuppressive
factors like CD70, HLA-G or HLA-E (18, 19) – and possibly also other, yet
unknown factors - contribute to the immune escape of malignant gliomas (18,
20). On the other hand, immune cells are capable of destroying glioma cells after
activation in vitro, indicating that immune therapies might be effective but seem
to be inhibited by the immunosuppressive milieu of gliomas (21, 22).

Biology of Galectins

Galectins are members of the lectin family of proteins with a high affinity
to β-galactosides (23, 24). Today, 15 galectin members have been identified that
contain highly conserved carbohydrate-recognition domains (CRD) of about 130
amino acids and are divided into three groups based on the structure of the CRD
(25, 26). Like other lectins, galectins are commonly expressed in various tissues
and exert a variety of biological functions dependent on their ability to bind
intracellular and extracellular glycoconjugates, including extracellular matrix
components like laminin or fibronectin (27).

Physiologically, galectins are expressed in lymphatic (lymph nodes, thymus,
spleen) and epithelial tissues (liver, lung, breast) but also on endothelial cells,
brain and inflammatory cells like macrophages (24). As galectins can be localized
in the nucleus and/or the cytoplasm (28) as well as on the extracellular cell
surface, the biologic effects are heterogeneous, too, ranging from effects on
RNA splicing to cell adhesion and survival signaling (27, 29–33). These effects
are commonly also linked to oncogenic properties of cells, i.e. enhanced cell
proliferation, migration, immune evasion and resistance to apoptotic stimuli (34,
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35). Consequently, enhanced expression of e.g. galectin-1 and galectin-3 has
been observed during cancer development and metastasis (36).

During malignant progression, a shift in localization from nucleus to
cytoplasm has been described for these galectins, too (37). The exact mechanisms,
how galectins contribute to malignant transformation and progression are not
completely understood but several lines of evidence suggest that galectins can
modulate and activate growth-factor related signaling via activation of the
Ras-Raf-MAPK and PI3K pathways and regulation of downstream target gene
transcription (38, 39). This activation of the survival pathway via MAPK by
galectin-3 has also been linked to its anti-apoptotic properties (40). Galectin-3
also has homology to the potent anti-apoptotic molecule bcl-2 and is able to
block changes in mitochondrial membrane potential, thus preventing cytochrome
c release and intrinsic apoptosis induction (41, 42). Interestingly, galectin-3 does
also have pro-apoptotic properties indicating a strong context-dependency of this
molecule in cancer cells (43).

Angiogenesis is considered a hallmark of tumor growth and prerequisite for
metastasis. Galectin-3 has been demonstrated to increase motility of endothelial
cells and to promote capillary growth by interaction of galectin-3 with integrins
and other cell surface molecules (44–46). This mechanism is also related to the
known functions of esp. galectin-3 during cell adhesion and metastasis formation.
Here, overexpression of galectin-3 facilitates adhesion to extracellular matrix
components (e.g. fibronectin or laminin) or integrins (34, 41, 47). In line with this
model, high levels of galectin-3 have been detected in patients with metastatic
diseases compared to healthy controls (48). This leads to enhanced adhesion
of cancer cells to endothelial cells, supports the aggregation of tumor cells and
prevents anoikis during metastatic spread (49, 50).

Galectins expressed at the cell surface have been attributed
immunosuppressive properties by inducing apoptosis in monocytes and T cells
(51) or suppressing production of IL5 (52) and inhibiting differentiation of B
cells (34, 53–55). These mechanisms thus contribute to the putative evasion of
tumor cells of the immune response. Overall galectins are thus able to promote
tumor growth on various levels, i.e. intracellular signaling, extracellular adhesion
and matrix interaction and immune surveillance.

Galectins in Malignant Gliomas

Several studies demonstrated an overexpression of galectin-1 and galectin-
3 in various malignant glioma cell lines (56, 57) and in specimens from human
tumor samples (58). Galectin levels correlated significantly with angiogenesis,
malignant potential and overall survival of glioma patients (59–64). Interestingly,
the expression of galectin-1 and galectin-3 is also associated with WHO grading
and increases with progression (65, 66).

In experimental settings, inhibition of galectins by siRNA lead to decreased
proliferation, invasion and angiogenesis (67, 68). Additionally, knockdown of
galectin-1 increased the immune rejection of glioma xenografts and also impaired
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the endoplasmic reticulum stress response, leading to enhanced sensitivity towards
chemotherapy using temozolomide (69–71).

Overall, the biological functions related to galectins as well as the currently
available experimental and clinical data give a clear rationale for further
development of galectin-inhibiting therapy approaches. The distinct roles of
galectins on tumor cells, endothelial cells, extracellular stroma components and
immune cells gives the opportunity to target and influence several hallmarks
of cancer development and progression simultaneously to achieve improved
treatment responses and prolonged overall survival for patients with malignant
glioma. An ideal compound to modulate galectins in malignant gliomas would
be small-molecular and lipophilic in order to pass the blood-brain barrier and
orally available to allow for continuous application and combination with other
treatment strategies like conventional chemotherapy.
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Chapter 11

Dynamic Tuning of Galectins and Their Binding
Sites During Mammary Tumor Progression

and Metastasis

Joana T. de Oliveira and Fátima Gärtner*

Institute of Molecular Pathology and Immunology (IPATIMUP),
and Instituto de Ciências Biomédicas de Abel Salazar (ICBAS),

University of Porto, Porto, Portugal
*E-mail: fgartner@ipatimup.pt

Galectins are essentially bridging molecules and as such their
biological effect will be dependent on their levels of expression,
binding sites availability on their ligands, presence of other
competitive galectins or even members of other families of
endogenous lectins. Classically, glycosylation patterns were
believed to be fairly constant in cells of the same tissue origin
and the process was not thought to be a quickly modulated one
able to transduce external signals. Nevertheless, a growing
amount of data now suggests glycosylation to be a much
more dynamic microenvironment-related mechanism. The
consequent formation of different glycans alters the array of
lectins which are able to recognize them. Therefore, rather
discrete and transient changes in interacting glycans, glycan
carriers and glycan receptors may profoundly influence the
fate of an invasive tumor cell and ultimately its ability to
metastasize to distant sites. This mini-review will focus on the
dynamic interplay between galectins and their binding sites
in a spontaneous model of mammary tumor progression and
invasion, canine mammary tumors (CMT).

© 2012 American Chemical Society
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Introduction
Integrins (1), cadherins (2–7), caveolins (8), metalloproteinases (9), hormone

receptors (10), growth factors (11), growth factor receptors (12) and mucins
(13, 14) putatively modulate the interactions between mammary tumour cells
and their surrounding microenvironment, at least in part, by their well-known
interplay with galectin-3 via its carbohydrate recognition domain [reviewed in
(15)]. However, the interplay between these ligands and galectin-3 has been
shown to be modulated not only by the levels of expression of the lectin but also
by differential glycosylation of the ligands in several settings (16–20).

Galectins’ Levels of Expression: Adapting to Presenting
Microenvironments in CMT Progression

Galectin-3 is down-regulated during the process of malignant transformation
of canine mammary glands. Its expression being significantly decreased in
malignant when compared with benign canine mammary tumors (CMT) (21).
Galectin-3 is a marker of progression in other types of tumors presenting increased
expression in non-aggressive tumors and being reduced in aggressive ones, the
opposite having also been observed (22–25). Galectin-1 is on the other hand
overexpressed in malignant CMT, and found in the nucleus and cytoplasm of
tumor cells (21). Several examples of dynamic and differential expression of
galectins-1 and -3 in physiological and pathological contexts suggesting they play
opposing roles can be found in the literature (26–28). Among other examples, in
lymphoma cells, galectin-1 induces apoptosis while galectin-3 induces cell-cell
aggregation (29) and blocks the execution of the cell surface apoptotic signal (30).

In accordance to its pro-adhesive effects, it comes as no surprise that
galectin-3 is highly expressed by vessel-invading tumor cell subpopulations in
both primary and metastatic CMT while in well-established metastatic lesions,
there is galectin-3 staining almost only in tumor cells surrounding necrotic areas,
a pattern resembling that observed in the primary malignant CMT (21). On
the opposite galectin-1 is down-regulated in tumour emboli and up-regulated
in well-established primary and metastatic lesions (unpublished results by the
authors of this paper). Accordingly, galectin-1 serum levels are not elevated in
cancer patients (31) while those of galectin-3 have been found to be increased
(32).

Cytoplasmic staining of galectin-3 is associatedwith increased aggressiveness
in CMT whereas significant down-regulation of nuclear galectin-3 expression is
observed in malignant when compared with benign tumors (21). The cytoplasmic
subcellular distribution of galectin-3 is an important feature related to malignancy
and is suggested to be responsible for increasing apoptosis resistance of tumor
cells that migrate and/or are shed into the circulation (33–35). Indeed, xenografts
from a CMT cell line with an in vitro homogeneous cytoplasmic-only expression
of galectin-3, quickly metastasize. However, a heterogeneous pattern with specific
galectin-3 positive areas is observed in well-established xenografts suggesting a
role for microenvironment in the regulation of galectin-3 expression. In primary
tumor xenografts, cells staining for galectin-3were specifically located in necrosis-

182

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
D

ec
em

be
r 

19
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
01

1

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



surrounding regions and tumor emboli, as observed in spontaneously occurring
malignant CMT. Likewise, metastatic lesions displayed low galectin-3 expression
which was mainly present in necrosis-surrounding areas and inside tumor vessels
(21).

The reasons why intravascular tumor cells consistently overexpress galectin-3
when compared to sedentary tumor cells still need clarification. However a
few hypothesis are to be considered. Galectin-3 is a hypoxia regulated protein
(36). Hypoxia also leads to activation of epidermal growth factor receptor
(EGFR) kinase function and hence may enhance tumor cell migration (37, 38).
Interestingly, EGFR expression is up-regulated in CMT intravascular tumor
cells and viable cells adjacent to necrotic areas paralleling that of galectin-3.
This indicates a possible joint role of EGFR and galectin-3 in the survival and
invasion process of tumor cells under stress conditions in malignant CMT (39).
Adding to that, high level of activity in necrotic areas was found when analyzing
EGFR by autoradiography (Berns and Rutteman, unpublished data, Department
of Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine,
Utrecht University, the Netherlands) and its levels were significantly associated
to the presence of necrosis in CMT (39).

Since vessel-invading tumor cells express both galectin-3 and EGFR, the
hypothesis that tumor cells which intravasate, are mainly those exposed to stress
conditions seems very plausible. Furthermore, as galectin-3, EGFR has also been
associated to angiogenesis which could in addition aid in providing an escape
pathway for these stress-exposed cells (15, 40).

Another line of thinking arises from the fact that galectin-3 expression
has been associated to cell differentiation in several contexts (41). Epithelial
to mesenchymal transition (EMT) has been suggested to be crucial for cells to
acquire invasive characteristics, migrate throughout the ECM and ultimately
intravasate (42, 43). In the absence of galectin-3 there is decreased TGFβ-induced
EMT, myofibroblast activation and collagen production with reduced β-catenin
phosphorylation and translocation to the nucleus (44). Accordingly, in low
galectin-3-expressing malignant CMT, there is little nuclear expression of
β-catenin (45, 46). This further points to galectin-3 re-expression being implicated
in acquisition of aggressive characteristics in stress-exposed cells, such as those
under hypoxic conditions.

Mixed type malignant CMT (carcinosarcomas) present a common
histogenesis between epithelial and mesenchymal cells (47). These mixed
malignant mammary tumours are considered a naturally occurring model of EMT
[reviewed in (48)]. Galectin-1 was consistently co-expressed with mesenchymal
while galectin-3, when present, was co-expressed with epithelial markers in this
natural model of EMT (unpublished data). However, the differentiation status of
galectin-3-positive intravascular tumor cells could not always be associated with
loss or gain of membrane expression of E-cadherin since both E-cadherin-negative
and E-cadherin-positive tumor emboli were found in malignant CMT.

Interestingly however, β-catenin expression was often found at the cell
membrane, in contact sites between some intravascular tumor cells indicating
a correct assembly of the adherens junctions complex at these sites (21). Since
the hallmark of EMT is loss of E-cadherin expression (49), current findings
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do not support the assumption that all intravascular tumor cells found in CMT
have undergone complete EMT and/or the inverse process mesenchymal to
epithelial transition (MET) but rather point to the presence of several cells in
hybrid states inside vessels (21). The isolated expression either of anti-adhesion,
lymph node metastasis-associated, glycan Sialyl Lewis X (50) or the adherens
junction E-cadherin at the cell surface of CMT emboli cells, seems to corroborate
this assumption (51). Despite this it is the authors’ opinion that MET is crucial
for cell-cell aggregation inside vessels insuring anoikis survival for the 2% of
the circulating tumor cells that in fact successfully arrive at distant sites and
metastasize (52). Thus overexpression of galectin-3 seems to be a characteristic
of potentially metastatic tumor cells in malignant CMT but does not appear to be
exclusively associated to a differentiation status.

Glycosylation of Galectin-Ligands: Modulating
Galectin-Mediated CMT Cell-Cell Adhesion

Mucins have been associated to malignancy (13, 14, 53) and are important
carriers of tumour-associated glycan antigens (54, 55). Variable glycoforms of
MUC1 have been found to be involved in carcinogenesis (56, 57). MUC1 is
involved in cell-cell aggregation, (its sialylation being particularly important for
the mucin’s anti-aggregation effect) (58, 59); and cell-ECM adhesion (58, 60,
61) in which MUC1 specific O-glycosylation plays a relevant role (62). MUC1
is overexpressed and significantly associated to vascular invasion and distant
metastases in malignant CMT (21, 39).

In primary tumour cells, the mucin is present in a cytoplasmic vesicular
pattern and all around the cell membrane. This high level of MUC1 expression
is significantly associated with the above mentioned galectin-3 generalized
down-regulation. Furthermore, the two molecules are not co-expressed in
primary tumor sedentary cells (39). Despite the described overexpression
of its well-known ligand, galectin-3-binding sites are expressed at the tumor
cell surface only in moderately differentiated tumor areas, their expression
being low in the majority of sedentary primary tumor cells. However, in
malignant CMT, intravascular tumor cells and tumor vasculature strongly express
galectin-3-binding sites pointing to the existence of galectin-3-mediated cell–cell
interactions, which could thus facilitate anoikis survival and metastatic spread
(21, 63). Interestingly, in these vessel-invading cell tumor subpopulations MUC1
expression is focally localized at the cell membrane where it co-expresses with
galectin-3 (39).

Different glycosylation patterns of MUC1 mucin in normal mucosa and
colon cancer tissues correlate well with galectin-3-binding sites expression
(64). Sialylation thus acts as an important on/off switch mechanism modifying
galectin-3 binding to its ligands during tumor progression in malignant CMT.
The differential presence of α2, 6- linked sialic acid in sedentary tumor cells and
certain tumor subpopulations, such as invasive fronts, may account for differences
observed in galectin-3-binding site expression and modulate galectin-3-mediated
adhesion between tumor cells at these locations (39). Up- or down-regulating
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of sialyltransferases is a well-known mechanism of motility tuning, turning
galectin-3-binding positive cells into negative ones and vice-versa, allowing
cells to migrate in a physiological context. Indeed there is an increase of both
galectin-1 and -3 binding following alpha 2,6 neuraminidase treatment of glycans
at the cell surface in vitro (65).

The Thomsen-Friedenreich antigen (T antigen) is one of the most common
glycoforms of MUC1 found in breast cancer patients. MUC1 interaction with
galectin-3 in vitro via T antigen, causes clustering of the mucin at the cell surface
with consequent exposure of smaller adhesion molecules. This has been proven
to increase E-cadherin mediated cell-cell adhesion and ICAM-1 mediated cell-
endothelial adhesion (17, 66). A similar effect has been observed for galectins-2,
4 and -8 by interaction with MUC1 via T antigen (31). Most cells of primary
malignant CMT show high levels of sialylated T antigen when compared to the
un-substituted form of the antigen which is expressed in low levels and is often
negative. However, surprisingly, intravascular tumor cells express mainly the
unsubstituted form of the T antigen. This allows a proven physical interaction
in vivo between galectin-3 and MUC1-carried T antigen, therefore supporting an
important role in metastasis (39). Alterations in the glycosylation patterns of
its ligands, namely increased disialylated core 1 O-glycan structures, have been
implied to alter galectin-3 affinity at the cell surface with consequent differences
in cell biological behaviour (67).

Core 1 biosynthesis is dependent on the activity of core 1 beta1,3
Gal-transferase (68) which has been found to be impaired by mutations in the
molecular chaperone Cosmc leading to increased expression of Tn and sialyl Tn
antigens (69). In order to have the unsubstituted core 1 (T antigen), there must
not be action of ST6GalNacI and II (70). The action of these enzymes leads
to the biosynthesis of Sialyl Tn and/or Sialyl-6T antigen. ST6GalNAc-I is the
key-enzyme leading to sialyl-Tn biosynthesis in MUC1-Tn glycoform (71) while
ST6GalNAc-II sialylates better the T antigen (70). MUC1 is also a natural carrier
of Sialyl Tn (72). It is of note that ST6GalNacI and II enzymes perform very fast
(70). Their subcellular localization has been suggested to influence their activity
in breast cancer cells (73) as has the tumour microenvironment which was found
to importantly modulate Sialyl-Tn expression (74).

Galectin-3 has been implicated in the apical sorting of several proteins (75)
but in the absence of galectin-3 there is still apical targeting of MUC1. However,
this can be blocked by overexpression of an alpha 2,6 sialyltransferase (76) further
corroborating the importance of sialylation in the interplay between MUC1 and
the galectins family. In a normal context MUC1 is localized at the apical cell
membrane while EGFR is localized basolaterally. MUC1-EGFR interaction in a
non-tumour context is a sign of temporary polarization disruption and mediates
cell survival programs. These are thought to be persistently present in several
types of carcinoma where there is loss of polarization with permanent interaction
of transmembrane mucins and growth factor receptors (77). In breast cancer cells
this interaction is at least in part mediated by galectin-3. In vitro and in vivo results
show the lectin’s co-expression with both of its ligands in intravascular tumour
cells, further supporting its importance for cell survival in this context (39, 78).
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Microenvironment seems therefore to play a vital role in the availability of
ligands for galectin-3-binding in CMT. This is corroborated in the CMTmetastatic
cell line which shows a homogeneous expression of galectin-3-binding sites in
vitro (21) which turns to a heterogeneous one in tumor xenografts (39). Also,
galectin-3-binding site expression is low in the vast majority of sedentary primary
tumor cells to the opposite of invasive fronts where it is high akin to spontaneously
occurring CMT. In addition, binding of galectin-3 is again increased, following
neuraminidase treatment in galectin-3-binding sites negative areas, resembling
the observations in the spontaneous model (39). Other than downregulation of
sialyltransferases which can at least in part mask galectin-3-ligands in these cells,
there may be higher activity in invading tumor cells of specific glycosyltranferases
(79) some of which responsible for assembling ligands for galectin-3, such as the
metastasis-related GnTV and concomitant lower activity of competitive GnTIII,
which leads to the production of N-glycans not recognized by the lectin (80, 81)
Indeed, recently GnT-III-mediated glycosylation, was found to be altered upon
EMT/MET-inducing microenvironment changes (82).

Glycosylation of Galectin-Ligands: Modulating
Galectin-Mediated CMT Cell-ECM Adhesion

Downregulation of galectin-3-binding sites in the ECM parallels the
malignant transformation of canine mammary glands. In fact, galectin-3-binding
sites are significantly decreased in the ECM of malignant tissue when compared
with that of normal-adjacent glands. In most benign lesions the ECM also
presents strong expression of galectin-3-binding sites. A coordinated decrease
of galectin-3-binding sites in the ECM may further account for the loss of
galectin-3-mediated cell–ECM adhesion in the tumor microenvironment (21).
The decreased galectin-3 binding to the ECM is attributable, at least in part, to
binding sites occupancy by other galectins and altered stromal glycosylation.
Although there are substantial differences in the type of glycans recognized by
galectins-1 and 3 they often compete for the same ligands (83). Galectin-3 affinity
for the T antigen, for instance, is two times higher than that of galectin-1 (84).
These differences might account at least in part for their divergent biological
functions.

Galectin-1 is scattered throughout the tumor stroma and could thus be leading
to galectin-3-binding site occupancy (21). The decrease in galectin-3-binding
sites is also most likely due to differential ECM glycosylation in malignant CMT.
Sialylation is a prevalent type of glycosylation in tumour cells but not in the ECM
of malignant CMT (85). However, in normal adjacent mammary tissue, both ECA
and PNA bind to matrix glycoproteins in tissue stroma and gland mucus secretion
in addition to the apical border of luminal cells while in the ECM of malignant
CMT, there is a striking decrease in ECA- and PNA-binding sites pointing to an
overall decrease in galactosylation (21).

Collagen glycosylation is known to affect tumor cell adhesion to
and spreading on collagen IV (86). In normal mammary glands, the
collagen-galactosylating enzyme, GLT25D1 (87), is expressed with slightly
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higher levels than in benign CMT. However, the enzyme expression levels
decrease considerably in malignant CMT (21). Galectin-3 knockdown causes a
decrease in GLT25D1 mRNA levels in vitro. This suggests that downregulation
of galectin- 3 may be at least partially responsible for the decreased GLT25D1
mRNA expression levels found in spontaneously occurring malignant CMT (21).

Concluding Remarks

Circulating tumour cells (88), micrometastases (89) and well-established
metastases (90) may coexist in the patient. In these, changes in the expression
of galectins, glycans and the glycoproteins which carry them are at least in
part microenvironment related. Galectin-3 has been shown to play a crucial
role in cancer drug resistance [reviewed in (91)]. Inhibition of galectin-3/T
antigen interaction was shown to reduce experimental metastatic disease (92).
However, other galectins seem to be able to step up and perform its functions.
Novel potential specific galectin inhibitors and galectin-targeted therapy are
increasingly being studied (93–95) but there is an increasing need to broaden their
galectin-specter of action and take into account the relevance of the glycosylation
status of their ligands in other to achieve therapeutic efficacy.
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Galectin-3C: Human Lectin for
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A summary is provided of the compelling data supporting
galectin-3, as a target for cancer therapy, and for the clinical
development of a truncated form of human galectin-3, termed
galectin-3C, for cancer. Lacking the N-terminal domain of
galectin-3 that facilitates its multimerization when bound to
carbohydrate ligands, galectin-3C functions as an inhibitor
of the galectin-3 crosslinking mediated by the N-terminal
domain that can be induced by multivalent oligosaccharides
and glycoconjugates intra- or extracellularly, on cell surfaces,
or in extracellular matrices. Numerous studies show that
galectin-3 plays a key role in tumorigenicity and metastasis and
is a novel target for the development of cancer therapeutics.
Data presented indicate that galectin-3C can be localized in a
carbohydrate-dependent manner similar to most information
reported regarding galectin-3. Exogenous galectin-3C
facilitated anoikis in human breast cells, illustrating an effect it
is expected to produce in vivo by reducing cell-cell or cell-ECM
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adhesion of metastatic cells. Based on the activity of galectin-3,
we postulate that galectin-3C also inhibits the metastatic
process by preventing integrin activation and focal adhesion
turnover. The data described provide evidence of the important
functions of galectin-3 in the processes of metastasis and
tumorigenicity, and the potential therapeutic effect of inhibiting
the activity of galectin-3 with galectin-3C. Galectin-3 has a
complex, multi-faceted role that is critical in the relationship
between the cells of various types of malignancies and the
microenvironment, and further development of galectin-3C as
a clinical candidate for cancer treatment is warranted.

Introduction

The goal of this review is to provide an overview of the rationale for and the
data supporting the human lectin, galectin (Gal)-3, as a target for cancer therapy,
and for the clinical development of a proprietary N-terminally truncated form of
human Gal-3 as a therapeutic agent for cancer. In addition, we aim to point out
the salient features, potential advantages,and challenges in terms of understanding
the mechanism of action of Gal-3 or Gal-3C, and the development of the latter as
a novel therapeutic agent for cancer.

We have shown that Gal-3C has promising anticancer activity. Twice a
day intramuscular (i.m.) injection of Gal-3C reduced the growth of tumors
and metastasis in an orthotopic xenograft mouse model of breast cancer (1).
Recently, we reported that continuous administration of Gal-3C using an
osmotic pump reduced tumor growth in an non-obese diabetic severe combined
immunodeficiency (NOD-SCID) mouse model of multiple myeloma and
facilitated the anticancer activity of bortezomib (Velcade™) (2). The average
tumor volume of bortezomib-treated animals was 19.6% and of Gal-3C treated
animals was 13.5% of the average volume of the untreated controls at day
35. The combination of Gal-3C with bortezomib produced the greatest effect,
reducing the mean tumor volume in treated animals by 94% compared to the
untreated controls at day 35 (2). Our in vitro data showed that Gal-3C inhibited
chemotaxis and invasion of U266MM cells induced by stromal cell-derived factor
(SDF)-1α, and that combined treatment by Gal-3C with bortezomib resulted in a
synergistically reduced human umbilical cord vascular endothelial cell migration
by approximately 70%. Recent reports from other laboratories on the significant
anti-angiogenic activity of Gal-3C (3, 4) support our results. We aim to test
Gal-3C in clinical trials for treatment of multiple myeloma that has a median
survival rate of only 5 years and is considered incurable.

One of the challenges in the development of Gal-3C for treatment of cancer
has been the identification of its major molecular mechanism or mechanisms
of anti-cancer activity some of which remain incompletely understood. Some
functions of Gal-3 have been elucidated only recently. In addition, however, a
relatively wide range of activities have been attributed to Gal-3 that, in some
instances, has produced the opposite effect in different cell types or under different
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conditions. For example, Gal-3 has been shown to stimulate cell migration
(2, 5–7) or cellular adhesion (8–10), and to have anti-apoptotic (9, 11–16) or
pro-apoptotic (17, 18) activity depending on factors such as cell type, subcellular
localization, and post-translational modifications.

The affinity of lectins for their carbohydrate ligands is often less than that of
receptors with ligands that are other proteins or small molecules. In addition, for
the galectins avidity is important due to the multimeric binding to ligands. Thus,
concentration dependent effects may be an important determinant. However there
is little known about the regulation of the localization of the galectins in general
and of Gal-3 specifically (19). The potential biological importance of galectin
concentration is highlighted by the prognostic significance of the serum levels of
Gal-3 for risk of death from cardiac failure (20, 21).

What is the relationship between the structure and function
of galectin-3 and galectin-3C?

Gal-3 is a member of a family of mammalian carbohydrate-binding proteins
(lectins) that are defined by affinity for β-galactosides and structural similarity.
All galectins bind lactose and N-acetyllactosamine, but vary in their affinity
and specificity for β-galactoside-expressing glycoconjugates (22, 23). Gal-3 is
composed of three distinct structural motifs: a short amino terminal region, a
sequence rich in G-X-Y tandem repeats characteristic of the collagen supergene
family, and a carboxyl-terminus of about 135 amino acids containing the globular
carbohydrate recognition domain (CRD). There is close homology between Gal-3
proteins of different species, but the number of N-terminal tandem repeats and,
hence, the sizes of the proteins vary (24). Recombinant human Gal-3 (Figure 1)
has 250 amino acid residues (25).

The X-ray crystal structure of Gal-3C, in complex with lactose and
N-acetyllactosamine, was reported previously and showed that the CRD was
composed of five- and six-stranded β-sheets arranged in a β-sandwich. The
binding site for the disaccharide ligand (lactose or N-acetyllactosamine) was in
a shallow pocket over β-strands S4−S6. The β-galactose moiety was the most
tightly bound and interacted via hydrogen bonds with amino acids in strands
S4−S5 (His-158, Asn-160, Arg-162, Asn-174, and Glu-184) (26). Recently the
high- to ultra-high resolution crystal structures of Gal-3C in the ligand-free state
and in complex with lactose or glycerol was solved, and revealed that the positions
of water and carbohydrate oxygen atoms were similar in all three states, (27).

The affinity of Gal-3 and Gal-3C and other galectins for various
oligosaccharides was compared using frontal affinity chromatography that
revealed greater affinity for branched or repeated unit ligands (28). In addition,
the thermodynamic properties of human Gal-3 (29), and murine Gal-3 and the
murine CRD have been investigated (30). The binding properties of the CRD
domain of galectin-3 were shown to be similar to those of the intact molecule.
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Figure 1. The primary amino acid sequence of recombinant human
galectin-3 (Gal-3) notated using various colors or styles of font as to

sites of phosphorylation, proteolytic digestion, transglutamination, genetic
polymorphism, hydrogen bonds to lactose or N-acetyllactosamine ligands, and

nuclear localization. (see color insert)

Intact Gal-3 is isolated as a monomer but can undergo multimerization that
potentiates its binding through the C-terminal carbohydrate recognition domain
(CRD) to multivalent carbohydrates or glycoconjugates inducing glycoprotein
precipitation and cell agglutination, and the N-terminal domain of the protein
is required for this multimerization (31–35). Data from precipitation studies
indicate that Gal-3 can form pentamers when binding to multivalent carbohydrate
ligands (36). The multimerization of Gal-3 mediated by the N-terminal domain
is thought to be important in numerous biological activities that play a role in
cancer including effects on cell adhesion and migration (9, 37–40), angiogenesis
(3, 41, 42), growth factor signaling (43, 44), and intracellular protein trafficking
in epithelial cells (45, 46).

The galectins including Gal-3 are thought to play a role in innate immune
functions in infections particularly parasitic ones and allergies (47–52) which helps
to explain the disparate activities of Gal-3 in mediating Th-2 adaptive immunity,
promoting rapid repair mechanisms by stimulating themigration of monocytes and
macrophages, wound-healing and fibrosis responses, and inducing angiogenesis
(6, 41, 53–56). It has been proposed that the pattern recognition of mammalian
lectins such as Gal-3 in innate immunity can be generally classified as density-
dependent glycan recognition because since both the glycans and the lectins are
multivalent, concentration and avidity may be more significant than the affinity for
a specific binding site (35).

Extracellular Gal-3 is a substrate for enzymatic digestion by several members
of the family of matrix metalloproteinases (MMPs) that affects its functionality.
MT1-MMP, MMP-2, -9 and -13 cleave the A62-Y63 bond which abrogates
hemagglutination and multimerization of Gal-3 while increasing the potential
for carbohydrate binding (57–60). Recently, it has been shown that MMP-7
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(matrilysin-1) cleaves Gal-3 at 3 sites including A62-Y63, and also P76-G77, and
P113-L114, and that MMP-7 cleavage inhibited Gal-3-mediated wound healing
in a scratch assay with T84 intestinal epithelial cells (61). MMP-13 proteolytic
cleavage sites in gal-3 have been identified as including P90-S91, and P102-A103,
in addition to A62-Y63 (59). An alternative site that is apparently susceptible to
MMP-2 cleavage, G32-A33, also has been reported (62). It has been proposed that
cleavage of extracellular Gal-3 byMMPsmay play a critical role in tumorigenicity
(63).

Gal-3 can be phosphorylated on S6 by casein kinase 1 (CK1), a modification
that has been reported to reduce the affinity of Gal-3 for its carbohydrate ligands,
colon cancer mucin and laminin, and to be required for the tumorigenicity of
Gal-3, to promote its transport from the nucleus into the cytoplasm, inhibition of
anoikis, and inhibition of drug-induced cell death (14, 64–67). In addition, Y79,
T107, and Y108 can be phosphorylated by c-Abl (16). In mouse fibroblasts, tyrosine
phosphorylation and secretion of Gal-3 were dependent on expression of calpain
4, the common small regulatory subunit of the calpain system that affects cell
adhesion and migration (68). Data show that glycogen synthase kinase-3 (GSK-
3ß) can phosphorylate Gal-3 that contains the GBK-3ß binding motif, SGQPS,
at amino acid residues 92-96 containing the kinase substrate motif, S96 (69, 70).
Gal-3 also can be multimerized by transglutaminase that catalyzes cross-linking
between glutamine and other amino acid residues (71, 72).

Variants at three single nucleotide polymorphism (SNP) sites of the human
Gal-3 gene LGALS3 have been identified and found to have significance in cancer
(73–76). One polymorphism rs4644, LGALS3 +191 A>C, changes residue 64
from histidine to proline (Gal-3 64 H to P). The homozygous allele for H64 is
correlated with disparity in risk of breast cancer among Caucasian compared to
Asian women, being expressed by 12% and 5% of Caucasian and Asian women,
and 37% and 82% of breast cancer patients, respectively. Interestingly, expression
of H64 Gal-3 in BT-549 human breast carcinoma cells significantly increased their
tumorigenicity and angiogenic potential when injected in nude mice compared to
P64 Gal-3-expressing cells. H64 Gal-3 expression in the BT-549 cells increased
resistance to induction of apoptosis by cisplatin. The H64 lectin is cleaved at the
A62-T63 bond by MMPs. In contrast, the P64 lectin was not susceptible to MMP
cleavage at the A62-T63 bond, but was cleaved at G32-A33 (73, 74). Gal-3 H64

recently was shown to enhance nuclear accumulation of β-catenin in gastric cancer
cells (77).

Another SNP, rs4652, LGALS3 +292 A>C, alters residue 98 such that in
place of threonine, a proline is expressed (Gal-3 98 T to P). Expression of the
CC genotype of Gal-3 +292 for P98 was correlated with non-responsiveness to
platinum-based chemotherapy, and significantly reduced survival among 320
Stage III or IV non-small cell lung cancer patients (76).

A third SNP, rs10148371, causes the substitution of R183 in the NWGR anti-
apoptotic domain with K (78). Stable expression of the mutant protein in colon
carcinoma cells increased the sensitivity to drug-induced apoptosis, and a small
increase in expression of the lysine-encoding genotype in males with colorectal
cancer was detected (78).
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The LGALS3 gene has been mapped to human chromosome 14 at region
14q21-22 (79), and the promoter region has been characterized (80). The promoter
activity of the second intron of LGALS3 was found to be down-regulated by wild-
type but not a mutated form of p53 (81). Analysis of the methylation of the Gal-3
promoter in prostate adenocarcinoma revealed that it was nearly unmethylated in
normal and benign hyperplasia tissues, variously methylated in stage I, heavily
methylated in stage II, and lightly methylated in stages III and IV, and suggested
that a LGALS3 gene methylation-specific PCR assay could be diagnostic for the
stage of prostate carcinoma (82).

Figure 2. Schematic (A) showing the Gal-3 (red) multimeric binding (right)
to the N-glycans (galactose, yellow circle; N-acetylhexosamine, blue square;

mannose, green circle; colors/symbols according to the Nomenclature Committee
Consortium for Functional Glycomics) of glycoproteins resulting in receptor
clustering. C-terminal multimerization (left) is thought to occur when there is
high concentration of Gal-3 relative to its carbohydrate ligands. Schematic (B)
illustrating the binding of Gal-3C (red) to the N-glycans of glycoproteins (right
side) does not result in receptor clustering. C-terminal multimerization (left)
similar to that which has been postulated to occur with Gal-3 also is likely to

occur with Gal-3C. (see color insert)
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Human galectin-3C (Gal-3C) is composed of the C-terminal 143 amino acids
of human Gal-3 (Figure 2). Gal-3C can be produced by exhaustive collagenase
digestion of Gal-3 (1, 32), and has been found to be produced in vivo by the
chymotrypsin-like serine protease, prostate specific antigen (4, 83). Lacking
the N-terminal domain that facilitates the multimerization of Gal-3 when bound
to carbohydrate ligands, Gal-3C (Figure 2B) functions as an inhibitor of the
Gal-3-mediated crosslinking that can be induced by multivalent oligosaccharides
and glycoconjugates intra- or extracellularly, on cell surfaces, or in extracellular
matrices. However, there are data indicating that the interactions of the C-terminal
domain of Gal-3 can induce its multimerization (24, 84, 85). Recently using a
fluorescence anisotropy assay it was confirmed that the C-terminal hemophilic
binding can induce oligomerization (84), and based on the data a new model was
proposed wherein carbohydrate binding nucleates CRD-mediated oligomerization
of Gal-3 (86) as similarly depicted in the schematic shown in the left hand side of
Figure 2.

Where are galectin-3 and galectin-3C localized and distributed?

Gal-3 is widely expressed in epithelial cells, and some immune cells,
macrophages, neutrophils, mast cells, sensory neurons, and in many malignant
tumors. Depending on the cell type, after its cytoplasmic synthesis galectin-3
can be localized in the cytoplasm and/or nucleus, and can be both absorbed
and secreted by cells (19, 87–92). Lacking an N-terminal signaling sequence,
Gal-3 can be secreted by non-classical mechanisms and is absorbed by cells in
a carbohydrate-dependent or -independent manner (87, 93–97). The N-terminus
has been implicated in secretion of human Gal-3 as it was abrogated by deletion
the of the N-terminal 11 amino acids (93). Gal-3 can shuttle between the nucleus
and the cytoplasm; it can be exported from the nucleus of one cell, be transported
through the cytoplasm, and be imported into the nucleus of another cell (92).

Localization of Gal-3 in both the nucleus and cytoplasm must represent
some balance between nuclear import and export mechanisms, and the factors
that determine its retention in either compartment (19). There are data regarding
amino acid residues of Gal-3 critical for the nuclear localization but some
aspects of this process are not clear (19). Findings indicate that when Gal-3 is
phosphorylated at S6, the major site of phosphorylation in vivo, the protein can
be exported from the nucleus to the cytoplasm where it can protect cells from
drug-induced apoptosis in response to apoptotic insults (66). Accordingly, it has
been reported that expression of a mutant Gal-3 lacking the first 11-amino acids
from the N-terminus in human breast carcinoma BT-549 cells led to abolishment
of the secretion of the N-terminally truncated Gal-3, loss of nuclear localization,
and reduced carbohydrate-mediated functions compared with the wild-type
protein (66). However, in a subsequent study it was found that nuclear import of
murine Gal-3 in mouse 3T3 fibroblasts was unaffected by deleting the amino half
of the protein (98). Accumulation of Gal-3 in the nucleus of cells treated with
leptomycin B suggested that nuclear export may be mediated by interactions with
exportin-1 (CRM1) (98).
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Studies of mutant proteins lacking the C-terminal 10 amino acids or with
site-directed mutations in the IXLT nuclear localization domain (residues 240-243
of the human protein), first found in the Drosophila protein Dsh (dishevelled),
suggest that IXLT sequence is critical for nuclear import (98). A leucine-rich
nuclear export signal in Gal-3 (residues 227-242 of the human protein) that
overlaps with the IXLT sequence has been reported to be important for nuclear
export (99). Another overlapping domain important for Gal-3 nuclear location
was identified at residues 223-228, and is similar to nuclear localization signal
domains of proteins such as p-53 and c-myc (100). Mutant Gal-3 (R224A) had
impaired nuclear translocation that was dependent on expression of importin-β
and accelerated degradation (100).

In human breast cancer cells, rapid secretion of Gal-3 could be induced by
incubation with fetuin or by loss of cell anchorage suggesting that secretion was
regulated by adhesive processes (101, 102). Gal-3 facilitated its own uptake in
the macrophage-type cells by mechanisms not entirely clear but dependent on the
N-terminal domain (97). One possibility proposed is that endocytosis of Gal-3
results from its clustering and activation of cell- surface integrins that induces their
translocation (40, 95).

Interactions of Gal-3 in the nucleus and cytoplasm have been recently
reviewed (19). In the nucleus Gal-3, acts as a pre-mRNA splicing factor and is
associated with ribonucleoprotein complexes (103–106). Nuclear Gal-3 interacts
with Gemin4 (107, 108). Sufu (Suppressor of fused) that is a negative regulator
of the Hedgehog pathway apparently can bind to Gal-3 in both the nucleus and
cytoplasm, and can act to prevent its nuclear localization (109). In the cytoplasm
Gal-3 can inhibit apoptosis (14, 15, 110, 111), induce AKT phosphorylation
leading to the inactivation of GSK-3β and increased nuclear levels of β-catenin
degradation and induction of Wnt signaling (69, 112–115), and can interact with
activated GTP-bound K-Ras (116, 117).

Cytoplasmic Gal-3 also functions in the carbohydrate-dependent apical
sorting of proteins. A prototypical characteristic of epithelial cells is polarization
of the plasma membrane into apical and basolateral surfaces. Apical sorting
of proteins can occur through utilization of sphingolipid/cholesterol-enriched
membrane microdomains (lipid rafts) or through non-raft mechanisms, and the
carbohydrate-dependent apical sorting of non-raft dependent proteins by Gal-3
has been demonstrated (45, 46, 96). Both Gal-3 and apical glycoproteins were
identified in high molecular weight clusters that formed minutes after exit of the
trans-Golgi network in polarized epithelial cells suggesting that multimerization
of the glycoproteins was mediated by the N-terminal domain of Gal-3 (45).

To investigate cellular uptake and subcellular localization, we labeled Gal-3
and Gal-3C with fluorescein isothiocyanate (FITC) and analyzed the intracellular
localization of Gal-3C-FITC and Gal-3-FITC in MDA-MB-435 cancer cells using
confocal microscopy. TheMDA-MB-435 cells were incubated with Gal-3C-FITC
and Gal-3-FITC for 2 hours, washed with 50 mM lactose, and then imaged. As
shown in Figure 3 below, localization of both proteins was seen primarily in the
cytoplasm with lesser intensity fluorescence observed associated with the nuclei.
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Figure 3. Images from confocal microscopy of MDA-MB-435 cells after
incubation with Gal-3-FITC (A) and Gal-3C-FITC (B). More intense fluorescence
is associated with the cytoplasm than the nucleus in cells treated with either
Gal-3- or Gal-3C-FITC, although the difference in intensity between the two
cellular locations is somewhat more dramatic with Gal-3-FITC. In addition, the
cells incubated with Gal-3C-FITC have a more rounded shape and fewer cellular
processes are apparent compared to the cells incubated with Gal-3-FITC. (see

color insert)

Interestingly, the cells incubated with Gal-3C-FITC were more rounded in
shape and had fewer cellular processes compared to the cells incubated with Gal-
3-FITC. This is consistent with the role of Gal-3 in promoting cellular adhesion
by increasing binding to ECMmolecules, expression of integrins, and remodeling
of the actin cytoskeleton (9, 118–121).

To determine if Gal-3C was endocytosed by the MDA-MB-435 cells, flow
cytometry was performed before and after washing the cells with PBS containing
50 mM lactose to remove cell surface lectin, treating with trypsin, and washing
twice again with 50 mM lactose. The results showed that Gal-3C was internalized
by the cells (Figure 4A), and that the endocytosis of Gal-3C-FITC could be
inhibited by the presence of 50 mM lactose demonstrating the carbohydrate
dependence of uptake (Figure 4B).

To ascertain whether Gal-3C-FITC could be secreted after being endocytosed,
the MDA-MB-435 cells were incubated with Gal-3C-FITC for 2 h, washed,
and then fixed or not, followed by a second 2-h incubation period. The results
(Figure 4C) demonstrated that without fixation, the levels of Gal-3C-FITC
were significantly reduced in this time frame suggesting that the internalized
FITC-labeled Gal-3C was secreted by the cells. Some of the decrease in
Gal-3C-FITC could be due to intracellular degradation. However, this is likely
to be a slow process as a previous study examining both the cell-associated
and protein secreted by Madin-Darby canine kidney cells showed using 35S
labeled-Gal-3 that only about 15% of the protein was degraded intracellularly in
24 h (93).
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Figure 4. Uptake of Gal-3C-FITC by MDA-MB-435 cells. (A) Cells were
incubated with Gal-3C FITC for 2 hours after which they were analyzed by
flow cytometry. The two histograms on the right are cells washed with or
without 50 mM lactose following the incubation with Gal-3C-FITC. Control
cells are represented by the histogram on the left. (B) Lactose inhibits uptake
of Gal-3C-FITC. The histogram on the right is MDA-MB-435 cells after

incubation with Gal-3C-FITC or Gal-3C-FITC containing 50 mM lactose for 2
h. The lactose inhibited the uptake of Gal-3C-FITC. The farthest left histogram
represents the control cells. (C) Endocytosed Gal-3C FITC is secreted. The
histogram on the far right is for cells incubated with Gal-3C-FITC for 2 h,

followed by two washes with PBS, then fixation. The middle histogram represents
cells treated in the same manner, followed by room temperature incubation for
2 h, two washes, and then analysis without fixation. The histogram on the far
left represents control cells. Endocytosis of Gal-3C-FITC is inhibitable by filipin
(D) Gal-3C-FITC uptake by MDA-MB-435 cells in the presence or absence of

filipin at 10, 15, or 20 μg/ml after incubation for 2 h.

We next investigated whether uptake of Gal-3C-FITC might occur via
caveolae. One pathway for endocytosis is through caveolae that are membrane
invaginations, and there are data suggesting that uptake of Gal-3 occurs through
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these invaginations (95). We tested whether treatment with filipin, an inhibitor of
caveolae (122, 123), could block the uptake of Gal-3C-FITC. As filipin exhibited
some degree of toxicity at higher concentrations, only viable cells were analyzed
based on co-staining with propidium iodide. As shown in Figure 4D, our results
indicate that filipin, an inhibitor of caveolae, reduced uptake of Gal-3C-FITC
in a dose-dependent manner, and suggest that in MDA-MB-435 cells the major
pathway for this uptake is through a caveolae-dependent mechanism. This result
is consistent with the filipin-mediated inhibition of Gal-3 endocytosis that was
previously observed in breast cancer cells (95).

A recent detailed analysis of uptake of Gal-3 and the Gal-3 CRD (amino acids
114–250) clearly revealed that more than one type of cellular uptake of Gal-3 can
occur. Study of human THP-1 monocytic cells differentiated into naïve (M0),
classical (M1) or alternatively activated (M2) macrophage-like cells revealed that
in M1 cells Gal-3 uptake was carbohydrate independent and inhibited only by
chlorpromazine which uncouples clathrin-dependent uptake, or by interference
with the N-terminal domain of Gal-3, while in M2 cells uptake was carbohydrate-
dependent but also involved the N-terminal domain (97).

The data we have presented suggest that cellular localization, and
carbohydrate-dependent secretion, and endocytosis of Gal-3C are quite similar
to some reports on Gal-3 (92, 93, 95, 102) but differ from a finding that
the N-terminal domain is critical (124). However, nuclear localization of an
N-terminally truncated form of human Gal-3 was previously reported (95).

Our data (Figure 4C) demonstrating uptake of Gal-3C FITC followed by its
apparent rapid secretion by MDA-MB-435 cells are similar to results in the study
of macrophages showing galectin-3 is rapidly endocytosed and is not degraded
but rather enters a pool of intracellular recycling Gal-3 (97). In previous work,
we found the elimination half-life of 35S-labeled Gal-3C in the serum and cellular
fraction of the blood to be 3 and 4.3 h, respectively (1). However, some results
show that Gal-3C may be longer-lived in some intracellular compartments (86),

Caveolins aremembrane scaffold proteins of caveolae that play a role in signal
transduction. We performed confocal microscopy on MDA-MB-435 cells that
had been incubated with Gal-3-FITC and Gal-3C-FITC and immunostained for
caveolin-1 (Figure 5). The results show that Gal-3- and Gal-3C-FITC can be
detected in both the cytoplasm and the nucleus of the cells (Figure 5A), whereas
caveolin-1 was much more highly-associated with the cytoplasm (Figure 5B),
such that the cytoplasm is yellow-colored in the merged image and the nuclear
localization of Gal-3C-FITC is revealed by the green-tint of the nucleus (Figure
5C).

Abundant expression of caveolin-1 in the cytoplasm of the MDA-MB-435
cells concurrent with the presence of exogenous Gal-3-FITC and Gal-3C-FITC
(Figure 5) is in accord with the previously reported functional interaction
of caveolin-1 with Gal-3 to stabilize focal adhesion (FA) kinase within FAs
promoting their disassembly and turnover in MDA-MB-435 cells (120). In
differentiated thyroid cancer where Gal-3 is recognized as the single most accurate
marker, Gal-3 and caveolin-1 were found function synergistically to promote FA
signaling and cell migration (125).
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Figure 5. Confocal photomicrographs of MDA-MB-435 cells growing on
microscope slides and incubated with Gal-3 (A-C) or -3C (D-F) labeled with

FITC (green) or stained with antibody to caveolin-1 (red). Yellow/green overlays
of the FITC and caveolin-1 images (C, F) are also shown. The FITC-labeled
Gal-3 and -3C are clearly observed in cell nuclei and cytoplasm. Caveolin-1 is

localized in the cytoplasm. (see color insert)

In terms of biodistribution of exogenous Gal-3C, our previous data showed
that in mice there is greater localization in the liver, kidneys, and spleen compared
to the heart or lungs (1). Recently, it has been shown that Gal-3 is present in human
seminal plasma and that prostate specific antigen (PSA) which is a Zn2+-sensitive
chymotrypsin-like serine protease secreted by prostatic epithelium that normally
functions in liquefaction of semen after ejaculation, cleaves Gal-3 between T107
and G108 yielding Gal-3C (83). Furthermore, T107 previously was shown to be
phosphorylated by c-Abl and dephosphoryated by PTEN, and phosphorylated T107
was found to be resistant to PSA cleavage (4, 16). Interestingly, both the 1-
107 and the 108-250 (Gal-3C) amino acid fragments, unlike full-length Gal-3,
inhibited chemotaxis of cultured prostate cancer cells and capillary tube formation
of HUVEC cells (4). The data imply that in addition to the levels of PSA that are
used as a prognostic indicator in prostate cancer, the ratio of phosphorylated to
dephosphorylated Gal-3 might be used as a complementary value to that of PSA
for prognosis of prostate cancer. The fact that Gal-3C is produced in vivo in some
human prostate cancer patients indicates that the protein is unlikely to be highly
immunogenic which is relevant to its therapeutic utilization.
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Does the expression of galectin-3 in cancer support development
of galectin-3C as an anticancer agent?

Gal-3 has been found to be overexpressed in many types of cancer including
thyroid, melanoma, colon, gastric, renal, and non-small cell lung cancer. Analyses
of Gal-3 expression revealed significantly higher levels in serum (126, 127) and
urine (128) of patients with various types of cancer including bladder, lung, breast,
gastrointestinal, ovarian, cervical, bladder, melanoma, and Hodgkin’s lymphoma.

Correlations of Gal-3 expression with stage and/or metastatic potential
of several types of cancer have been reported. There is good evidence that
cytoplasmic Gal-3 expression is anti-apoptotic and that its cytoplasmic expression
in some types of cancer increases drug resistance (129, 130). In addition, there
are data suggesting that at least in some types of cancer, such as prostate, tongue,
and melanoma, nuclear Gal-3 inhibits tumor promotion which is increased upon
its translocation to the cytoplasm (14, 131, 132).

Lung cancer which is the second leading cause of cancer among men and
women in the USA, is categorized into small cell (SCLC) and non-small cell
lung cancer (NSCLC). SCLC often is already metastatic when diagnosed and
although responsive to initial chemotherapy, resistance often develops upon
relapse. Although NSCLC is less likely to have metastasized before presentation,
it is also less sensitive to chemotherapy. Immunostaining revealed the expression
of Gal-3 to be markedly different in SCLC and NSCLC carcinomas, with only
minimal or absent expression in SCLC specimens suggesting that Gal-3 may be
important in the response of lung tumors to chemotherapy (133). Examining Gal-3
immunoexpression in 94 NSCLC cases revealed that survival was significantly
increased among patients whose tumors did not express Gal-3 (134). Also, a
recent study in 320 NSCLC patients found that those with the A or AA genotype
at a single nucleotide polymorphism (SNP) site in Gal-3, rs4652 (Gal-3 +292
A>C), that changes the threonine at residue 98 to a proline (98 Thr to 98 Pro) had
significantly longer survival than those with the CC genotype (76).

Gal-3 binds to colon cancer mucin in a manner that can be significantly
inhibited by desialylation (135). Immunohistochemical staining for Gal-3 in 117
primary lesions and 16 liver metastases of colorectal cancer revealed greater
expression than in normal mucosa. Increased levels of Gal-3 expression in
the primary lesions were correlated with progression of clinical stage, liver
and lymph node metastasis, and venous invasion (136). Groups with strongly
positive galectin-3 expression have a significantly poorer prognosis in terms of
disease-free survival invasion (136, 137).

The use of Gal-3 expression as a marker of malignancy is gaining credibility
in thyroid cancers (138, 139). More than 30 recent studies have shown that Gal-3
is highly expressed in papillary thyroid cancer compared to relative to normal
thymocytes (140). Gal-3 is more highly expressed in early stages of papillary
carcinoma, and its expression intensity decreases during tumor progression (141).
Cytoplasmic galectin-3 expression was observed in papillary thyroid (82%),
follicular (33%), medullary (9%) carcinomas but not in anaplastic carcinomas.
Galectin-3 nuclear expression was observed in papillary thyroid (62%) and
follicular carcinomas (33%) but not in medullary, anaplastic carcinomas (115).
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Primary lesions of papillary carcinoma with metastasis expressed higher levels of
Gal than those without metastases, but the expression of Gal-3 was significantly
decreased in metastatic lesions in the lymph nodes compared with primary lesions
(142).

Immunohistochemical analysis of 98 human breast lesions showed the
expression of Gal-3 was significantly down-regulated in ductal carcinoma in situ
and in invasive ductal carcinoma, particularly when infiltrating axillary lymph
nodes (143). Examination of Gal-3 mRNA expression in breast tumors and
xenografts revealed elevated levels and protein in the luminal epithelial cells of
normal and benign ducts, decreased expression in low grade ductal carcinoma
in situ, and re-expression in peripheral tumor cells in invasive carcinoma (144).
Comprehensive expression profiles using breast tumor tissue microarrays found
that the nuclear expression of Gal-3 in luminal epithelial cells correlated with a
shorter overall survival in a subset of patients (145).

Median levels in the urine of ovarian cancer patients were ~2-fold (P = 0.003)
and 10-fold (P = 0.008) higher than in urine of the healthy controls (128). A recent
ovarian study that analyzed the expression of Gal-3 by immunohistochemistry
in 71 patients (54 serous, 13 endometrioid,and 4 mucinous ovarian carcinomas)
found that there was shorter progression free survival of patients with high levels
compared to those with low levels (146).

Hoyer et al. found overexpression of Gal-3 in specific B-cell neoplasms,
diffuse large B-cell lymphoma (DLBCL), primary effusion lymphoma (PEL), and
multiple myeloma (MM) (13). Overexpression of Gal-3 in Burkitt lymphoma cells
increased resistance to Fas-mediated apoptosis, and Gal-3-positive PEL cells that
were genetically modified to express an N-terminally truncated Gal-3 similar to
Gal-3C were more sensitive to induction of Fas-dependent apoptosis (13).

The bone marrow microenvironment provides a sanctuary for multiple
myeloma cells and chronic myelogenous leukemia (CML) cells. Gal-3 was
upregulated by co-culture of CML cells with HS-5 bone marrow stromal cells,
and Gal-3 overexpression promoted the long-term lodgement of CML cells in the
bone marrow (147).

The location-dependent functionality of Gal-3 adds to the challenge in
correlating its expression with tumorigenicity and metastasis. However, the
levels of extracellular Gal-3 are the subject of studies of its serum levels. Serum
levels of Gal-3 are significantly higher in melanoma patients compared to
healthy volunteers (148), and melanocytes accumulate galectin-3 with tumor
progression (149). Serum levels in patients with thyroid tumors (150), pancreatic
carcinomas (150), head and neck squamous cell carcinomas (151), breast and
colorectal cancers (152) were elevated compared to healthy controls. Patients
with hepatocellular carcinoma (HCC) had higher serum levels of Gal-3 compared
to those with chronic liver disease, and a higher expression of nuclear Gal-3 in
the tumors was correlated with markedly worse prognosis (153).

In summary, the complexity of the localization and distribution of Gal-3
increases the difficulty of correlating its expression with the occurrence and
progression of cancer. Nonetheless, there are compelling data showing that
the expression of Gal-3 in the cytoplasm and extracellularly increases in many
types of cancer, and that the regulated localization of Gal-3 plays an important
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role in tumorigenicity and metastasis which supports Gal-3 as a target for
cancer therapy. Our data regarding Gal-3C indicate that it can be localized in
a carbohydrate-dependent manner similar to some of the localization of Gal-3,
including apparent transport into the nucleus. Further study is required to
elucidate the relationship between the subcellular localization of Gal-3C and
efficacy in cancer.

What is the role of galectin-3 in metastasis? Will galectin-3C be
therapeutic for cancer as an anti-metastatic agent?

An early observation in the galectin field was that many tumor cells express
galectins on their surface that could be cross-linked by exogenous glycoproteins
and then aggregate tumor cells and lead to tumor metastasis (154). The finding
that hematogenous cancer metastases originate from intravascular growth of
endothelium-attached rather than extravasated cancer cells highlights the key
role of tumor-endothelial cell interactions in cancer metastases (155). The
report that this critical interaction is mediated by Gal-3 provides one rationale
for targeting it in inhibition of metastasis (156). Altered glycosylation of
glycoproteins and glycolipids is one of the molecular changes that accompany
malignant transformation (157). Tumor growth and metastasis was suppressed in
mice deficient inbeta-1,6-N-acetylglcosaminyltrasferase V (Mgat5), an enzyme
that catalyzes the addition of 1,6GlcNAc to form tri- and tetra antenna-like
oligosaccharides that are often modified further to form polylactosamines that are
high affinity ligands of Gal-3 (158–160).

Gal-3 binds to a number of glycosylatedmolecules that are strongly implicated
in carcinogenesis, tumorigenicity, angiogenesis and/or metastasis such as laminin
(161, 162), carcinoembryonic antigen (CEA) (163), Thomsen-Friedenreich (TF)
antigen (156, 164), Mac-2-binding protein (8, 37, 165), lyosome-associated
membrane proteins (LAMPS) (166), and integrins including α1β1 (38), α5β1
(40, 43), and α5β3 (3), α3β1 (121, 167, 168). Gal-3 can promote α5β1 integrin
remodeling in FA (43), and has been found to modulate the expression of integrins
(118). We showed that Gal-3C can inhibit αvβ3 integrin clustering on human
umbilical cord vascular endothelial cells (HUVEC) (2).

Mucins (MUC) are largemembrane-bound or secretedO-linked glycoproteins
that protect and lubricate the luminal surfaces of ducts (169). MUC1, MUC4,
and MUC16 (formerly CA-125) have been shown to be aberrantly overexpressed
in various malignancies including cystic fibrosis and cancer. MUC1 binds to
Gal-3 (170, 171), and this interaction facilitates enhanced homotypic aggregation
of cancer cells and increases their survival in anchorage-independent conditions
(172). Gal-1 (173) and Gal-3 (174) have been reported to bind MUC16 that is a
prognostic indicator in ovarian cancer (175, 176) and is important in adhesion of
ovarian cancer cells (177).

The interaction of surface Gal-3 with serum glycoproteins appears to promote
aggregation of tumor cells in circulation (178). Blocking the adhesive interactions
of cancer cells facilitates a type of apoptosis induced by loss of cell anchorage that
is termed anoikis. By inducing homotypic aggregation and, thereby, protecting
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circulating cells from anoikis, Gal-3 plays a role in the survival of tumor cells
until arrival and establishment at distant metastatic sites (8).

We tested the ability of Gal-3C to facilitate anoikis that was induced in two
cancer cell lines by culturing them on polyHEMA-coated tissue culture dishes
to prevent cell adhesion. To prepare the dishes, PolyHEMA (Sigma Aldrich, St.
Louis, MO) was solubilized in methanol (50 mg/ml), and then diluted in ethanol to
10 mg/ml, and 4-ml of the solution was used to coat 100-mm petri dishes followed
by drying in a biosafety cabinet with two repetitions. The cells (1.5 × 106) were
cultured for 3 days on the polyHEMA-coated dishes with media containing Gal-
3 or Gal-3C. The data (Figure 6) demonstrated that Gal-3C increased and Gal-3
reduced anoikis in both cell types. These results illustrate in vitro one type of effect
that Gal-3C is expected to produce in vivo by increasing the anoikis of metastatic
cancer cells by reducing either cell-cell or cell-ECM adhesion.

There is evidence that other galectins, such as Gal-1 (179) are tumorigenic.
Being composed of the Gal-3 carbohydrate recognition domain, Gal-3C could be
viewed as a “pan galectin inhibitor” because it has more affinity for some cancer-
associated carbohydrates than most galectins. For example, Gal-3C has reportedly
more affinity for LacNAc2, (KD = 4.8 µM), LacNAc3, (0.87 µM) and LacNAc5,
(0.43 µM) than Gal-1 (KD = 50, 45, and 39 µM, respectively) and has similar or
more affinity than Gal-8 (KD = 3.5, 9.6 and 1.6 µM, respectively) (28). The TF
antigen (Galβ1-3GalNAcα1-O-Ser/Thr) is the main glycan on O-linked mucins
that are common in tumor-associated glycosylation – occurring in over 90% of
cancers. The affinity of Gal-3 for the TF antigen was recently shown to be more
than 2 orders of magnitude higher than that of Gal-1 (180).

Expression of recombinant Gal-3 in weakly metastatic fibrosarcoma cells
resulted in an increased incidence of experimental lung metastases in syngeneic
and nude mice (181). Increased expression of Gal-3 from antisense DNA in
human colon cancer cells also increased metastases, and a reduction in Gal-3
expression was associated with decreased liver colonization and spontaneous
metastasis in athymic nude mice (182).

Modified citrus pectin (MCP) is a high molecular weight naturally-occurring
complex carbohydrate that is thought to bind to and thereby inhibit galectins and
especially Gal-3 (183). MCP blocked vascular endothelial growth factor (VEGF)-
induced migration of multiple myeloma cells, and inhibited metastasis in several
mouse models of cancer (183–186). Inclusion of inhibitors of Gal-3 such as MCP
or antibody to TF-antigen or Gal-3, in solution with DU-145 human prostate and
MDA-MB-435 cancer cells blocked more than 90% of their deposition 3 h after
injection in the tail vein of mice (164) Upregulation ofMMP-1 byGal-3 apparently
facilitates cell motility (187, 188).

In a recent in vitro analysis, we found that 2.0 µg/ml Gal-3C inhibited more
than 60% of the chemotaxis of U266 multiple myeloma cells stimulated by the
chemokine, stem cell-derived factor(SDF)-1α in vitro (2). Our previous in vivo
studies with Gal-3C revealed promising anti-metastatic activity in a xenograft
MDA-MB-435 model of human breast cancer (1). Nude mice were treated with
Gal-3C after MDA-MB-435 mammary fat pad tumors were palpable (>100 mm3).
Gal-3C was administered twice a day by i.m. injection of a dose of 5 mg/kg for
90 days and controls (n = 20) received vehicle only. Tumor volume (W2 × L/2,
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whereW is the smallest dimension) was assessed weekly with calipers. Metastases
were analyzed microscopically at autopsy by fluorescence imaging and by (H
and E) analysis of paraffin-embedded tissues. Eleven out of twenty control mice
compared to only four of the twenty mice in the Gal-3C group developed axillary
lymph node metastasis (p = 0.022).

Figure 6. Anoikis (apoptosis induced by loss of cell anchorage) in MDA-MB-435
(A) and MDA-MB-231 (B) cells cultured on plates coated with polyHEMA.

Polyhema-induced anoikis was inhibited by galectin-3 (1 µg/ml) and increased
by galectin-3C (1 µg/ml). Apoptosis was detected as fluorescence of a substrate
of caspase 3/7 using a kit available from Promega. Graphs represent duplicate
wells with SD. Similar results were obtained in separate experiments and other

cell lines.
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We postulate that another mechanism whereby Gal-3C can inhibit chemotaxis
of cancer cells and metastasis is by inhibiting the activation of integrins and
turnover of FAs. A wide array of dynamic morphogenetic processes including
cell adhesion and migration are regulated by integrin signaling. Galectins
bind the N-glycans of some integrins and have been described as regulating
integrin-mediated adhesion to the ECM (38, 121). FAs are bidirectional sensors
that are thought to enable cells to integrate intracellular and extracellular cues to
respond appropriately to their environment. Recent data show that the galectin
lattice alone can induce turnover of FAs. Gal-3 and tyrosine phosphorylated
caveolin-1, which is expressed by plasma cells (189), can interdependently
promote tumor cell migration (120, 190). Gal-3, the MGAT5/Gal-3 lattice,
and tyrosine phosphorylated caveolin-1 act together via integrin aggregation to
regulate FAs and induce cell migration (3, 120, 121, 167, 190).

FAs mediate the interaction between ECM and cytoskeletal proteins leading
to actomyosin contraction and actin polymerization that are required for cell
migration and that play important roles in metastasis. Integrin clustering induces
autophosphorylation of FA kinase, which forms a high affinity binding site
for SH2-contining protein such as the Src family kinases, PI3K, Grb7, and
phospholipase Cγ. Activation of FAK and PI3K leads to F-actin instability and
the translocation of integrins to fibrillar adhesions (40). Recent data show that the
promigratory activity of Gal-3 is dependent on activation of PI3K (191).

Investigation of the relationship between the adhesive and migratory potential
of human ovarian cancer cells on laminin fibers in vitro showed that the extent
of directed migration was dependent on cell polarity and FA expression, and
that weakly adherent cells were more metastatic (192). These data highlight the
potential significance of Gal-3 in regulating metastasis since it is thought to play
an important role in cell adhesion, cell polarity, and the turnover of FAs (43, 96,
102, 120, 130, 172, 191, 193, 194).

Silencing expression of Gal-3 in animal models of cancers such as in
prostate (195) and breast (196) reduced tumor growth and metastasis. However,
results apparently contradictory to postulated roles for Gal-3 in cancer were
obtained when galectin-3(-/-) mutant mice were crossed with genetic mouse
models of intestinal cancer, ApcMin and Apc1638N, and a mouse mammary
gland model, PyMT. Gal-3 was not a rate-limiting factor in tumorigenicity in
these mice (197). This very likely was due to activity of other members of
the galectin family, and the more than 1.3 fold up- or down-regulation of the
expression of 22 glycosyltransferases (55). Gal-3 expression was significant in
a study of the susceptibility to lung cancer induced by a powerful carcinogen,
4-(methylnitrosamino)-1-(3-pyridyle)-1-butanone (NNK) which revealed a
decrease (28.6 vs 52.1%, P < 0.05) in tumors in Gal-3-/- deficient compared to
wild-type (Gal-3+/+) mice at 32 weeks (198). In addition, a recent study in a
B16F1 model of melanoma revealed that lung metastases were 5-fold lower
(P<0.05), and the average metastatic colony size was less (P<0.05) in Gal-3(-/-)
mutant mice compared to WT mice (199).

The data described above provide striking evidence of the important role
of Gal-3 in the process of metastasis, and the potential therapeutic effect of
inhibiting metastasis with Gal-3C. However, despite its centrality in the lethality
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of most cancers there is no precedent for the development of a therapeutic agent
that specifically acts by inhibition of the metastatic process. Nonetheless, given
its importance in malignancy the potential to develop an inhibitor of metastasis
must not be casually ignored. In any case, due to its novelty the development of
an anti-cancer agent that is purported to act primarily as an inhibitor of metastasis
could present unique challenges in clinical development.

How does galectin-3 affect the development of tumors and does
galectin-3C have potential for inhibition of solid tumor?

Gal-3 has been shown to be important in a number of signal transduction
pathways that are critical in cancer and tumorigenicity as has been described in
a number of recent reviews (129, 200–202). There is direct evidence that Gal-3
is required for expression of the transformed phenotype of tumors. Inhibition of
Gal-3 expression caused breast carcinoma and thyroid papillary carcinoma cells to
lose the transformed phenotypes in cell culture (196, 203). Transfection of Gal-3
cDNA into a normal thyroid follicular cell line induced a transformed phenotype
(204).

Gal-3 is thought to inhibit apoptosis at multiple sites (11, 205, 206) and
has been reported to affect the extrinsic mitochondria-independent pathway of
apoptosis induced by extracellular ligand binding and activation of caspase-8
(13, 207), and the intrinsic intracellular pathway mediated by the release of
cytochrome c (111, 208, 209). Even though Gal-3 is not a member of the Bcl-2
family, it contains the NWGR motif at residues 180-183 that is conserved in the
BH1 domain of the bcl-2 family, and it has 48% sequence similarity with Bcl-2
(205). Substitution of the G182 residue with A in the NWGR motif abrogates its
antiapoptotic activity (11, 12).

A close correlation has been found between the expression of Gal-3,
malignancy, tumorigenicity and K-Ras that is the most frequently mutated of
the Ras (H, N and K) genes in human cancers. These Ras proteins bind guanine
nucleotides and when in the activated GTP-bound state, activate effectors such
as Raf and PI3K that regulate cell proliferation, differentiation, and death.
Interaction of S6 phosphorylated Gal-3 in the cytoplasm with K-Ras stabilizes its
active GTP-bound form (67, 116, 210).

Aberrant activation of the wingless-type(Wnt) signal transduction pathway
that results in gene transcription by beta-catenin is thought to play a central
role in the biology of cancer, and to be affected by Gal-3. Beta-catenin shuttles
between the nucleus and the cytosol depending on its phosphorylation state, and
the stimulation by beta-catenin of expression of cyclin D1 and c-myc has been
shown to be dependent on Gal-3 (113). More recent data show that inhibition of
Wnt-2 and Gal-3 synergistically induced apoptosis in colorectal cells (114), and
suggested that Gal-3 mediates Wnt signaling at least partially by preventing the
degradation of beta-catenin (112).

Both the EGF and the TGF-β1 receptors are crosslinked at the cell
surface by Gal-3 binding to Mgat5-modified N-glycans on the receptors, and
delaying constitutive endocytosis (160). VEGF-A and its receptors, particularly
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the glycoprotein VEGF receptor 2 (VEGF-R2) are critical for induction of
angiogenesis.Interaction on the cell membrane between Gal-3 and VEGF-R2 was
found to be dependent on the expression of Mgat5, and knockdown of either
Gal-3 or Mgat5 increased the level of internalized VEGF-R2 indicating that Gal-3
clustering of the VEGF-R2 facilitates angiogenic signaling also by reducing
its constitutive endocytosis (42). Gal-3 induces and inhibition of Gal-3 with
MCP or Gal-3C blocks capillary tubular formation of human umbilical vascular
endothelial cells (HUVEC) in vitro (2–4, 183). β-lactose and Gal-3C reduced
VEGF- and bFGF-mediated angiogenesis in vitro and the angiogenic response is
reduced in Gal-3 knockdown cells and Gal3(-/-) animals (3).

Avastin (bevacizumab), the first anti-angiogenic agent, is a recombinant
humanized monoclonal antibody approved for treatment of metastatic colorectal
cancer by the FDA in 2004, and later also approved for treatment of NSCLC,
metastatic renal cell cancer, and recurrent glioblastoma multiforme. It binds to
and neutralizes the activity of VEGF, thus, inhibits the activation of the VEGF
receptor. However, there are serious adverse side effects from bevacizumab
that include severe or fatal hemorrhage/ bleeding, wound healing complications,
gastrointestinal perforation, arterial thromboembolism, and congestive heart
failure (211). We postulate that Gal-3C may have a lower risk of adverse side
effects given its differing mechanism of inhibition of VEGF-mediated signaling,
the viability of Gal-3 knockout mice (212–214), and our lack of observation of
apparent adverse side effects in mice treated with Gal-3C (1). In addition, Gal-3C
may have advantages in reducing adverse side effects from chemotherapeutic
agents when used in combination therapies due to potential beneficial effects on
the fibrotic response from damage to internal organs including in the heart (20),
liver (215), lung (44), and kidney (216).

There have been several studies showing that inhibition of Gal-3 or of its
ligands reduced the growth of primary tumors. Treatment of nude mice in an
orthotopic xenograft MDA-MB-435 model of human breast cancer with 1%
modified citrus pectin in the drinking water from one week prior to until day 35
after injection ofMDA-MB-435 cells reduced tumor volume to 30% that of control
animals (183). Reduction in the expression of Gal-3 in PC-3 prostate cancer cells
by small interfering RNA (siRNA) inhibited cell migration and invasion, cell
proliferation, anchorage-independent colony formation. The average weight of
the PC-3 tumors with Gal-3 knockdown in nude mice was less than 40% that of
the controls (195). Knockdown of the expression of Gal-3 N-glycan ligands by
inhibition of Mgat5 with siRNA in human lung adenocarcinoma cells expressing
the CD133 stem cell marker reduced their growth in vitro and in xenografts (217).

We found that inhibition of Gal-3 by treatment with Gal-3C significantly
reduced average tumor volume in established MDA-MB-435 xenograft human
breast tumors in the study described above (1). At day 90, the mean tumor volume
of the treated mice was 49% that of the control group (P =0.003). In two treated
mice the tumor disappeared by the end of the study even though it was about
ten times the original size at day 40-60. We found that the elimination half-life
of Gal-3C was only 3 h in the mice and, therefore, with sustained delivery of
the protein that would maintain therapeutic concentrations of the protein it may
be possible to achieve a greater response in terms of effect on tumor volume.
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Subsequently using an osmotic pump for continuous delivery of Gal-3C in an
NOD-SCID subcutaneous model of MM, we showed that the average tumor
volume of the Gal-3C treated animals was only 13.5% that of the untreated
controls at day 35 (2).

In summary, there are numerous studies indicating that Gal-3 promotes
the growth of tumors and that inhibiting Gal-3 with agents such as MCP or
Gal-3C could have therapeutic anti-tumor effects (202). Most solid tumors are
treated by a combination of approaches including surgery, chemotherapy with
one or more agents, and/or radiation. There is evidence that Gal-3 increases
resistance to chemotherapeutic agents such as cisplatin, doxorubicin, etoposide,
and gemcitabine (129, 140, 218, 219). GCS-100, a form of modified citrus
pectin, overcame bortezomib resistance and enhanced dexamethasone-induced
apoptosis in multiple myeloma cells in vitro (186). Our data indicate that Gal-3C
can facilitate the in vivo anti-tumor effect of bortezomib in multiple myeloma
(2). Additional in vitro mechanistic and animal studies of combination therapy of
anti-Gal-3 agents with chemo- or radiotherapy are warranted and are expected to
provide relevant data regarding potential clinical application in treatment of solid
tumors.

Conclusion

There have been a number of studies indicating that Gal-3 plays a dynamic
role in the processes of tumorigenesis and metastasis, and showing that inhibitors
of Gal-3 such as MCP or Gal-3C could have important therapeutic potential
in cancer. Although much has been learned in the last decade about the effect
of Gal-3 in cancer that is thought to be dependent on its variable localization,
phosphorylation, enzymatic digestion, concentration, and the concentration of its
ligands, there are aspects of the biology that remain to be more fully elucidated
(16, 74, 92, 220, 221). These include how the localization and expression of
Gal-3 are regulated, and the relationship between and triggers for the signal
transduction cascades that involve Gal-3, which functions of Gal-3 are most
significant in vivo, and to what extent inhibitors of Gal-3 will be therapeutic as
single agents and in combination therapy in human cancer. There are challenges in
designing experiments to elucidate the role of Gal-3 as it affects both extracellular
interactions of cancer cells with the microenvironment, as well as intracellular
functioning of oncogenes, regulation of cellular polarity and migratory potential,
and inflammatory signaling.

Overall, the data show that Gal-3 has a complex, multi-faceted role that
is critical in the relationship between cells of various malignancies and their
microenvironment. Inhibiting Gal-3 directly such as with Gal-3C is expected
to produce differing therapeutic effects compared to inhibitors of a single
downstream effector such as PI3K (222) that is increasingly recognized as a
target for cancer therapy (223). Based on endogenous expression in humans,
preliminary animal experiments, the body of data regarding Gal-3 knockout
mice, it is expected that Gal-3C will have a relatively low profile of adverse side
effects. These facts together with the novelty of its mechanism of action as an
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inhibitor of Gal-3, the similarity to Gal-3 in its biodistribution, its potential to
directly inhibit metastasis which plays such a profound role in most cancers, and
promising preliminary data in xenograft models of breast cancer and multiple
myeloma strongly support further development of Gal-3C as a clinical candidate
for cancer treatment.
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Chapter 13

Angiostatic Cancer Therapy by Targeting
Galectins in the Tumor Vasculature

Iris A. Schulkens,1 Arjan W. Griffioen,1 and Victor L. Thijssen*,1,2

1Angiogenesis Laboratory, Department of Radiation Oncology and
Medical Oncology, and VU University Medical Center, De Boelelaan 1118,

1081 HV Amsterdam,The Netherlands
2Department of Radiation Oncology, VU University Medical Center,

De Boelelaan 1118, 1081 HV Amsterdam, The Netherlands
*E-mail: v.thijssen@vumc.nl

Tumors depend on a functional blood supply to grow and to
facilitate metastasis. Therefore, tumors induce the growth of
novel blood vessels from pre-existing capillaries, a process
known as tumor angiogenesis. Interfering with this process
is considered a promising cancer therapy. Recent studies
indicate that galectins are involved in tumor angiogenesis and
that they might provide opportunities for angiostatic cancer
therapy. Here, we review the current knowledge regarding the
expression and function of galectins in the tumor vasculature
and their role in tumor angiogenesis. Strategies to interfere with
galectin function for anti-angiogenesis therapy are discussed
and the application of galectin-targeting strategies for targeted
drug delivery, diagnostic imaging, and drug-sensitization are
described.

Tumor Angiogenesis

The human vasculature is the biological infrastructure that facilitates the
transport of nutrients, gasses and cells throughout the body. It consists of a
complex network of blood vessels with an estimated length of approximately
100000 km (60000 miles). Already early during embryonic development, the
first vessels arise from endothelial precursor cells that organize into a primitive
network of small capillaries (1). This de novo formation of blood vessels, or

© 2012 American Chemical Society
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vasculogenesis, is followed by angiogenesis, a process by which new vessels
emerge from existing capillaries. Several variants of angiogenesis are known of
which sprouting angiogenesis is the most extensively studied and best understood
(2, 3). Sprouting angiogenesis involves a series of steps which starts with
the activation of endothelial cells (EC) in capillary vessels. The EC form
the inner lining of all blood vessels and their activation is induced by growth
factor signaling through specific receptors on the cell surface. Upon activation,
several proteases are activated that degrade both the basement membrane and the
extracellular matrix surrounding the EC. In addition, the EC become proliferative
and migrate into the surrounding tissue creating new tubular structures. These
premature growing vessels attract pericytes and smooth muscle cells for structural
support and eventually a functional mature vascular network is formed (2, 3).

Figure 1. Tumor angiogenesis Schematic representation of the different steps of
the angiogenesis cascade. First, tumor cells under metabolic stress, e.g. hypoxia,
secrete growth factors that activate endothelial cells in nearby capillaries (A).
The activated endothelial cells produce proteases which degrade the basal

membrane, accompanied by vessel dilatation and pericyte detachment (B). Next,
endothelial tip cells start to move in the direction of the growth factor gradient
(C). The continuous proliferating and migrating endothelial cells form tube-like
structures (D) which grow towards the tumor cells (E). Eventually the growing
sprouts anastomose and a functional vessel is formed by depositing a new basal
membrane and attraction of pericytes. This process will eventually allow the
tumor to grow and also will facilitate tumor metastasis (F). (see color insert)
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While angiogenesis is important during physiological processes like
embryonic development, wound healing and inflammation, it has also been
implicated in different pathologies including cancer (4). Tumors, like most other
tissues, rely on a continuous supply of nutrients and oxygen. To grow beyond a
few cubic millimeters in size tumor cells have to induce angiogenesis (5). Under
hypoxic conditions most tumors eventually undergo the so-called angiogenic
switch which results in the secretion of pro-angiogenesis growth factors. This
stimulates tumor angiogenesis which in turn allows expansion of the tumor mass
and facilitates tumor metastasis (Figure 1). Not surprisingly, it has been proposed
that interfering with tumor angiogenesis could provide an opportunity for cancer
therapy (6). Evidence has accumulated that galectins in the tumor endothelium
might provide opportunities for targeted cancer therapy (7).

Galectin Expression in the Tumor Endothelium

In normal, quiescent endothelial cells the mRNA expression of galectins
appears to be confined to galectin-1, -3, -8, and -9 (8–13) of which the latter
two have been described to be subjected to alternative splicing (12, 14–18). The
galectin proteins can be detected at the cell surface but have also been found in
the cell cytoplasm and the nucleus. This suggests a role for galectins in different
cellular functions in endothelial cell biology which is supported by the observation
that expression and localization of galectins changes in activated endothelial
cells (10, 12, 19). For example, we observed decreased numbers of galectin-8
and -9 positive endothelial cells in the vasculature of colon tumor compared
with normal colon (12). Additional data on the expression of these galectins in
endothelial cells is limited. Most other studies assessed the endothelial expression
and function of galectin-1 and/or galectin-3. We observed increased galectin-1
expression in activated EC of colon carcinoma, breast carcinoma and sarcoma
as compared with EC in normal tissue (13). Clausse et al. demonstrated that the
frequency of galectin-1 positive EC in primary prostate tissue sections increased
from 7% in non-tumor associated capillaries to 64% in capillaries localized in
tumor areas (9).

Galectin-1 expression was also found to be increased in oral squamous
cell carcinoma-associated EC compared to adjacent normal tissue (20), and
in head and neck carcinoma and lung cancer (10). Expression analysis of
galectin-3 in tumor EC mainly concerns brain neoplasms. Endothelial galectin-3
expression was shown to change from high in low-grade astrocytomas, to
intermediate in anaplastic astrocytomas, to low in glioblastomas (21). This
was confirmed by Strik et al., who observed a reduced number of galectin-3
positive EC in glioblastoma compared with low-grade and anaplastic astrocytoma
(22). In oligodendrogliomas, galectin-3 expression was also inversely related
to malignancy (23). On the other hand, in a murine model of hepatocellular
carcinoma, galectin-3 expression was approximately 30-fold increased in
tumor-derived EC compared with normal liver-derived EC (11).

Endothelial galectin expression has also been studied in relation to patient
survival. In 2008, D’Haene et al. evaluated the endothelial expression of
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galectin-1 and galectin-3 in patients with primary central nervous system
lymphomas. While they did not detect any endothelial expression of galectin-1,
they did find that elevated endothelial expression of galectin-3 was a prognostic
factor for poor survival (24). In contrast, Deininger et al. found that decreased
endothelial galectin-3 levels corresponded to shorter progression free and overall
survival in oligodendrogliomas (23), suggesting that the expression levels of
endothelial galectins are differently regulated depending on the tumor type or on
environmental conditions.

One of the determinants that can regulate endothelial galectin expression is
blood flow. Garcia-Cardena et al. showed that uneven flow dynamics, which
occur in the unorganized tumor vasculature, can affect endothelial galectin-3
expression (25). Other factors that influence the galectin expression in tumor
endothelial cells include extracellular matrix components and growth factors. For
example, Baum et al. observed increased galectin-1 expression on the surface
of cultured human aortic endothelial cells (HAEC) and human umbilical cord
endothelial cells (HUVEC) after stimulation with minimally oxidized low density
lipoprotein or with LPS and a mixture of cytokines, including IL-1β, TNFα and
IFNγ (8). Treatment of HUVEC with the pro-inflammatory cytokine IL-1β also
induced a 4-fold increased expression of galectin-3, thereby enhancing rolling
of eosinophils and adhesion to EC (26). In addition, incubation of HUVEC
and fibroblasts with conditioned media from prostate and ovary carcinoma cells
significantly increases galectin-1 expression (9, 27, 28).

This suggests that the environment of a developing tumor indeed may play
a role in regulating endothelial galectin-1 expression. In line with this, Glinskii
et al. and others demonstrated increased mobilization of galectin-3 to the cell
surface of metastasis-associated endothelium upon interaction with metastatic
breast carcinoma cells (29–31). Also the interleukin-8-induced adhesion of
neutrophils to Ea.hy926 endothelial cells markedly increased plasma membrane
and cytoplasmic galectin-3 expression in the EC, while it reduced nuclear
galectin-1 (32). In addition to growth factors and interacting cells, advanced
glycation end products (AGEs) have been shown to induce galectin-3 expression
in HUVEC and human micro-vascular EC (HMEC) (33, 34). While data on the
regulation of galectin-8 in EC is lacking, endothelial expression of galectin-9
mainly involves inflammatory and viral triggers (35–37). For example, galectin-9
expression was increased by stimulation of HUVEC with the pro-inflammatory
cytokine IFNγ (17, 38).

Altogether, these data show that multiple tumor-associated triggers can
affect the expression of galectins in the tumor endothelium and that changes in
endothelial galectin expression can be associated with disease outcome. Thus,
analysis of galectin expression in the tumor vasculature could be of diagnostic or
prognostic value.

Role of Endothelial Galectins in Tumor Angiogenesis

The previous sections show that different galectins are expressed by tumor
endothelial cells and that this expression can be regulated by multiple triggers.

236

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
D

ec
em

be
r 

19
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
01

3

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



The functional consequence of this expression regulation has been subject to
many studies. As evident from the other reviews in this issue, galectins exert
a variety of activities in cell biology. They have been shown to be involved in
cellular processes like proliferation (39, 40), migration and adhesion (39, 41), cell
transformation (42), apoptosis (39, 43) and mRNA splicing (44). Consequently,
they are likely involved in the progression of various cancer types, as their
expression is increased in e.g. melanoma, glioma, colon, prostate and head
and neck cancer (reviewed by (45, 46)). For example, endothelial galectin-1
might contribute to tumor progression by modifying the antitumor response, e.g.
by inducing apoptosis in activated T-cells (43) and reducing the recruitment
of lymphocytes and neutrophils to the endothelium (47, 48). Additionally,
endothelial galectin-1 and -3 have been shown to mediate heterotypic cancer cell
adhesion, thereby potentially facilitating tumor metastasis (9, 30, 31). Here, we
will only focus on the role of endothelial galectins in tumor angiogenesis.

There is ample evidence that galectins are involved in angiogenesis. We have
shown that endothelial galectin-1 expression is required during the proliferation
and migration of HUVEC in vitro (13). Hsieh et al. confirmed increased
proliferation, migration and adhesion of HUVEC by galectin-1, which was shown
to be mediated by interaction with neuropilin-1 and activation of VEGF-R2
signaling (20). Moreover, adding recombinant galectin-1 to EC cultures induces
tube formation (49) as well as EC proliferation and migration (50). In fact,
galectin-1 secreted by tumor cells can be taken up by EC, resulting in enhanced
angiogenesis (50). A key role of galectin-1 in tumor angiogenesis in vivo was
confirmed in galectin-1-null (gal-1-/-) mice. Gal-1-/- mice that were injected with
teratocarcinoma cells displayed significantly abrogated tumor growth compared
to wild-type mice, which was caused by decreased vascularization of the tumor
(13). Similar results were obtained using other tumor models (50).

Galectin-3 has also been shown to be involved in angiogenesis. It
dose-dependently stimulates the proliferation and tube forming capacity of
cultured EC (51, 52). Stimulation of HUVEC with either exogenous galectin-3
or in the presence of conditioned medium from a galectin-3 secreting cell line
resulted in increased tube formation (53). Moreover, nude mice that were injected
with galectin-3 expressing cells or recombinant galectin-3 showed increased
vascularization (53). Yang et al. demonstrated that galectin-3 significantly
enhances HUVEC invasion and tube formation, which was thought to be mediated
by aminopeptidase N (APN / CD13). APN is located on the endothelial cell
surface and binds to galectin-3 in a carbohydrate dependent manner. Knockdown
of APN reduced invasion and tube formation, and galectin-3 could no longer
induce both processes (54). The involvement of galectin-3 in angiogenesis in vivo
was also revealed in a mouse corneal micro-pocket assay by Markowska et al.
(55, 56). Stimulation with galectin-3 resulted in increased angiogenesis, which
required both the C- and the N-terminal domain of the protein. Furthermore,
VEGF- and bFGF-mediated angiogenesis was reduced in galectin-3-null mice.

Integrin αvβ3 was thought to be involved in the angiogenic activity of
galectin-3, since anti- αvβ3 integrin antibodies inhibited galectin-3 mediated
angiogenesis (55). More recently, Markowska et al. showed that galectin-3
induces phosphorylation of VEGF-R2 and retains VEGF-R2 on the plasma
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membrane of EC (56). While all these findings indicate a role in angiogenesis,
Eude-Le Parco et al. did not see any difference in the occurrence or progression
of spontaneous tumor models in galectin-3 deficient mice compared to normal
mice (57). This highlights the necessity for further studies to determine the exact
role of galectin-3 in tumor angiogenesis.

Angiogenic properties of galectin-8 were recently reported by Delgado et al.
Bovine aortic EC (BAEC) and human micro-vascular EC cultured on matrigel
supplemented with galectin-8 showed significantly increased tube formation (16).
Exogenous galectin-8 also stimulated BAEC migration, whereas knockdown of
endogenous galectin-8 hampered capillary formation andmigration of BAEC (16).
Furthermore, galectin-8 was shown to induce angiogenesis in vivo in a matrigel
plug assay. The angiogenic properties of galectin-8 were mediated by CD166, as it
was demonstrated that anti-CD166 antibodies hampered galectin-8 induced BAEC
migration and tube formation (16). The potential role of galectin-9 in angiogenesis
is still unresolved.

In summary, endothelial galectins appear to be involved in cell function
during angiogenesis, both in vitro and in vivo. However, the exact role of all the
galectins in tumor angiogenesis is not completely understood and further studies
are required. Nevertheless, interfering with endothelial galectin function might
provide an opportunity to perform angiostatic cancer therapy.

Targeting Endothelial Galectins for Diagnosis or Therapy

Several targeting strategies have been applied to block galectin function,
including the use of antibodies, carbohydrates, and proteins. These different
strategies have shown that targeting galectins can affect tumor progression at
multiple levels by interfering with tumor angiogenesis, tumor immune escape and
metastasis formation (7). Again, here we will only discuss the effects of targeting
endothelial galectins on angiogenesis.

Targeting endothelial cells with galectin blocking antibodies has been shown
to efficiently reduce their angiogenic capacity. For example, incubation with
polyclonal anti-galectin-1 antibody was shown to inhibit migration of EC in vitro
(13). In addition, this antibody reduced angiogenesis in vivo in a chorioallantoic
membrane (CAM) assay (13). Blocking galectin-3 with polyclonal antibody
decreased capillary tube formation by HUVEC (53) and was shown to hamper
angiogenesis in vivo in the ischemic rat brain (52). These results suggest that
targeting galectins with antibodies is a good strategy to interfere with endothelial
cell function. However, Fukushi et al. demonstrated that anti-galectin-3 antibody
did not affect matrigel-, laminin-, or fibronectin-induced transwell migration of
EC (58). Apparently the effect of galectin-targeting antibodies is dependent on the
context and the type of assay in which they are used. Furthermore, the effect of
blocking antibodies might depend on the binding site on the galectin, e.g. near the
carbohydrate binding pocket or at the site responsible for di- or oligo-merization.

Another approach used to target galectins involves blocking the carbohydrate
recognition domain with competing carbohydrates. An example of a simple
competing carbohydrate is lactose. This compound was shown to inhibit

238

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
D

ec
em

be
r 

19
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
5.

ch
01

3

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



galectin-mediated HUVEC migration and capillary tube formation (16, 20, 53).
However, lactose binds to multiple galectins with only low affinity, making it
less appropriate for therapeutic applications. Another more potent disaccharide
inhibitor is thiodigalactoside (TDG) which was shown to impair both galectin-1-
and galectin-8-mediated tube formation (16, 49). Thiodigalactoside also inhibits
EC proliferation and migration in vitro (16, 49). In vivo, intra-tumor treatment
with TDG dose-dependently inhibited tumor growth in melanoma and mammary
carcinoma mouse models (49).

Moreover, immunohistochemical staining of sections from TDG-treated
wild-type tumors revealed that the number and diameter of the blood vessels
was markedly reduced. On the other hand, tumor cells that were depleted of
galectin-1 displayed hampered growth in these mice and additional treatment with
TDG no longer affected the tumor growth, suggesting that TDG impairs tumor
progression by inhibition of galectin-1 in tumor cells. This was supported by
the observation that in galectin-1 knock out tumors no significant differences in
tumor vascularization were observed after treatment with TDG (49). Rabinovich
et al. designed three synthetic lactulose amines (SLA) derivatives that were found
to differentially inhibit the binding of galectin-1 and -3 to the highly glycosylated
90K. In addition, the compounds selectively inhibited EC tube formation on
matrigel (59). Thus far, the antitumor activity of these compounds has not been
tested which is also true for two taloside compounds that bind to the carbohydrate
recognition domain of galectin-1 and -3 and that might be used for inhibiting
these galectins (60).

A more complex galectin-binding carbohydrate that has been shown to have
anti-tumor activity is a modified form of citrus pectin (MCP). Galectin-3-induced
endothelial tube formation was considerably reduced by MCP (53). In addition,
MCP prevents the binding of galectin-3 to HUVEC and blocks the galectin-3-
induced chemotaxis of these cells (61). Finally, MCP was shown to impair tumor
vascularization in vivo resulting in hampered tumor growth (61).

While targeting galectins with carbohydrates show promising results, a more
specific way of galectin-targeting might be achieved by peptides and proteins.
In search for peptides with angiostatic properties, the synthetic 33-mer peptide
anginex was found to inhibit EC migration, proliferation and sprouting in vitro
(62). In addition, anginex inhibits angiogenesis in vivo and hampers tumor
growth in mice models (62, 63). Using yeast-two-hybrid analysis galectin-1 was
identified as the main receptor of anginex (13). This was confirmed in galectin-1
deficient mice, in which tumor angiogenesis could no longer be inhibited by
anginex treatment (13). Further studies showed that anginex also inhibits
galectin-1-mediated membrane translocation of activated H-Ras in endothelial
cells which could account for the inhibitory effects on cell proliferation (50).
More recently it was suggested that binding of anginex affects the carbohydrate
binding affinity and specificity of galectin-1 (64) which might be exploited for
future therapeutic applications.

Apart from galectin-binding peptides, dominant negative isoforms of
galectins have also been described to possess angiostatic activity. For
example, a N-terminally truncated form of galectin-3 (galectin-3C), which
retains its carbohydrate binding capacity but lacks the ability to cross-link
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carbohydrate-containing ligands on cell surfaces and ECM, acts as a
dominant-negative inhibitor of full-length galectin-3 function by competing
with its carbohydrate binding ability (55, 65). Unlike full-length galectin-3,
galectin-3C fails to induce HUVEC migration and network formation in vitro and
angiogenesis in vivo (55). In tumor models, treatment with galectin-3C inhibits
tumor growth although a direct link with angiogenesis was not presented (65,
66). Nevertheless, the development of additional dominant negative isoforms
of e.g. galectin-1 might provide novel therapeutic opportunities. Altogether,
different strategies have been developed to interfere with galectin function during
angiogenesis (summarized in Table 1). While pre-clinical data are promising the
evidence for therapeutic efficacy in patients is still lacking. At present it is difficult
to determine which strategy will be most effective and it cannot be excluded that
combining different approaches might lead to the most potent therapy.

Table 1. Stimulatory effects of galectins on different steps of the angiogenic
cascade and potential inhibitors

Inhibitors1

Process Stimulatory
galectins

knock-
down2

anti-
body

carbohydrate peptide/
protein

Activation gal-1, gal-3 Lac Ax

Migration3 gal-1, gal-3,
gal-8

gal-1,
gal-8

gal-1 Lac, TDG Ax, Gal-3C

Proliferation gal-1, gal-3 gal-1 TDG Ax

Sprouting gal-1, gal-3 gal-3

Tube
formation3

gal-1, gal-3,
gal-8

gal-8 gal-3 Lac, TDG,
SLA, MCP

Ax, Gal-3C

Angiogenesis
in vivo

gal-1, gal-3,
gal-8

gal-1 gal-1,
gal-3

MCP Ax, Gal-3C

1 Lac = lactose, TDG = thiodigalactoside, SLA = synthetic lactulose amines, MCP =
modified citrus pectin, Ax = anginex.
2 Either by siRNA of antisense oligo’s.
3 Inhibitory effects influenced by the type of adhesive matrix used in the assay.

Apart from direct therapeutic applications, targeting the endothelial galectins
could also be used for e.g. specific delivery of anticancer drugs or for molecular
imaging of tumor angiogenesis, an emerging diagnosticmethod (67). For example,
fluorescently labeled anginex specifically homes to the tumor vasculature (63),
and Brandwijk et al. showed that anginex-conjugated liposomes specifically bind
to and are taken up by cultured HUVEC (68). Interestingly, anginex-conjugated
paramagnetic liposomes showed increased contrast in MRI, indicating that
anginex might be used for diagnostic imaging applications (68). Indeed, Kluza
and colleagues recently demonstrated that conjugating paramagnetic liposomes
to both anginex and RGD-peptide (targeting integrin αvβ3) enhanced the uptake
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by HUVEC and significantly inhibited EC proliferation (69). This dual-targeting
approach could be used for both therapeutic and diagnostic applications by
loading these nanoparticles with e.g. MRI contrast agents. Moreover, treatment
of melanoma MA148 tumor-bearing mice with anginex that was conjugated to
the cytotoxic drug 6-hydroxypropylacylfulvene (HPAF) inhibited tumor growth
significantly more than equivalent doses of either compound alone (70).

Microvessel density was still reduced by the conjugate, indicating that
the conjugate does not affect the angiostatic properties of anginex (70). More
importantly, the conjugate showed less toxicity compared to the unconjugated
HPAF (70).

Another indirect application of targeting endothelial galectins appears to
involve sensitization to cytotoxic therapies. For example, Mirandola et al.
observed that treatment with galectin-3C enhanced the antitumor activity of
bortezomib in a xenograft mouse model of human multiple myeloma (65).
Targeting galectin-3 with MCP and Lac-L-Leu sensitized murine angiosarcoma
cells for the cytotoxic drug doxorubicin (71). In addition, mice that were grafted
with melanoma cells transfected with anti-galectin-1 siRNA displayed increased
sensitivity for the autophagic drug temozolomide (72). This is in line with findings
of Le Mercier et al., who demonstrated that decreasing galectin-1 expression in
a xenograft mouse model of glioblastoma cells by in vivo siRNA delivery in the
brains, enhanced the therapeutic benefits of temozolomide (73). Finally, anginex
has also been shown to enhance the effect of different anti-cancer therapies
including cytotoxic therapy and radiation therapy (74, 75). Additional studies
suggested that this effect might be related to a transient normalization of the tumor
vasculature which temporarily enhances tumor perfusion and oxygenation (76).
Whether this is also true for other galectin inhibitors still needs to be resolved.

Taken together, galectin-targeted angiostatic therapy can directly affect tumor
progression but can also be indirectly exploited for targeted delivery of anticancer
drugs, for diagnostic applications, and for sensitization of tumor cells to cancer
treatment.

Summary and Future Perspectives

Here, we discussed the current knowledge regarding the expression and
function of galectins in the endothelium and their role in tumor angiogenesis.
Endothelial cells express at least four galectins, i.e. galectin-1, -3, -8, and
-9. Interestingly, the expression is affected by different triggers and additional
studies are required to unravel the underlying signaling pathways that regulate
the expression. In the tumor vasculature, galectin expression is predominantly
increased but the number of studies that specifically addressed galectin expression
in the tumor endothelium is limited. Future studies might give more insight in
the relation between vascular galectin expression and disease progression or
patient survival. An important observation is that endothelial galectins have been
described to facilitate key events of tumor progression, including angiogenesis.
Thus, interfering with galectin expression or function could provide a powerful
tool for anticancer treatment. Several compounds have been described that inhibit
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galectin function, including antibodies, carbohydrates, and small peptides. A
major future challenge will be to further develop these compounds for clinical
applications. Furthermore, preclinical studies with galectin-targeting compounds
suggest that endothelial galectins can also be used for e.g. targeted drug delivery,
diagnostic imaging applications, and enhancing the therapeutic benefits of
cytotoxic drugs. Especially the latter, i.e. combination therapy offers new
opportunities for cancer treatment and should be further explored. Eventually this
will lead to novel and better therapeutic modalities for cancer patients.
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Chapter 14

Galectins and Pathologies: Role of Galectin-3
in the Communication between Leukemia Cells

and the Microenvironment

Nora Heisterkamp,*,1 Fei Fei,1 and John Groffen2

1Section of Molecular Carcinogenesis, Division of Hematology/Oncology
and The Saban Research Institute of Children’s Hospital,
4650 Sunset Boulevard, Los Angeles, California 90027, USA

2Departments of Pediatrics and Pathology, Keck School of Medicine,
University of Southern California, Los Angeles, California 90033, USA

*E-mail: heisterk@hsc.usc.edu

Our recent studies in a tissue co-culture model have shown
that Galectin-3 is synthesized by both protective stromal cells
and by precursor B-lineage acute lymphoblastic leukemia
cells. Galectin-3 binds to the surface of these leukemia cells.
Also, these studies, and those of others in chronic myeloid
leukemia cell lines, show that drug treatment further increases
expression of endogenous Galectin-3, and that elevated
Galectin-3 levels protect leukemia cells. For therapeutic
purposes, therefore, blocking Galectin-3 binding or reduction
of Galectin-3 levels is an important goal. This may require
the development of inhibitors with (1) a long half-life, (2)
high specificity for Galectin-3 and (3) high affinity for its
carbohydrate recognition domain. Alternative approaches
include designing Galectin-3 inhibitors that are targeted to
specific cell types, or the identification and targeting of the cell
surface glycoproteins that regulate Galectin-3 biological effects.
This mini-review describes literature data on interactions of
extracellular Galectin-3 with glycoproteins on the cell surface
and their possible connection to leukemia as well as the
intracellular activity of Galectin-3, its possible regulation by
interactions with glycoproteins, and its effect on leukemia
cell resistance against therapeutic drugs. In vitro and in vivo
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experiments using Galectin blockers of a polysaccharide nature
(GM-CT-01 and GR-MD-02) are also reviewed. Based on
these data, it is reasonable to assume that interference with the
carbohydrate-binding activity of Galectin-3 in a wide range
of leukemias may be beneficial (1) as first-line treatment,
in combination with other drugs, to enhance anti-leukemia
activities (2) as a possible marker and contributor to the
persistence of leukemia cells in protective niches, and the
presence of minimal residual disease in the bone marrow (3) as
a method to modulate supportive cells in the microenvironment
of the leukemia cells, including bone marrow stromal cells.

Introduction

For successful utilization of a biomolecule as drug target in leukemia, the
relative importance of that molecule to leukemia cell survival, compared to its
functional significance for normal cells is a key consideration. In that respect,
Galectin-3 is an interesting but complex target with multiple domains, locations
and possibly functions. Galectin-3 is expressed in a number of different leukemias,
but immune cells and stromal cells, which may profoundly alter the way leukemia
cells respond to drugs, can also express Galectin-3. Thus, inhibition of Galectin-3
may have anti-leukemia effects through mechanisms other than direct effects on
the leukemia cells.

Interactions of Extracellular Galectin-3

Galectin-3 is found both extracellularly and intracellularly. It was originally
discovered as Mac-2, a cell surface marker on macrophages. Human Galectin-3
is a relatively small protein (30-35 kDa) that can be subdivided into N-terminal,
R (-Pro-Gly-Tyr-Repeat) and Carbohydrate Recognition (CRD) domains of
around 20, 100 and 130 aminoacids (1). High-affinity carbohydrate ligands
identified for Galectin-3 include tri-and tetra antennary N-linked glycans that
are N-acetyllactosamine modified on cell surface proteins. Galectin-3 only
recognizes glycans containing a polyLacNAc extension (2–4) and sialylation
of these glycans inhibits Galectin-3 binding (5–7). Interestingly, Galectin-3 is
unique among galectins in that it can form pentamers through its N-terminal
domain, which is located outside of the CRD. These Galectin-3 pentamers have
the ability to interact with multivalent cell-surface glycoproteins and through this
mechanism promote lattice formation and receptor clustering, crosstalk between
cell surface carbohydrate-modified integrins and signaling receptors; and promote
or prevent endocytosis of such molecules.

Thus, extracellular Galectin-3 is thought to mainly affect cell function through
its carbohydrate-binding activity and interaction with cell surface proteins,
forming lattices that can, for example, enhance residency at the cell surface.
However, the precise biological outcome of this interaction differs, depending on
the cell type and on the proteins with which it forms a lattice (5, 8). For example,
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Galectin-3 binding to the TGFβRII delays its constitutive endocytosis in murine
mammary epithelial tumor cell lines, resulting in attenuation of TGFβ-generated
signals (9). Interactions with the transferrin receptor CD71, the β1 integrin CD29
and the tyrosine phosphatase CD45 on T-cells promotes apoptosis (10), whereas
interactions with CD98 (slc3a2) promotes macrophage M2 polarization (11).
Thus, the signal generated by extracellular Galectin-3 depends on the presence
and modification of glycoproteins it interacts with on the cell surface.

Leukemia Drug Resistance

Leukemia cells are protected against many drugs through interactions with
their microenvironment, which consists of both the extracellular matrix and
cellular components. Protective effects of stromal cells to leukemia cells when
these are treated with drugs have been documented extensively by us in pre-B
acute lymphoblastic leukemia (ALL) (12–14) and have also been reported in
chronic myeloid leukemia (CML) (15), acute myeloid leukemia (AML) (16),
and in chronic lymphocytic leukemia (CLL) (17–20). The resistance to drug
treatment that this type of protection provides is named environmental-mediated
drug resistance (EMDR) (21–23). Meads et al (24) argued that EMDR is likely
to be a major source of relapse.

Leukemia cells make contact with the microenvironment through cell surface
structures of which the protein components have been the easiest to approach
experimentally and have therefore been the most well-studied. However, all cells
are covered by a dense network of glycolipids, glycoproteins, glycophospholipid
anchors and proteoglycans. The importance of these structures is illustrated
by the fact that more than 1% of the genome is involved in generating the
developmentally regulated and tissue-specific glycosylation characteristics of
each cell type (25).

Extracellular Galectin-3 and Leukemia

This dense layer of carbohydrates constitutes the “face” of the cell that
is presented towards the outside world and is the contact interface between
leukemia cells and the cells in the microenvironment that protect them.
Extracellular Galectin-3 is an important component of the microenvironment
of non-transformed cells, mediating cell migration, cell adhesion, and cell-cell
interactions through its carbohydrate-binding properties. Our data show that
human or mouse pre-B ALL cells communicate with protective stromal cells in
a tissue culture setting. These stromal cells secrete Galectin-3, which binds to
structures on the surface of the ALL cells. The Galectin-3 is internalized and this
appears to generate a signal in the ALL cells for the transcription, synthesis and
cell surface expression of Galectin-3. Moreover, the treatment of the ALL cells
with conventional (vincristine) or targeted (nilotinib) drug therapy at doses that
allows EMDR results in enhanced Galectin-3 production (Fei et al., manuscript
in preparation).
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Induction of Galectin-3 in leukemia through contact with the
microenvironment does not seem to be restricted to pre-B ALL. Recently,
Yamamoto-Sugitani et al reported that the co-culture of the CML cell line MYL
with the stromal cell line MS5, or adhesion to fibronectin, also significantly
induced the synthesis of Galectin-3 mRNA. Upon co-culture with MS5 stromal
cells, increased Galectin-3 protein was detected in three different CML cell lines,
in the T-cell leukemia cell line Jurkat, and in the myeloid leukemia cell line
HL60 (26).

In leukemias, different effects of extracellular stimulation through the addition
of Galectin-3 have been reported. For example, extracellular supplementation
with Galectin-3 did not affect the sensitivity of K562 or MYL cells to imatinib
or doxorubicin (26). In contrast, Suziki and Abe reported that Galectin-3 induced
cell death of the diffuse large B-cell lymphoma cell line HBL-2 (27).

Intracellular Galectin-3

In general, intracellular Galectin-3 is regarded as anti-apoptotic as shown in,
among others, in the CML cell line K562 treated with cisplatin or LY294002 (26,
28, 29). Treatment of K652 with different drugs in the absence of stroma also
induced increased Galectin-3 expression, and surviving cells contained elevated
Galectin-3 compared to the original cells. Overexpression of Galectin-3 in K562
or knockdown of Galectin-3 levels increased or decreased sensitivity to apoptotic
agents (28). Similar studies and results were reported in the CML cell line MYL
(26).

In some cell types, Galectin-3 was shown to inhibit ROS production
and prevent alteration of the mitochondrial membrane potential (26, 28–32).
The Galectin-3 CRD contains a Bcl2-homology domain (BH1) with the
conserved N180-W181-G182-R183 motif that mediates complex formation
with Bcl2 and protects cells from apoptosis. The same domain also mediates
Galectin-3-Galectin-3 homodimer formation and Galectin-3/Galectin-3 and
Galectin-3/Bcl2 interactions are specifically inhibitable by 25 mM lactose but not
sucrose (33). Thus, the interesting possibility exists that some of the intracellular
activities of Galectin-3 are also regulated by interactions of the CDR with
glycoproteins or other carbohydrate-bearing macromolecules.

Which Galectin-3 Function Should Be Aimed at
in Practical Therapy?

As briefly reviewed above, Galectin-3 has at least two locations and possibly
distinct functions that are relevant in the context of leukemia cell survival: a direct
anti-apoptotic effect inside the cell, which may be independent of glycan binding,
and a possibly indirect extracellular effect in modulating signal transduction
strength through carbohydrate-binding-dependent interactions.

Those therapeutics that interfere with the extracellular activities of Galectin-3
appear to be easier to target, and, based on our results in pre-B ALL, may be most
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relevant to the problem of environmental-mediated drug resistance and minimal
residual disease.

How To Use Galectin-3 as Drug Target?

Exposure of some cell types to extracellular Galectin-3 may cause apoptosis,
but available data for pre-B ALL and CML suggest that attenuation of the
extracellular effects of the Galectin-3 in the microenvironment may have clinical
benefit. As mentioned above, there are several theoretical ways to accomplish
this:

a. Approaches to prevent expression or activation of defined, critical poly
N-acetyllactosamine-modified cell surface glycoproteins with which
Galectin-3 interacts. In pre-B ALL cells this could include CD45,
CD43, integrin β1 or CD71, all of which are expressed on pre-B
ALL cells. Although this approach would allow a fine-tuning of the
effects of inhibition, it would require the precise identification of such
glycoproteins and the intracellular effects of Galectin-3 engagement.

b. Approaches to increase sialylation of poly N-acetyllactosamine-
modified cell surface glycoproteins with which Galectin-3 interacts,
through inhibition of extracellular sialidases, or the stimulation of
sialyltransferases. Sialydation is known to have a marked effect on the
ability of Galectin-3 to interact with cell surface glycoproteins [reviewed
in (6)]. However, currently, the targets for Galectin-3 binding that
confer a survival benefit to leukemia cells and can be blocked by their
sialylation are not known, nor have the sialyltransferases or sialidases
that would regulate this modification been precisely defined in leukemia
cells. That modulation of the sialylation can affect Galectin-3-mediated
functions is illustrated by the report of Suzuki and Abe, who increased
the pro-apoptotic effect of exogenously added Galectin-3 on the diffuse
large B-cell lymphoma cell line HBL-2 by pre-treatment with Vibrio
Cholerae neuraminidase (27).

c. Approaches to inhibit intracellular Galectin-3 protein production or
prevent extracellular secretion of the protein. The detailed knowledge
needed to manipulate these processes is not available.

d. Approaches to block the interaction of the CRD of Galectin-3 with
accessible polyLacNAC-extended glycans. This is the only approach for
which data are available.

To the best of our knowledge, the exact mechanism of action of such glycan-
based Galectin-3 inhibitors, or their fate in either a tissue culture setting or in
animals has not been documented. Those that bind to the CRD of Galectin-3
would be expected to sequester extracellular Galectin-3 produced by protective
stromal cells as well as by the leukemia cells, perhaps followed by enzymatic
degradation in the extracellular space. Alternatively, since Galectin-3 is able to
form multimers, it is possible that some of the Galectin-3 molecules bind the
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inhibitor, others bind to their natural ligands on the cell surface, and that this as a
whole is internalized as a large macromolecular complex. Finally, if glycan-based
inhibitors are internalized in a Galectin-3 independent manner, they could form
complexes with intracellular Galectin-3 and through this mechanisms block the
anti-apoptotic activity of Galectin-3 in leukemia cells when these are treated with
therapeutic drugs.

Evidence for Therapeutic Effect of Blocking the
Interaction of the CRD of Galectin-3 with
Accessible Polylacnac-Extended Glycans

a. In vitro

Exposure of pre-B ALL cells to chemotherapy (vincristine) or to targeted
drugs (nilotinib) in the presence of GM-CT-01 (also known as Davanat)
and GR-MD-02 (another polysaccharide), enhances the effect of the drugs
on cell proliferation and viability (Fei et al,, manuscript in preparation).
Yamamoto-Sugitani et al (26) reported that fractionated citrus pectin powder as a
Galectin-3 inhibitor caused cell death in MYL cells, in MYL cells overexpressing
Galectin-3, and in MYL cells treated with imatinib in the presence of MS5 stromal
cells in tissue culture. The modified citrus pectin GCS-100 has been described as
an inhibitor of Galectin-3 and was used to treat multiple myeloma cell lines and
primary patient samples in the context of drug resistance (34, 35).

b. In vivo

Few animal studies using anti-Galectin-3 reagents against hematological
malignancies have been published. Demotte et al (36) used GCS-100 to activate
tumor-infiltrating T-cells in a mouse transplant model of mastocytoma. The
C-terminal end of Galectin-3 showed anti-cancer activity alone and combined
with bortezomib in NOD/SCID mice transplanted with a human multiple
myeloma cell line (37). Interestingly, these authors mentioned that “the primary
activity of Gal-3C in vivo may be mediated by interactions involving the tumor
microenvironment rather than by direct cytotoxicity to the multiple myeloma
cells…”

Opportunities and Challenges

Based on the data described above, it is reasonable to assume that interference
with the carbohydrate-binding activity of Galectin-3 in a wide range of leukemias
may be beneficial 1) as first-line treatment in combination with other drugs, to
enhance anti-leukemia activities 2) as a possible marker and contributor to the
persistence of leukemia cells in protective niches, and the presence of minimal
residual disease in the bone marrow 3) as a method to modulate supportive cells
in the microenvironment of the leukemia cells including bone marrow fibroblasts.
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A formidable challenge is to effectively ablate Galectin-3 activity and/or
levels. As described in our in vitro studies, Galectin-3 is made by both protective
stromal cells and by pre-B ALL cells. Moreover, our data indicate it is secreted
by the stromal cells, and binds to the surface of pre-B ALL cells (Fei et al.,
manuscript in preparation). Finally, these studies, and those in the CML cell
lines, show that drug treatment increases endogenous levels of Galectin-3 even
further. The challenge will thus be to sufficiently block or diminish Galectin-3
as to achieve a biological effect in vivo. This may require the development
of inhibitors with 1) a long half-life, 2) high specificity for Galectin-3 and 3)
high affinity for its CRD. Alternative approaches could be to design Galectin-3
inhibitors that are targeted to specific cell types, or the identification of the cell
surface glycoproteins that regulate Galectin-3 biological effects.
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Chapter 15

Translational Rational for the Clinical
Development of OTX-008: A Novel Drug
That Inhibits Galectin-1 Expression in

Human Cancer Models

Eric Raymond,* Lucile Astrorgue-Xerri,
Maria Serova, Maria Eugenia Riveiro, and Sandrine Faivre

INSERM U728 and Department of Medical Oncology,
Beaujon University Hospital (AP-HP – Paris 7 Diderot), Assistance Publique
– Hôpitaux de Paris, 100 boulevard du Général Leclerc, 92110 Clichy, France

*E-mail: eric.raymond@bjn.aphp.fr

OTX-008 (a.k.a. PTX-008 and calixarene 0118, see Chapter 3)
is a first-in-class novel anticancer drug that binds to galectin-1
and reduces galectin-1 expression in cancer cells. Evidences
suggest that OTX-008 inhibits cellular proliferation and reduces
tumor angiogenesis in several human carcinoma models. Data
were provided during the last 10 years that galectin-1 might
play an important role in human tumors and, thus, galectin-1
inhibition with OTX-008 warranted to be evaluated in patients
with advanced malignancies. Based on its safe toxicology
profile, OTX-008 is currently tested in a Phase 1 clinical trial
in Europe.

Relevance of Galectin-1 as a Target for the Treatment of Cancer

Galectins are carbohydrate-binding proteins related to lectins that are defined
by their affinity for β-galactoside-containing glycans (1, 2). Galectin-1 as a
family member of this class of proteins plays multiple roles in various physiologic
and pathologic processes (3). Within the tumor microenvironment, galectin-1
was first described as a determinant factor in cancer cell adhesion (4) and in
cell-extracellular matrix interactions (5). Galectin-1 was also recognized to be
a multifunctional protein involved in different aspects of cancer progression

© 2012 American Chemical Society
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including cell proliferation (5), homotypic cell aggregation (6), migration (7, 8),
angiogenesis (9), and escape from immune surveillance (10, 11). When secreted
in the cellular microenvironment, galectin-1 may eventually dimerize and form
extracellular lattices with lactosamine-enriched N- and O-glycans, facilitating
growth factor/receptor signaling and cell/matrix interactions (3, 12). For instance,
interactions of extracellular galectin-1 with the neuropilin-1/semaphorin-3A
system have been shown to enhance VEGFR2 signaling and tumor angiogenesis
(7–9, 13–16). Galectin-1 may also have other functions when not excreted but
trapped into the cytoplasm and/or the nucleus of cancer cells (15). Studies have
shown that the cytoplasmic localization of galectin-1 facilitates the binding H-Ras
and increases Ras-GTP binding to the cell membrane, facilitating downstream
activation of Raf-1 and ERK1/2-dependent survival pathways (17–21).

Galectin-1 Expression in Human Carcinomas

Immunohistochemical studies from series of biopsy and surgical specimens
from patients with cancer have revealed that galectin-1 is frequently expressed in
cancer cells. Up-regulation of galectin-1 has been associated with poor clinical
prognosis and the presence of metastases in several malignancies (22–31) such
as hepatocellular carcinoma (27, 28), breast cancer (24), glioblastoma (8, 25),
neuroblastoma (29, 30), lung adenocarcinoma (7, 31), and head & neck squamous
cell carcinoma (23). The presence of galectin-1 in the cytoplasm of cancer cells
and in endothelial cells participating to tumor angiogenesis has suggested that
galectin-1 may have important function for cancer cell survival and tumor growth.

Galectin-1 as a ‘Drugable’ Target for Anticancer Agents

Galectin-1 has been early recognized as a potential target for cancer
treatments, and as such, several compounds have been designed to block its
intracellular and/or extracellular effects in tumor progression. Scientists at the
University of Minnesota and Maastricht University have designed a series of
synthetic peptides, which have been modeled to reproduce the 3-dimensional
β-sheet structure of platelet factor 4 and interleukin-8. Some of those peptides
were also shown to bind galectin-1 (8, 32). Anginex, a synthetic 33-amino
acid peptide βpep-25, was the first peptide designed to bind galectin-1 that
demonstrated cellular effects in cellular models. While the antiproliferative
effects of anginex in cancer cells was limited, anginex displayed antiangiogenic
effects by inhibiting proliferation, adhesion, and migration of tumor-activated
endothelial cells (33), yielding antitumor activity in the mouse B16 melanoma
model and in human ovarian carcinoma MA148 xenografts (34, 35).

Mechanistically, anginex functions in vitro as an anti-angiogenic agent that
specifically inhibits endothelial cells proliferation and angiogenesis. Anginex is
cytotoxic towards angiogenically-activated endothelial cells since it inhibits their
adhesion to the extracellular matrix, resulting in apoptosis and cell death. Thus, it
is likely that anginex interacts with endothelial (cell-surface) adhesion molecules
that are upregulated during endothelial cell proliferation. Using the mouse aortic

260

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

A
R

IZ
O

N
A

 o
n 

D
ec

em
be

r 
19

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 D

ec
em

be
r 

18
, 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
11

5.
ch

01
5

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



ring assay, significant inhibition of sprout formation in ex vivo models were
observed using anginex at relatively high concentrations (37). The activity of
anginex in tumor models in mice was found to be dose-dependent and primarily
mediated by angiogenesis inhibition, since microvessel density was significantly
decreased in treated tumors (13, 35, 36). Further studies into the structure-activity
relationships of anginex led to the design of a non-peptidic calixarene-based
compound 0118 (37) that was found to target galectin-1 (38).

Figure 1. Chemical formula of OTX-008. It is a N-(2-
dimethylamino)ethyl)acetamidyl calix[4]arene, hydrochloride salt of

937.2 molecular weight (free base).

PTX-008: A Drug That Inhibits Galectin-1 Expression in
Cancer Cells

Given the promising results obtain with anginex, a new generation of
compounds was specifically designed to improve specificity, increase affinity,
and optimize pharmacological properties. The antiangiogenic peptide anginex
was used as a model to design these non peptide compounds that approximate its
molecular weight, mimic its peptide hydrophobic and positively charged amino
acid composition, and its surface topology of the functionally critical β -sheet
conformation (34–37). One of these nonpeptidic topomimetics, OTX-008 (0118,
Figure 1), was shown to be a potent angiogenesis inhibitor in vitro, as well as in
vivo, recapitulating most of the effects of anginex on endothelial cell proliferation
and migration in in vitro experiments (37).

In our department, we completed the preclinical evaluation of OTX-008 to
focus on its direct effects on cancer cells. We found that OTX-008 displayed potent
antiproliferative effects on cancer cells in culture. Dose-dependent and duration-
of-exposure-dependent decreased galectin-1 expressions were observed in cancer
cells exposed to OTX-008 either in culture or in xenografts. Mechanisms by which
OTX-008 reduces galectin-1 expression remain unclear. No change in galectin-1
mRNAexpressionwas observed in cancer cells treatedwithOTX-008. However, a
significant increase in galectin-1 oxidation was observed in cells exposed to OTX-
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008, a mechanism that may facilitated proteasome degradation of galectin-1 in the
cytoplasm of cancer cells.

In cancer cells, exposure to antiproliferative concentrations of OTX-008
inhibited ERK1/2 and AKT dependent cell signalling. In cultured cancer
cells, the effects of OTX-008 were primarily ‘cytostatic’, OTX-008 inducing
a dose-dependent accumulation of cells in late G2 phase of cell cycle without
apoptosis induction. The antiproliferative effects of OTX008 were higher
in cancer cells with low levels of Gal-1 mRNA and protein expression and
high levels of epithelial differentiation markers such as E-cadherin, claudin-4,
keratin-8, and keratin-18. Conversely, cancer cells expressing high levels of
Gal-1 mRNA and protein and high levels of mesenchymal differentiation markers
such as vimentin, FGFR1, N-cadherin, ZEB1, and TWIST were markedly more
resistant to the antiproliferative effects of OTX008. In cultured cancer cells,
OTX-008 was also shown to closely mimic inhibition of galectin-1 by shRNA,
reducing migration and invasion in scratch test and matrigel assays, respectively.

Potential of OTX-008 in Combination with
Other Anticancer Drugs

Combination studies showed that OTX-008 displays at least additive, often
synergistic effects with several cytotoxic drugs, including cisplatin, oxaliplatin,
5-FU, gemcitabine and taxotere. PTX-008 also potentiated the antiproliferative
and antitumor effects of sunitinib in human tumor models. Those preliminary
evidences suggest that inhibition of galectin-1 using PTX-008 may improve
the antiproliferative effects of several anticancer drugs in clinical trials and that
modulation of galectin-1 may be used to enhance the activity of cytotoxic agents
and sunitinib (unpublished data from our laboratory).

Antitumor Effects of OTX008 in Mouse Models

In vivo, we showed that OTX008 displays antitumor activity in human
ovarian cancer models as well as human head & neck cancer xenografts and
murine melanoma. OTX008 treatment reduced Gal-1 expression, delayed tumor
growth, and inhibited the development of secondary tumors in SQ20B tumors
that develop subcutaneous metastasis. Staining of sections from OTX008 treated
tumors showed down-regulation of Galecin-1 expression, decreased tumor cell
proliferation, and inhibit angiogenesis and normalize tumor blood vessels. These
effects were similar to that observed in the SQ20B model using shRNA to
silence Galectin-1 protein. Preliminary PK assessments showed that OTX008
can be orally absorbed rapidly (Tmax 0.25 to 0.50 hr), reaching a Cmax of
4.66 µg/mL, then rapidly distributed through the body (distribution half-life of
32 min), and cleared from plasma with an estimated elimination half-life of
about 10 hr. Repeated dosing showed no drug accumulation, OTX008 being
still detectable in plasma after 24 hours. Interestingly, OTX008 accumulated
in tumor after repeated treatments. OTX008 levels in tumors reached Cmax at
0.5 hr, detectable drug level being still measureable in the tumor up to 24 hr
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after exposure. However, OTX-008 display poor oral bioavailability and other
routes of drug administration have been tested. As optimal antitumor effects
have been observed when cancer cells and tumor were protractedly exposed to
OTX-008, the subcutaneous administration was tested in animal studies. The
subcutaneous administration of OTX-008 was shown to be the most efficient to
provide tumor growth inhibition. Furthermore, the subcutaneous administration
of OTX-008 was well tolerated in animal. Therefore subcutaneous administration
of OTX-008 was further considered for clinical trials. The adverse effects of
OTX-008 were evaluated in 28-day repeated subcutaneous dose toxicity studies
with 14-day recovery in rats and dogs. The highest non-severely toxic dose or
maximally tolerated dose was 30 mg/kg/day in rats and 15 mg/kg/day in dogs.
Few non-specific inflammatory changes and edema were observed in the skin at
the injection sites, adjacent skin, and adjacent skeletal muscle on Day 28 at dose
≥5 mg/kg in female and 15 mg/kg in male.

Inhibition of Galectin-1 Using OTX-008 in Patients with Cancer

Based on strong preclinical evidence showing activity of OTX-008 in several
human cancermodels and its safe toxicity profile, amulticenter phase I clinical trial
has been started in February 2012 in Europe. This trial will investigate several dose
level of OTX-008 looking at pharmacokinetic and pharmacodynamic parameters
in human. In this study, OTX-008 is administered subcutaneously daily until tumor
progression to patients with advanced metastatic tumors that progressed under
prior treatment with registered therapies. So far, few patients have been treated
at the first dose levels of OTX-008 and only minor local inflammatory reaction at
the site of injection were reported. Subcutaneous injections at the first dose-levels
have yielded high plasma exposure, which is in the range of active concentrations
for sensitive human cancer cell lines. At this time, it is too early to comment on
the antitumor activity.

Conclusions and Perspectives

Galectin-1 is one of the most important lectins to date participating in the
malignant tumor development since its expression is upregulated in tumors and
is associated with poor prognosis. The antiangiogenic peptide anginex was used
as a model to design nonpeptidic compounds that approximate the molecular
dimensions of the peptide, its hydrophobic and positively charged amino acid
composition, and the surface topology of the functionally critical amphipathic
β-sheet conformation. OTX-008, one of these nonpeptidic topomimetics of
anginex, displays antiproliferative effects in cancer cells and shows potent
antiantiangiogenic effects in animal models. OTX-008 is currently investigated
in clinical trial.
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Improving the Clinical Efficacy of Cancer
Vaccines by Targeting Immune Suppression

in Human Tumors
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The identification of tumor-specific antigens recognized by
T lymphocytes on human cancer cells has elicited numerous
vaccination trials of cancer patients with defined tumor
antigens. These treatments have induced T cell responses
but have shown a low clinical efficacy in tumor-bearing
melanoma patients. Immunosuppression at the tumor sites
is the most likely explanation for the poor effectiveness of
cancer vaccines. Many researchers are trying to decipher the
underlying immunosuppressive mechanism. Galectin-3, a
lectin secreted by tumor cells and macrophages, plays a role
in the dysfunction of tumor-infiltrating T lymphocytes (TIL).
We have observed that human TIL, in contrast with CD8
blood cells, show impaired IFN-γ secretion and cytotoxicity.
TIL dysfunction correlates with the segregation of T cell
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receptor (TCR) and CD8 co-receptor at the T cell surface.
Treating TIL with soluble galectin ligands or an anti-galectin-3
antibody restored IFN-γ secretion, cytotoxicity and TCR/CD8
co-localization. Our working hypothesis is that TIL, having
been stimulated recently by their antigen, harbor a set of
glycans that contain numerous ligands for galectins, which
block their proper function. In agreement with this hypothesis,
we have recently observed that, compared to resting CD8 T
cell clones, the N-glycans of recently activated clones contains
more multi-antennary N-glycans and consists of longer LacNAc
chains. We propose that therapeutic vaccines combined with
soluble galectin ligands could reverse local immunosuppression
at the tumor site and may induce more tumor regressions in
cancer patients than vaccination alone.

Tumor Antigens Recognized by T Lymphocytes:
Targets for Therapeutic Vaccination?

In the sixties, mouse experiments demonstrated that tumors can alert immune
cells and that immune responses could be tumor-specific and protective (1, 2).
In the seventies, it was shown that antibodies and lymphocytes derived from
cancer patients preferentially recognize tumor cells versus normal cells (3, 4).
We had to wait for the early nineties for the first molecular identifications of the
antigens recognized by T lymphocytes on human and mouse tumors (5, 6). Since
then, various methods that combined immunological assays with genetic and
biochemical approaches result in a long list of defined human tumor antigens,
several of which are being tested as targets for immunotherapy (7).

CD8 cytolytic T lymphocytes (CTL) are important effectors in the anti-tumor
response. They recognize peptides derived from intracellular proteins. Their
T cell receptor (TCR) and co-receptor CD8 cooperate in the recognition of
antigenic peptides (8-11 amino acids long) presented at the cell surface by human
leukocyte antigen (HLA) class I molecules. We have identified antigens encoded
by human melanoma antigen (MAGE) genes that seem to be good candidates
for therapeutic vaccination of cancer patients. First, these antigens are strictly
tumor-specific, because the only normal cells that express the peptide-encoding
gene are located in testis and placenta, which do not bear HLA molecules on
their surface and therefore cannot present MAGE-derived antigens to T cells (8).
Second, MAGE genes are expressed in a significant percentage of tumors from
various histological types. Several families of genes with the same pattern of
expression – i.e. expressed in various tumors but silent in normal tissue (with
the exception of testicular and placental tissue) – have been identified: genes
MAGE, BAGE, GAGE, LAGE/NY-ESO-1, SSX (9, 10). We refer to them
as cancer-germline genes. Several of these genes have been shown to encode
antigenic peptides recognized by T cells on tumors (previously reviewed in 7).

The first therapeutic vaccinations with MAGE antigens started in 1994.
Various vaccines have been used in small clinical vaccination trials: peptides
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and proteins with or without adjuvants, viruses containing antigen-coding
sequences, antigen-presenting cells loaded with antigens (11–17). Patients with
non-small-cell lung, esophageal, bladder and head and neck carcinoma as well as
melanoma have been vaccinated (18).

Large clinical vaccination trials with a recombinant MAGE-3 protein mixed
with an adjuvant are also ongoing. Based on encouraging results in Phase II
trials in patients with metastatic melanoma (NCT00086866) and in patients
with completely resected non-small cell lung cancer (NCT00290355) (19), a
randomized, double-blind Phase III trial was initiated in 2007 in patients with
MAGE-A3-positive stages IB, II, and IIIA non-small cell lung cancer, and has
recruited more than 2,000 patients (MAGRIT Phase III trial, NCT00480025).
The objective of this trial is to investigate the efficacy of the vaccine administered
after tumor resection for preventing cancer relapse. Another Phase III trial has
enrolled 1,389 patients with resectable regionally advanced melanoma (DERMA
Phase III trial, NCT00796445). Disease-free survival in the overall patient
population is the primary endpoint.

Does Therapeutic Vaccination of Melanoma Patients
Induce Tumor Regression?

Clinical Responses

Most of our small clinical vaccination trials enrolled patients with metastatic
melanoma. Different immunization modalities, mostly with MAGE-A3-derived
products, have already been tried (15, 20, 21). We have not observed significant
toxicity. About 10 to 20% of vaccinated melanoma patients experienced
regression of metastatic lesions. This frequency is far beyond the reported
incidence of spontaneous regressions of melanoma metastases, estimated at
0.2-0.3%, strongly suggesting that these regressions are linked to the vaccinations.
However, only 5% of the patients experience a true clinical benefit. Some of the
remissions have lasted for several years.

Immune Responses

The first attempts to detect anti-vaccine T cells in the blood of vaccinated
patients were disappointing, even in patients with complete responses. A sensitive
approach was developed that was based on in vitro restimulation of blood
lymphocytes, in limiting dilution conditions, with the antigenic peptide, followed
two weeks afterwards by labeling of T cells with fluorescent HLA-peptide
tetramers. Tetramer-positive cells were cloned and the clones were analyzed for
cytotoxicity. Their diversity was analyzed by TCR (T cell receptor) sequencing
(22, 23). The first surprise was the low levels of anti-vaccine T cell response found
in several of the patients who displayed tumor regression after the vaccinations,
usually between 10-5 and 10-6 of anti-vaccine T cells among the blood CD8 T
cells. Whether new vaccination modalities that induce much higher frequencies
of blood anti-vaccine T cells would lead to increased tumor regression is unclear
as yet. Despite the fact that these responses were often weak, in the case of
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the MAGE-3.A1 antigen, they were observed mostly in patients who had tumor
regression (15, 24, 25).

How can we explain that such low numbers of anti-vaccine T cells in
vaccinated patients can trigger tumor rejection responses? To answer that
question, the immune response of a vaccinated melanoma patient who experienced
complete regression of numerous skin metastases was evaluated in detail. Pierre
Coulie and colleagues evaluated the frequencies not only of the “anti-vaccine”
T cells, which recognized the MAGE vaccine antigen, but also of all the
“anti-tumor” T cells. To this end, blood lymphocytes were restimulated in
vitro in limiting dilution conditions with autologous tumor cells, followed 2-3
weeks afterwards by cytolysis assays using autologous tumor cells as targets.
The frequency of these “anti-tumor” T cells, which recognize all possible
tumor-specific antigens on the tumor, was evaluated at 3x10-4 of the blood T cells
before vaccination and at 3x10-3 after vaccination. Their diversity was analyzed
by TCR sequencing. The same anti-tumor T cells were found in the blood and in
different metastases. For some of them, frequency at the tumor site reached 10-1
of the T cells present. In contrast, no anti-vaccine T cells were detectable before
vaccination and, after vaccination, frequency was around 3x10-6 of the blood
CD8 T cells. They concluded that anti-vaccine T cells showed only a modest
enrichment in the tumor site as compared to the blood, while some anti-tumor T
cells showed an enrichment of several hundredfold (26–28).

A Scenario To Explain the Low Level of Clinical Responses

Analyses of the T cell responses of melanoma patients are in favor of the
following scenario. Most melanoma patients produce a spontaneous T cell
response against melanoma tumor antigens at a relatively early stage of the
disease, e.g. primary tumor or early metastatic tumor. These T cells can eliminate
some tumors at an early stage, but often they do not succeed in eliminating the
tumor and they become dysfunctional. Thus the tumors of the patients about to
receive the vaccine already contain dysfunctional T cells directed against tumor
antigens. Presumably this “anergy” is maintained by immunosuppressive factors
present in the tumor. A few patients show tumor regression following vaccination
because some T cells generated by the vaccine penetrate inside the tumor,
attack some tumor cells and succeed in reversing the local immunosuppression,
possibly by releasing cytokines or chemokines or by reactivating effective
antigen-presenting cells. This reactivates the anergic T cells located inside the
tumor and elicits or attracts new anti-tumor T cells. These T cells then proceed to
eliminate the tumor cells. Most patients however do not show tumor regression
because the immunosuppressive environment immediately overwhelms the few
anti-vaccine T cells that reach the tumor.

Accordingly, the crucial difference between the responding and the
non-responding patients is probably not the intensity of their direct T cell response
to the vaccine but the intensity of the immunosuppression inside the tumor. It
is now clear that current cancer vaccines are safe, but lead to clinical responses
only in a small minority of patients (27, 29–31). It is therefore important to know
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which immunosuppressive mechanisms operate in human tumors if we want to
improve the clinical efficacy of cancer vaccines.

Immune Suppression in Tumors

Ongoing Clinical Trials Aimed at Counteracting Tumor Immunosuppression

We would like to briefly summarize several ongoing clinical efforts to
neutralize immunosuppressive mechanisms potentially at work in tumors
[reviewed elsewhere (27, 32–37)]. Our intention is not to be exhaustive but to
give a flavor of the ongoing strategies.

Tumors can recruit suppressive cells, such as regulatory T cells, which can
inhibit the function of the effector tumor-infiltrating T cells. Different treatments
aimed at reducing the number of CD25+ regulatory T cells were administered to
cancer patients: cyclophosphamide, anti-CD25monoclonal antibody Daclizumab,
and Denileukin diftitox (Ontak®), an engineered protein combining IL-2 and
diphtheria toxin (38–40). There is so far no report and no documentation of a real
Treg depletion, as defined by a decreased frequency of CD4+CD25+ T cells with
a demethylated intron 1 of FOXP3 (40, 41).

Tumor-infiltrating T cell function can be affected metabolically by limiting
their access to essential amino-acid such as tryptophan and arginine [reviewed
elsewhere (33, 42)]. Breakdown of tryptophan inside tumor cells, expressing
indoleamine-2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase (TDO),
results in the consumption of available tryptophan in the local tumor environment
and thus in deprivation of this essential amino-acid for the T cells (43, 44). A
Phase I Study of an IDO inhibitor, 1-methyl-D-tryptophan (D-1MT) is ongoing in
patients with solid tumors (NCT00739609).

In vitro, the active forms of TGF-β, which can be produced by tumor cells or
immune cells, are classically described as immunosuppressive and are considered
as attractive therapeutic targets (45–48). However, considering the indirect
pleiotropic roles of TGF-β, it is difficult to evaluate its impact on the function of
tumor-infiltrating T lymphocytes (TIL). Phase I clinical trials with neutralizing
anti-TGF-β antibodies Infliximab and GC1008 are ongoing in cancer patients.
High-grade glioma patients have been treated in Phase I and II clinical trials with
an antisense compound (Trabedersen), which targets mRNA encoding TGF-β2
for sequence-specific degradation. A Phase III trial is ongoing (49).

Effector cells may become “exhausted” through inappropriate stimulation or
by chronic stimulation. Several inhibitory receptors that could down-modulate
TIL activation upon antigen recognition have been considered as markers of
dysfunctional or exhausted T cells. CTLA-4 molecules, expressed on T cells, can
compete with CD28 for the binding to CD80/86, expressed on antigen-presenting
cells and, consequently, prevent recruitment of PKC-θ at the synapse and T
cell activation (50). Anti-CTLA-4-blocking monoclonal antibodies Ipilimumab
and Tremelimumab have already been tested in many clinical trials (51–59).
The U.S. Food and Drug Administration (FDA) and the European Agency for
Medicines (EMA) approved Ipilimumab in 2011 for treatment of metastatic
melanoma patients. Adverse events can be severe, long-lasting, or both, but
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most are reversible with appropriate treatment (51, 60). PD1 receptor becomes
phosphorylated upon ligand binding and, consequently, recruits SHP-1 (61, 62).
It is generally assumed that bringing SHP-1 (a phosphatase) close to the cytosolic
parts of the TCR complex alters the phosphorylation cascade that follows antigen
recognition. Blockade of PD-1/PDL-1 interactions seems to prolong survival
of T cells and promote their expansion rather than reverse T cell dysfunction.
Anti-PD1 antibodies CT-011 and MDX-1106 were administered in two Phase I
clinical studies (63, 64).

As discussed below, galectins, and in particular galectin-3, can also
participate in this exhaustion phenomenon by forming glycoprotein/galectin
lattices, and therefore modify receptor signaling.

Galectins as Modulators of the Immune Response in Tumors

We will focus on human lymphocytes, in particular human tumor-infiltrating
lymphocytes, which can be affected by extracellular galectin-1 and galectin-3.
The wide variety of biological processes influenced by galectins, including
different steps of tumor progression and metastasis, has been thoroughly reviewed
elsewhere (65–68).

Galectin-3 was detected in tumors from different histological origins, e.g.
stomach, colon, breast, prostate and thyroid cancer, and its presence was used
to differentiate between benign and malignant tumors (69–76). Galectin-1
expression was found to correlate with an aggressive tumor phenotype (77–79).
The sera of melanoma and adenocarcinoma patients were reported to contain
at least two times more galectin-3 than the sera from healthy donors (80).
In head and neck squamous cell carcinoma patients, elevated galectin-1 and
-3 in serum were correlated with a worse survival rate (81). Elevated serum
levels seem to correspond to a more intense cellular and stromal galectin-3
immunostaining at the tumor site (82). Galectin-3 staining is particularly intense
in the stroma of melanoma metastasis, more specifically between the tumor islets
and around the tumor mass, where inflammatory cells are located (unpublished
data). Immunohistochemical staining of galectin-1 revealed that its expression is
positively associated with the malignant progression of tumors of various origins,
including glioma, prostate, colon, breast, cervical and oral squamous cells (83).
Galectin-1 and galectin-3 have been reported to be secreted by tumor cells,
monocyte-derived cells, activated B cells, and activated T cells (68, 84).

Little is known about the role of extracellular galectin-1 and galectin-3 on TIL
function. Several studies have reported that extracellular galectin-1 and galectin-3
in tumors promote immune evasion, by inducing apoptosis of CD4 or CD8 T cells
in the tumors (66, 77, 85). In vitro, galectin-1 added at µM concentrations can
directly influence T lymphocyte function by inducing IL-10 production that could
inhibit T cell function (86), or by diminishing IFN-γ receptor surface expression on
activated T lymphocytes (87), attenuating IFN-γ production in T cells activated in
vitro by anti-CD3 (88), and suppressing IL-2 secretion (89). In our studies, when
galectin-3 was added at 10 nM, which is the highest concentration of galectin-3
in carcinoma ascites, we did not observe apoptosis of blood T cells, T cell clones
or tumor cell lines. It is nevertheless possible that galectins could accumulate in
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solid tumors in confined microenvironments, and reach concentrations in the μM
range.

Dysfunction of T lymphocytes Can Be Corrected
by Targeting Galectins

CD8 T Cell Clones

CTL clones can be maintained in culture by stimulation every 1-2 weeks
with cells presenting the antigen, in the presence of growth factors and EBV-B
transformed cells as feeder cells. The functional status of CTL clones can be
checked regularly by testing their capacity to lyse target cells expressing the
relevant antigen and to produce cytokines upon antigenic stimulation, e.g. IFN-γ.
Fluorescent HLA-peptide complexes –multivalent complexes of HLA molecules
folded in the presence of the antigenic peptide and coupled to a fluorochrome–
can be used to visualize antigen-specific CTL bearing the appropriate TCR (90).
We observed that, compared with resting CTL collected 14 days after the last
stimulation, recently activated CTL collected four days after stimulation have lost
their capacity to bind HLA-tetramer complexes. They also secrete lower levels
of cytokines upon a further antigenic stimulation (91). The decreased tetramer
labeling and function was not due to a reduced surface expression of either the
TCR or the CD8 co-receptor, which are both essential for tetramer labeling and
activation of T lymphocytes. We decided therefore to examine by confocal
microscopy the surface distribution of TCR and CD8 molecules on resting and
recently activated T cells. TCR and CD8 molecules appeared to be co-localized
on resting CTL, whereas TCR were segregated from CD8 molecules at the
surface of recently activated CTL. These results were confirmed by fluorescence
resonance energy transfer (FRET), where interactions between two proteins can
be estimated at a resolution of 10 nm.

Our hypothesis to explain the separation of TCR and the CD8 molecules at
the cell surface of recently activated CTL is inspired by work from the group of
Dennis and Demetriou (92, 93): N-glycosylated TCR molecules are clustered by
extracellular galectin-3 and form glycoprotein-galectin lattices, which decrease
the lateral mobility of TCR. In agreement with this hypothesis we observed that
recently activated CTL, which were treated for 2 h with mM concentrations
of galectin ligand N-acetyllactosamine (LacNAc), secreted more IFN-γ upon
antigenic stimulation. Moreover this short LacNAc treatment restored TCR-CD8
co-localization, as measured by FRET.

Tumor-Infiltrating Lymphocytes

We collected a large number of ascites samples from patients with various
tumors, in particular ovarian and pancreatic carcinoma. We also collected samples
of solid tumors, mostly melanoma. CD8 T lymphocytes were isolated from these
samples and tested ex vivo without prior in vitro expansion– for their capacity to
secrete IFN-γ upon a non-specific stimulation, using beads coated with anti-CD3
and anti-CD28 antibodies. CD8 TIL from most of the samples secreted low levels
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of IFN-γ, in contrast with CD8 blood lymphocytes. Secretion of other cytokines
by TIL was also low, e.g. IL-2 and TNF-α. These results are in line with the very
few studies that have demonstrated dysfunction of human TIL (94–98).

Treating CD8 TIL for a few hours with mM concentrations of LacNAc
increased by at least three times the secretion of IFN-γ, IL-2 and TNF-α (99). This
holds true for 80% of the samples tested so far. LacNAc-treated CD4 TIL were
also able to secrete high amounts of IFN-γ upon stimulation. The cytotoxicity of
CD8 TIL was tested in a redirected killing assay, where the targets were mouse
cells decorated with anti-CD3 antibodies. The cytotoxicity of CD8 TIL was
minimal compared to the cytotoxicity of blood CD8 T lymphocytes, but increased
greatly after an overnight LacNAc treatment.

GCS-100, a modified citrus pectin, and GM-CT-01, a galactomannan
extracted from guar beans, are polysaccharides that could bind to galectins and
have already been injected in humans (100–102). A short treatment of CD8 TIL
with µM concentrations of GCS-100 boosted their cytotoxicity to an efficiency
level similar to LacNAc treatment. It also boosted the secretion of cytokines by
either CD8 or CD4 TIL (99). Experiments with GM-CT-01 are ongoing and the
results are very encouraging (manuscript in preparation).

LacNAc, GCS-100, and GM-CT-01 can interact with several galectins and
therefore it is difficult to attribute the effect on TIL functions of these sugars to
one galectin in particular. To understand which galectins were implicated, we
searched for the presence of different extracellular galectins at the TIL surface.
We detected both galectin-1 and galectin-3, but failed to detect galectin-8, -9 or
MGL, a lectin implicated in the regulation of T-cell function (103). Treating TIL
with anti-galectin-3 antibody B2C10 boosted IFN-γ secretion upon stimulation
to levels similar to LacNAc or GCS-100 treatments (104). Because B2C10
was unable to detach galectin-1 while boosting TIL function, we concluded
that detaching galectin-3 from TIL is sufficient to restore function, while not
excluding a contribution of other galectins. We have so far failed to identify an
anti-galectin-1 antibody able to detach galectin-1 from cells and are therefore
unable to examine if galectin-1 also plays a role in TIL dysfunction.

How Do Galectins Influence the Distribution of T Cell Surface Molecules?

Galectin-3 is an abundant lectin in many solid tumors and carcinomatous
ascites. It can thus bind to surface glycoproteins of TIL. Glycoproteins often
bear multiple copies of the sugar moieties that are recognized by galectins.
The multivalent nature of galectin-glycan interactions results in high avidity
in the range of 106 M−1, and allows the formation of galectin-glycoprotein
lattices [reviewed elsewhere (105)]. Similarly, lattices on TIL, formed by
glycosylated surface receptors and extracellular galectin-3, would reduce the
mobility of the former molecules, a fact that could explain the impaired function
of TIL. The release of galectin-3 by soluble galectin ligands would restore the
mobility of glycosylated surface receptors and boost IFN-γ secretion by TIL.
Anti-galectin-3 antibody B2C10 should have a similar effect: this antibody binds
to the N-terminal region of the galectin-3 and its rigid structure could prevent
association of galectin-3 monomers mediated by the N-terminal region, thereby
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affecting the oligomerization of the lectin. Antibody B2C10 was shown to inhibit
erythrocyte agglutination mediated by galectin-3 oligomerization (104).

The presence of galectin-glycoprotein lattices is in agreement with our
observations with CTL clones and TIL. TCR and CD8 molecules are not
co-localized on dysfunctional T cells and treating dysfunctional T cells with
either an anti-galectin-3 antibody or galectin ligands detached galectin-3 from
the T cell surface and restored the TCR-CD8 co-localization estimated by FRET
(91, 99). Considering that HLA-peptide tetramer binding requires TCR and CD8
cooperation, the disorganization of galectin-glycoproteins lattices in the presence
of galectin ligands could explain the recovery of HLA-peptide tetramer binding
on dysfunctional CTL clones that were treated with LacNAc (91).

A number of publications suggest that several human T cell surface
glycoproteins can be linked together by galectins and form lattices. Human
TCR α-chain, in contrast to the β-chain, has been shown to harbor complex
N-glycans, the major natural ligands for galectin-3 (106, 107). The removal of
an N-glycosylation site from a human TCR α-chain was reported to result in
increased avidity of T cells grafted with the gene encoding the modified TCR
(108). Galectin-3 was reported to bind to CD45, CD29, CD43, and CD71 (109),
and galectin-1 to CD45, CD7 and CD43 (110). Galectin-1/CD7 ligation was
shown to induce apoptosis of CD4 T lymphocytes (111). It has also been shown by
immunoprecipitation that galectin-3 binds to CD45 and that galectin-3 influences
the CD45 partition to microdomains containing the TCR (112). Interestingly,
CD45-TCR proximity is known to negatively regulate the TCR signaling cascade
(113).

Glycosylation Changes at the T Cell Surface

To explain that galectin-3, alone or together with galectin-1, inhibits functions
of recently activated T cells, we surmised that the recently activated T cells,
compared to resting T cells, harbor a set of glycans that are either more numerous
or better ligands for galectin-3. We stimulated resting CTL in the presence
of swainsonine that inhibits α-mannosidase II involved in the N-glycosylation
pathway. Compared to untreated cells, cells stimulated in the presence of
swainsonine showed on day 4 a better TCR-CD8 co-localization and a higher
ability to release IFN-γ upon antigenic stimulation (91).

We also characterized global changes in surface N- and O-glycans on two
human CTL clones that were collected either in a resting state, 14 days after
antigenic stimulation, or in a recently activated state, four days after antigenic
stimulation. Applying ultra-sensitive MALDI-TOF-MS, combined with various
glycosidase digestions and GC-MS linkage analyses, we made two novel
observations.

Firstly, the N-glycome of recently activated cells versus resting cells consists
of longer LacNAc chains, of which a portion contains more than four LacNAc
moieties (poly-LacNAc). Secondly, it contains more multi-antennary N-glycans
(114). Interestingly, our results showed that the above poly-LacNAc chains
appeared to be equally distributed on all available N-glycan branches and not
selectively enriched on a specific branch. In contrast, murine T cells are poor
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in tri- and tetra-antennary poly-LacNAc glycans (115). This difference could
potentially explain the crucial role in mice of N-acetylglucosaminyltransferase
V (Mgat5), an enzyme essential for the generation of complex tetra-antennary
N-glycan, as T cells from mice lacking Mgat5, compared to their wildtype
counterparts, are more sensitive to activation and have reduced poly-LacNAc
motives (92). The glycome modifications observed on human CTL clones upon
activation are expected to increase the number of galectin-3 natural ligands, but
also the number of galectin-1 ligands, and favor lattices that could reduce the
mobility of surface glycoproteins, as the affinity of both galectins was reported to
be much higher when repeated LacNAc units are present (116).

We also observed that recently activated CTL clones exhibited a lower
abundance of terminal α2,6-linked NeuAc residues than resting CTL (114).
Galectin-1 binds to terminal LacNAc units, even if they are decorated with
α2,3-linked NeuAc. On the contrary, galectin-1 binding is blocked by the
presence of terminal α2,6-linked NeuAc (88, 110, 111, 117, 118). Our glycome
analyses suggest therefore that more galectin-1 natural ligands are presented on
recently activated CTL versus resting CTL.

All together, the results of our glycome analyses of CTL clones combined
with the fact that functions of both CTL clones and TIL can be boosted by galectin
ligands, support our working hypothesis: TIL are in permanent contact with tumor
cells and have been stimulated by antigen recently. The resulting activation of T
cells modifies the expression profiles of enzymes of the N-glycosylation pathway,
increasing the expression of N-glycans at the T cell surface. Considering the
high abundance of extracellular galectins in tumors, secreted by tumor cells and
macrophages, this could favor the formation of galectin-glycoprotein lattices and
therefore the dysfunction of some TIL.

Towards a Clinical Trial Combining Vaccination and
Galectin-Binding Polysaccharides

As described above, treating TIL with modified citrus pectin GCS-100
improved their ability to secrete IFN-γ upon stimulation. We decided therefore to
test the therapeutic effect of GCS-100 in tumor-bearing mice. We injected 40 mice
subcutaneously in the flank with 2x106 P815 mastocytoma cells. On day 4, half
of the animals were vaccinated with an adenovirus encoding P815 tumor antigen
P1A (5). Therapeutic vaccination has thus far proven ineffective at inducing
tumor rejection in tumor-bearing mice (Catherine Uyttenhove & Guy Warnier,
personal communication). On day 10, treatments with either PBS or GCS-100
were initiated three times a week. Three weeks later, the tumor had become
undetectable in six out of the ten vaccinated mice treated with GCS-100, of
which five were still alive after another three months. Control mice that received
only the vaccine died. In non-vaccinated mice, the polysaccharide had no visible
effect by itself. These results suggest that a combination of galectin-3 ligands and
therapeutic vaccination may induce more effective tumor regression in cancer
patients than vaccination alone. Setting up a clinical trial combining anti-tumoral
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vaccination and GCS-100 was impossible because the pharmaceutical company
that produced the GCS-100 declared bankruptcy.

GM-CT-01, a galactomannan derived from guar gum, has been shown to
bind to galectin-1 (119), and to increase the anti-tumor activity of chemotherapy
drug 5-fluorouracil. It was previously injected in patients with solid tumors
without major side effects (120). We have treated TIL samples with GM-CT-01
and the first results are encouraging. We therefore will launch a Phase I/II clinical
trial combining peptide vaccination associated with intravenous injections of
GM-CT-01 in patients with advanced melanoma (Fig. 1). Patients will receive
sequential vaccinations with one or two peptides, MAGE-3.A1 and NA17.A2,
matching the tumor antigens expressed by their tumor. Their formulation and
schedule of vaccination (timing, dose, route of administration) will be similar to
previous trials with these peptides (15, 20, 21). GM-CT-01 will be administered
systemically by repeated intravenous infusions, in order to ensure a prolonged
effect on tumor-associated lymphocytes. The treatment dose matches the total
cumulative dose in previous GM-CT-01 treatment schedules (120). For selected
patients with cutaneous or subcutaneous metastases, in addition to systemic
GM-CT-01, small amounts of this drug will be injected close to metastases, to
increase local concentration of the drug.

Figure 1. Treatment plan of the clinical trial involving GM-CT-01. Treatment
allocation: Patients will be divided in two treatment arms. Both will run in

parallel. Patients with at least one measurable lesion will be assigned to group
1 and will receive the following treatment: peptide vaccinations and systemic
GM-CT-01 injections. Patients with at least one measurable and at least one
superficial metastasis will be assigned in priority to group 2 and will receive the
following treatment: peptide vaccinations, systemic GM-CT-01 administrations

and peri-tumoral administration of GM-CT-01 in one or two superficial
metastases. (see color insert)
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Chapter 17

Targeting Galectin-3 Unveils the Complexity of
Multiple Myeloma: A Sweet Context
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After decades of research, multiple myeloma is still a fatal
disease accounting for almost one out of five cases of all
hematological malignancies. Recent evidences indicate
that novel pharmacological agents, such as thalidomide,
lenalidomide and bortezomib, improve the response rate
and extend the overall survival. Yet, prolonged therapies
are required to prevent or control recurrence, ultimately
resulting in treatment-related toxicities seriously affecting
the patients’ quality of life. The urgent need of innovative
therapeutic approaches may be answered by molecules
disrupting the interactions between myeloma cells and the
local microenvironment. Specifically, Galectin-3 plays key
roles in the connections linking tumor cells with bone marrow
stroma and the extracellular matrix. We evaluate here the
multifaceted outcomes and potential applications of treatments
based on Galectin-3C, a truncated dominant negative inhibitor
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of endogenous Galectin-3. Additionally, we hypothesize
the molecular mechanism of action of Galectin-3C and
present the future challenges and unique opportunities that a
Galectin-3-tailored anti-myeloma therapy may offer in the near
future.

Optimal Treatments for Multiple Myeloma:
A Still Puzzling Clinical Problem

Multiple myeloma (MM) is a malignant tumor of the plasma cells, accounting
for almost 1% of a overall neoplasia and 13% of hematological malignancies (1).
It may be diagnosed de novo or evolve from a premalignant condition termed
monoclonal gammopathy of undetermined significance. This can progresses
to smoldering myeloma and eventually to symptomatic MM. Recently, the
introduction of autologous hematopoietic stem cell (HSC) transplantation and the
availability of novel drugs, such as thalidomide, lenalidomide, and bortezomib,
have extended overall survival (2). Despite these developments, MM remains an
incurable disease for the large majority of patients.

Current treatment options include a wide array of approaches basing on
diagnosis, age, and co-morbidities. The different approaches aremainly dependent
on the eligibility of the patient for HSC transplantation. The use of thalidomide,
lenalidomide, or bortezomib for induction regimens before transplantation has
increased the probability of complete response (3). Combined therapy with
dexamethasone plus thalidomide, bortezomib, or lenalidomide has been proven
very effective in raising the complete response rate (4, 5). Bortezomib, in
particular, significantly improved the outcome of thalidomide and dexamethasone
combination, with respect to both response rate and progression-free survival (6).
Presently, the most effective induction approach seems to be the so-called “total
therapy”, that relies on all available agents followed by high-dose treatment with
melphalan (two cycles), then administration of autologous peripheral-blood HSC
(tandem transplantation) (7). However, because of the serious treatment-related
toxicities, single transplantation appears to be the option of choice for the majority
of subjects, with thalidomide, lenalidomide, or bortezomib-based induction,
followed by post-transplant consolidation (3).

In case transplantation cannot be performed, the combination of melphalan
and prednisone plus either thalidomide or bortezomib is the standard of care
(8). An alternative combination therapy consisting of lenalidomide plus
dexamethasone increased the complete response rate and progression-free survival
compared to high-dose dexamethasone alone (9). Consolidation and maintenance
therapy are widely applied, yet no specific guidelines are available. Consolidation
after autologous transplantation includes four courses of combined bortezomib,
thalidomide, and dexamethasone (10). Maintenance therapy with thalidomide
improved the rate of progression-free survival, but peripheral neuropathy hinders
the long-term use of thalidomide (11, 12).

Unfortunately, hematologic toxicities are relatively frequent with the use
of thalidomide, lenalidomide, or bortezomib. Quite often these events require
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treatment suspension (13). In newly diagnosed subjects, the incidence of venous
and arterial thrombosis is higher when either thalidomide or lenalidomide is
combined with dexamethasone or other chemotherapies (14). Bortezomib and
thalidomide are associated with peripheral neuropathy, while lenalidomide has
been correlated with severe neuropathy (5, 15, 16). Overall, recent studies show
that treatment-related adverse effects are unavoidable, and highlight the need to
carefully evaluate and predict toxicities when planning treatment, especially for
elderly patients. Side effects of chemotherapies are gaining increasing relevance
as potentially more toxic combination regimens become the standard of care (17).
Proper management of treatment-related morbidities is required to ensure that
patients are given the best possible treatment, to maximize drug effectiveness,
and extend survival (18). Efficient management and (whenever possible) relief
from treatment side effects are expected to improve the quality of life of patients,
especially in prolonged regimens, when treatment discontinuation is frequent.

Multiple Myeloma Microenvironment, Drug Resistance and
Galectins: Potential Role of Galectin-3

While new drugs such as thalidomide, lenalidomide, and bortezomib have
extended the survival time, MM mortality has not significantly decreased and the
median survival remains at only approximately 5 years (19–22). Therefore, the
urgent need for new and less toxic combination treatments is evident. A major
challenge is identifying finding new targets for the development of tailored therapy,
to achieve higher long-term response and lower treatment-related side effects, and
to overall improve the quality of life of patients.

Since improved drugs and new therapeutic strategies are being developed,
why is chemo-resistance still one of the main clinical issues in the treatment
of MM? This question may be answered by considering the ineffectiveness of
current agents in disrupting the vicious circle established by tumor cells within
their neoplastic niche. However, the answer to such a central and apparently
simple question presents unexpected complexities. Indeed, MM is unique among
hematological malignancies in its ability to produce multiple lesions within the
bone marrow (BM) that resemble solid tumors in many aspects. Notably, the
pathological nature of the bone lesions strongly depends on the interaction with
the microenvironment (23).

It has been established that MM cells are capable of profoundly altering the
BM cellular and cytokine milieu, which in turns protects malignant cells from
chemotherapeutics and maintains tumor growth (24). The cross-talk between MM
and the BM niche largely relies on tumor cell adhesive properties, and accordingly
extracellular matrix (ECM) adhesion-mediated drug resistance has been widely
reported in MM experimental models (25–28). Accordingly, MM cells aberrantly
express a wide array of integrin subunits, such as α4, α5, αv, β1, β2, β3, and β7 (27,
29–32). The most relevant in mediating adhesion-dependent migration, homing,
invasion and drug resistance are integrins α4β1 (32, 33), α5β1 (34), αvβ3 (35), and
β7 (36).
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Angiogenesis is correlated with MM progression (37). The expansion
of malignant plasma cells in the bone marrow causes bone remodelling
typified by greater bone resorption and lower bone formation accompanied by
neovascularization that is indicative of disease progression. Upon adhesive
interactions, stromal and MM cells secrete angiogenic factors such as vascular
endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) (38,
39). Interestingly, interaction between VEGF-R2 and αVβ3 integrin potentiate
their intracellular signals (40).

Novel agents including thalidomide and thalidomide analogs such as
lenalidomide as well as bortezomib are thought to target both the tumor cell
and its BM microenvironment (41). Although these drugs may overcome some
adhesion-mediated drug resistance, inability to achieve long-term remission or
cure coupled with the serious toxicities discussed above indicate the need for
novel pharmacological targets.

A promising new approach is based on the altered glycobiology of MM cells
within the BMmicroenvironment. Indeed galectins, a class of S-type lectins which
bind β-galactose-containing glycoconjugates (42, 43), are aberrantly expressed by
many tumors, including MM (44–46). Galectins are thought to have important
roles in cell cycle progression (47), apoptosis (48) and metastases (49). Their
primary ligands, β-galactoside-containing glycoproteins, are major components
of the ECM (50) and of cell adhesion molecules (51). Accordingly, galectins can
act as molecular bridges by linking ECM proteins with cell surface receptors, thus
altering cellular interactions (52, 53).

The potential of galectin targeting to reverse or block MM interactions
with the BM microenvironment is a still largely unexplored field. The Gal-3
inhibitor GCS-100, a modified citrus pectin, was reported to reduce paracrine
MM growth triggered by adherence to bone marrow stromal cells in vitro and
block vascular endothelial growth-factor–induced migration of MM cells (54).
These effects were associated with increased sensitivity to dexamethasone,
melphalan, and doxorubicin, but were not accompanied by any toxic effect on
normal (non-tumoral) lymphocytes (54). However, the molecular mechanisms
accounting for the benefits of Gal-3 targeting in MM cells are still to be detailed.

Here we aim to briefly discuss our intriguing findings which suggest the great
but comparatively unknown potential of Gal-3 as the target for novel, effective,
and non-toxic treatment for MM. We hold that optimizing a Gal-3-tailored
approach will enable a powerful opportunity to fulfill the urgent need of
breakthrough therapies affording a better quality of life and possibly a cure for
MM patients.

Pre-Clinical Study of Galectin-3 Inhibition in
Multiple Myeloma

We have recently evaluated the biological and molecular outcomes of Gal-3
inhibition in human MM cells (55). Our strategy was based on the use of an
N-terminally truncated Gal-3, termed Gal-3C (56). Among known galectins,
Gal-3 has a unique structure consisting of an unusual, non-carbohydrate binding
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domain fused to its single carboxyl-terminal carbohydrate recognition domain
(CRD). The amino-terminal domain of Gal-3 is required for dimerization that
facilitates carbohydrate binding, because the CRD alone lacks the cooperative
binding abilities of the intact protein (53, 57–60). Consisting of the 143
C-terminal residues, Gal-3C retains the carbohydrate binding properties but lacks
the multimerization ability of Gal-3 that increases its avidity for carbohydrates.
Therefore, Gal-3C is thought to act as a competitive inhibitor of Gal-3, by
preventing homophilic cross-linking of glycoconjugates (56).

At first, we tested the effect of Gal-3C on the proliferation of nine humanMM
cell lines cultured in vitro. Surprisingly, we noticed a limited effect on cell growth
which was not of significantly greater magnitude when increasing concentrations
of Gal-3C were used ranging from 0.4-20 µg/ml (55). Overall, the magnitude of
the effects observed with any of the cell lines was slight.

Because Gal-3C had dramatically reduced metastases in a murine model of
breast cancer (56), we tested the effect of Gal-3C on the migration and invasion
of MM cells using an in vitro transwell insert model. Our data show that Gal-3C
is a very effective inhibitor of SDF-1α-induced chemotaxis and ECM invasion by
MM cells (55). Since migration in response to SDF-1α and ECM degradation are
key steps in the progression of human MM (27, 61–63), these results should be
particularly relevant to the clinical disease and highlight the possible translational
potential of Gal-3C-based therapies.

The effectiveness in preventing MM migration and invasion but the inability
to reduce cell growth and significantly induce MM cell apoptosis are in contrast
with two reports showing that the modified citrus pectin Gal-3 inhibitor, GCS-
100, significantly induced apoptosis, reduced proliferation, and inhibited cell cycle
in cultured human MM cell lines (54, 64). It is known that Gal-3 exists as a
secreted as well as an intracellular (cytoplasmatic and nuclear) protein (65). While
extracellular galectins are able to crosslink cell-surface glycoconjugates, which
in turn modulate adhesive interactions with ECM or adjacent cells, intracellular
galectins play relevant roles in basic cellular functions, such as the regulation of
growth, apoptosis and cell-cycle progression (66–68). Gal-3 can be uptaken by
cells by both carbohydrate-dependent and independent mechanisms (69). Our data
suggest that Gal-3C is similarly absorbed and secreted by cells in a carbohydrate-
dependent mechanism (70). More data are required to establish whether there
are differences between GCS-100 and Gal-3C in cellular uptake or subcellular
localization that could be important in the difference in their activity.

However, it is clear that very different doses were employed in the in vitro
studies of GCS-100 and Gal-3C (64, 71, 72). The molecular weight of both GCS-
100 and Gal-3C is approximately 15kDa (73). At the 50% level the most effective
doses for inhibition of proliferation and induction of apoptosis with GCS-100 were
approximately 250-500 µg/ml with maximal response at 1.0 mg/ml. With Gal-
3C, the doses tested ranged from 0.4-20 µg/ml with most maximal responses at
approximately 1-2 µg/ml, more than 2 orders of magnitude lower thanGCS-100 by
weight and by molarity. Since GCS-100 presents more than one ligand for Gal-3,
in that sense its molarity could be considered to be even higher than Gal-3C which
has a single CRD per molecule.
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There is growing evidence that in addition to multimerization mediated by
the N-terminal domain (74, 75), the CRD of Gal-3 can bind to itself in a manner
that does not facilitate carbohydrate binding (69, 72, 76). . Therefore, at high
concentrations the homophilic binding of the CRD of Gal-3C would compete
with its carbohydrate binding and this could explain our inability to achieve
greater inhibition of proliferation of MM cells with higher concentrations of
Gal-3C. However, it may be relevant to mention that serum concentrations of
Gal-3 in cancer have been found to be in most studies at the highest levels <1
µg/ml (77–80) and, thus, achieving levels of 2-5 µg/ml Gal-3C are likely to be
sufficient to inhibit the homophilic carbohydrate binding of Gal-3 and, therefore,
to be therapeutic by that mechanism.

Although GCS-100 was efficacious in reducing proliferation and inducing
apoptosis in the cultured MM cells, its potency was relatively low, implying
that a high concentration of GCS-100 is required to inhibit Gal-3, or that other
mechanisms are important in its activity but are not understood. A potentially
important issue is that there could be some issue regarding the feasibility of
achieving levels of >0.5 mg/ml GCS-100 in vivo.

Ourmodel predicts that Gal-3C at least partially acts to inhibit Gal-3-mediated
interactions between MM cells and the bone microenvironment. This theory is
supported by our recent reports evaluating the outcome of Gal-3C onMM-induced
angiogenesis and on human MM cells growing in vivo (55). These data are in
contrast to the very low efficacy shown by Gal-3C in reducing the proliferation of
cultured MM cells alone. Gal-3C dramatically and significantly reduced MM cell
growth in xenografted mice and improved the therapeutic benefits of bortezomib,
without producing any evident toxic effects. When delivered intravenously using
an osmotic mini-pump in NOD/SCID mice subcutaneously xenografted with the
U266 MM cell line, Gal-3C was statistically significantly more effective than
bortezomib as a single agent in reducing tumor burden. Overall our data support
our model by which we would expect that a complex multi-cellular model may
be required to adequately mimic the MM-bone microenvironment so that data
obtained in vitro regarding the effects of inhibiting Gal-3 would reflect in vivo
efficacy and potency.

In the view of future clinical applications, it is important to note that the
combination of Gal-3C with bortezomib significantly reduced tumor growth as
compared to either single agent after 14 days of treatment. The remarkable benefits
observed in vivo are likely due to the ability of Gal-3C to function as a pan-galectin
inhibitor. Indeed, other members of the galectin family, such as galectin-1 (81, 82)
and galectin-8, are involved in MM growth and survival (55). However, Gal-3C
is expected to compete with galectins-1 and -8 for binding ligands important in
cancer such as the polylactosaminylated N-glycosylated products of Mgat5 (83,
84). Gal-3C hadmore affinity to LacNAc2, LacNAc3, and LacNAc5, than galectin-
1 and similar or more affinity than galectin-8 (85).

To further investigate the mechanism of action of Gal-3C, we focused on
its effect on angiogenesis. This would have important implications for clinical
application, because of the aforementioned role of angiogenesis in promoting
MM progression (25, 38, 86, 87). Gal-3 has been shown to mediate the signaling
triggered by VEGF and bFGF, promoting angiogenesis by inducing αvβ3 integrin
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clustering and inhibiting the constitutive endocytosis of the VEGFR-2 (88)
(Figure 1).

Our results (55) show that treating U266 MM cells with Gal-3C significantly
impaired their ability to produce VEGF and bFGF, resulting in a limited ability
of MM-conditioned media to induce the formation of vessel-like structures in
vascular endothelial cells (HUVEC) cultured in vitro. Additionally, media from
Gal-3C-treated U266 cells was ineffective in driving HUVEC chemotaxis when
compared with untreated MM cells. As expected, medium from control U266
cells induced αvβ3 integrin clustering in endothelial cells, but the medium from
Gal-3C-treated MM cells did not.

Perhaps most importantly, the benefits displayed by Gal-3C in protecting
xenograftedmice from tumor burdenwere not associated with any evident toxicity.
This suggests that, when translated into a clinical setting, Gal-3C-based therapies
could reduce the effective dose of bortezomib or other chemotherapeutics
mitigating adverse effects and allowing prolonged treatments and a better quality
of life.

Figure 1. Main interactions between Gal-3 and molecules relevant in MM
pathobiology. (see color insert)
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Gal-3C Pharmacodynamic Challenges:
Possible Molecular Mechanisms Altered by Gal-3c in

Multiple Myeloma

The reported biological outcomes of a Gal-3C-based therapy could represent
a breakthrough in the field of MM treatment. Although the pharmacodynamic
mechanisms of Gal-3C are still to be detailed, there are intriguing hypotheses to
be tested in the near future, particularly concerning the observed synergism with
bortezomib. Figure 1 depicts the main roles of Gal-3 in MM pathobiology that
could be blocked by Gal-3C.

Recent findings indicate that the effects of bortezomib on the NF-κB
pathway could be more complex than just blocking the degradation of IKB.
Indeed, it has been shown that bortezomib paradoxically induced the canonical
NF-kB pathway by triggering IKKβ-mediated phosphorylation of IKBα (89).
Of note, IKKβ activation is thought to limit bortezomib therapeutic efficacy
(89). Interestingly, Gal-3 was reported to trigger integrin clustering and CD44
activation by interacting with MUC-1 (90–92) (Figure 1). These interactions
ultimately result in NF-κB activation through the Src/PI3K/Akt pathway (93–96)
(Figure 1). Therefore, we hypothesize that Gal-3C is able to reduce NF-κB
activation by blocking Gal-3 interactions with αvβ3 integrin and MUC-1.

The dramatic inhibition of MM migration and invasive potential afforded
by Gal-3C and the effectiveness in blocking MM-induced angiogenesis in vitro
without toxicity for normal vascular endothelial cells (55) indicate the need to
evaluate Gal-3C in animal models that most closely resemble the disease seen
in humans. We present a pilot study for the evaluation of Gal-3C ability to
interfere with MM-induced angiogenesis in vivo. A subcutaneous U266 tumor
was established in NOD/SCID mice as described (55). 107 U266 MM cells and
106 HUVEC were dispersed in 300 µL Matrigel™. HUVEC were infected to
stably express the GFP reporter as previously reported (97). This cell suspension
was subcutaneously injected in recipient NOD/SCID mice and allowed to grow
until a palpable mass was evident (two weeks). Mice were given Gal-3C or
PBS (untreated controls) as recently described (55). After two weeks mice were
sacrificed, pictures were taken, the tumor masses were disrupted and analyzed
by flow-cytometry for the measurement of GFP-expressing vascular endothelial
cells. Figure 2 shows that U266 MM cells induced a macroscopically evident
vascularization (Figure 2A). Tumor growth was also evidently reduced in Gal-3C
treated mice (Figure 2A). Flow-cytometry analysis revealed a significant ~50%
reduction of GFP+ HUVEC frequency in the tumor mass of Gal-3C-treated mice
compared with untreated controls (Figure 2B).
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Figure 2. Representative results of Gal-3C treatment outcome on in vivo
MM-induced angiogenesis. A) White circles mark the subcutaneous tumors.
The arrows show the macroscopic evidence of sub-cutaneous capillaries. B)
Flow-cytometry assessment of GFP-expressing HUVEC cells in tumor masses.

The frequency of positive cells is shown. (see color insert)

The Pre-Clinical Challenges of Gal-3 Studies in
Multiple Myeloma

The full therapeutic potential of Gal-3C is still to be tested in animal models
of MM producing disseminated disease. Indeed, the presence of multiple bone
lesions is characteristic of advanced MM in patients, and the BM niche protects
tumor cells from therapeutic interventions (98–101). Such models will be critical
to understand the role of Gal-3 in the interactions ofMMwith the BM environment
and may be critical in enabling a paradigm-shifting view of MM pathophysiology.
To this goal, we hold that the two of the best options for testing Gal-3 targeted
therapeutics in MM animal models are the NOG and the NRG murine strains.
NOG are NOD/SCID mice carrying nonfunctional IL-2 receptor gamma chain
(NOD/SCID/γcnull): this strain is more permissive than the NOD/SCID and can be
easily xenografted with human MM cell lines or even primary human MM cells,
to produce a disease similar to that seen in patients, including multiple metastatic
sites and bone lesions (102–104).

The NRG strain is a further optimization of the NOD strain, carrying
double genetic disruptions of the Rag1 and the IL-2 receptor gamma chain genes
(NOD-Rag1null IL2rgnull). The NRG has been reported to tolerate higher levels of
radiation compared with NOD/SCID and NOG strains and to allow for efficient
engraftment of human hematopoietic stem cells (103). Accordingly, we were the
first to validate the NRG strain to establish an innovative model of MM, allowing
for the growth and the spread of MM cell lines and primary patients’ cells as well
(105). This model would be instrumental to study the efficacy of Gal-3C in vivo
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to prevent MM cell lines and primary cells from infiltrating the bone marrow,
orchestrating neo-angiogenesis, altering the microenvironment and acquiring
drug resistance.

Increasing evidences highlight that a key point in the clinical management
of MM is the impaired anti-tumor immune response in MM patients (106–109).
Gal-3 has relevant activity in immune cells, including macrophages, dendritic
cells, eosinophils, mast cells, NK cells and activated T and B cells (110).
Particularly with effector T cells, Gal-3 has been shown to induce apoptosis
(111) and to inhibit T-cell activation by forming complexes with TCR glycans,
preventing the TCR clustering that is required for signal transduction (112).
Oppositely, Gal-3 has been reported to stimulate the suppressive functions of
regulatory T cells (Treg) (113). It is therefore notable that MM cells are very
effective in evading immunosurveillance by affecting, among other mechanisms,
the expansion of Treg and simultaneous reduction of T-cell cytotoxic activity
(109). Therefore, it will be important to assess the possibility that Gal-3C can
contribute to the restoration of an effective anti-myeloma response. Since this
cannot be done in immunodeficient animals, the need for immune-competent
models is evident.

Currently available immunocompetent murine models of MM include the
5TMM series (114), the LAGlambda-1 (115) or IL-6 transgenic strain (116).
These models will allow for evaluation of possible effects of the therapy on the
interaction between tumor cells and the immune system. However, they present
three major drawbacks (117). They cannot recapitulate the complexity and
heterogeneity of human MM, they are not suitable to study treatment outcome on
patients-derived MM cells, and they could be biased by molecular and biological
differences existing between murine and human MM cells.

Because Gal-3C potentially acts through multiple and complex mechanisms
involving the interactions between a number of different cell types and ECM
molecules, it would be advisable to perform future pre-clinical evaluations in
murine models capable of closely mimicking the MMmicroenvironment. Such an
ideal model would afford for human MM cell lines and primary cells engraftment,
disseminated disease in multiple bone sites, and interaction with an active immune
system. A possible answer to this need may already exist, and relies on the NRG
strain, that has been shown to support the engraftment and reconstitution of a
functional human hematopoietic system (103). Such humanized mice (118, 119)
could be challenged with human MM primary cells or cell lines. Finally, upon
disease establishment, Gal-3C outcomes (as a single agent or in combination with
standard therapies) could be fully detailed and pre-clinically validated.

Translational Challenges: Delivering Gal-3c to the Bedside

Ideally, clinical application of Gal-3C-based treatments would be in the
context of an optimized delivery system. In fact, our study describes the need
to administer Gal-3C intravenously at a constant rate (55). Indeed, although
in a previous study on a CD-1 nude mouse model of metastatic human breast
cancer (56) Gal-3C was injected intramuscularly, our recent data (55) suggest that
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sustained delivery may be preferable for maximal response to treatment. This
finding is in accordance with a previous report indicating that the elimination
half-life of Gal-3C in the serum of mice is approximately 3 hours (56). We
achieved continuous intravenous administration by implanting a Gal-3C-loaded
osmotic mini-pump directly connected to the jugular vein, thus creating a central
venous access (55). It is evident that this would not be feasible to treat MM
patients, and that there is the need to optimize an alternative delivery route
with similar performances as the osmotic pump. Biodegradable polymer-based
nanoparticles (NP) may represent a valuable option (120). They consist of
nano-scale particles (less than 1 μm in diameter) that are synthesized from natural
or synthetic polymers.

Drugs can be incorporated into the NP by a number of techniques (entrapment
in the polymer matrix, coating by a shell-like polymer membrane, chemical
conjugation to the polymer, or absorption to the particle’s surface). Interestingly,
a galectin-1/gold NP complex has been recently described for the treatment of
rheumatoid arthritis (121). One key feature of NP polymers is the possibility to
control the drug release rate, which is likely to fit the requirement of sustained
drug delivery necessary for Gal-3C therapy. Several factors can be modulated
to tune the release rate of the entrapped drug, such as NP dimensions (larger NP
display a smaller initial release rate but a longer overall release time than smaller
NP), amount of loaded drug (the greater the drug loading the greater the burst
but the shorter the overall release time), or addition of different polymers (122,
123). Most importantly, the addition of polymers such as polyetilenglicol to NP
has been successfully used to control the drug release (124, 125). We hypothesize
that a similar approach could be effectively optimized for the administration of a
continuous and controlled dose of Gal-3C to human subjects.

Conclusions

Our pioneering work provided the proof-of-principle for the use of Gal-3C
in MM. While this novel treatment decreased tumor growth in animal models and
increased the therapeutic efficacy of standard drugs such as bortezomib, it did not
trigger any apparent additional toxicity. We have also show evidence indicating
that the main Gal-3C mechanism of action may not be restricted to the MM tumor
cell, but rather may involve alteration of the multifaceted signaling pathways
linking the MM cell with the BM niche. While detailed molecular mechanisms of
Gal-3 are still to be elucidated, there is strong evidence of the potential benefits
that a Gal-3C-adjuvated therapy would afford in the clinical management of MM,
in terms of treatment response and quality of life improvement. To achieve this
goal, we still face critical challenges, covering several areas of specialization
ranging from molecular biology, to pre-clinical animal models, practical clinical
issues in the management of patient, and utilization of advanced drug delivery
systems.
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Chapter 18

Galectins in the Blood Circulation: Potential
Therapeutic Targets of Cancer Metastasis

Carrie A. Duckworth and Lu-Gang Yu*

Department of Gastroenterology, Institute of Translational Medicine
and Centre for Glycobiology, University of Liverpool, Nuffield Building,

Ashton Street, Liverpool L69 3GE, United Kingdom
*E-mail: lgyu@liverpool.ac.uk

Elevated concentrations of several galectin members (e.g.
galectin-2, -3, -4 and -8) occur in the bloodstream of patients
with many types of cancers including colorectal, breast, bladder,
head and neck, lung, pancreatic and melanoma. Patients with
metastatic disease are also seen to have even higher levels of
circulating galectins than those with only localized tumours.
Recent investigations have demonstrated that the increased
circulation of these galectins actively promotes tumour cell
haematogenous dissemination in metastasis. Targeting the
actions of circulating galectins in the bloodstream of cancer
patients therefore represents a very promising therapeutic
strategy for preventing metastasis. Such a strategy may include
natural or synthetic inhibitors to target the galectin molecule
directly or indirectly by targeting the galectin binding ligands
in the circulation. More effective inhibitors are also likely to
be those that can simultaneously target the actions of multiple
galectin members.

© 2012 American Chemical Society
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Alteration of Circulating Galectins in Cancer Patients

Increased circulation of several galectin members including galectin-2, -3, -4
and -8 have been reported to occur in a range of cancers including colorectal (1–3),
lung (1), head and neck (4), melanoma (5, 6), breast (1), bladder (7) and pancreas
(8). The concentrations of these galectins are often seen to be further elevated in
many patients with distant metastasis (1, 2) and correlate with poorer prognosis in
several cancer types including ovarian, thyroid and colorectal (1, 2). The source of
the increased circulation of these galectins in cancer patients still remains unclear
but is believed to come from not only the tumour cells but also from the peri-
tumoural inflammatory and stromal cells (2). The expressions of galectin-4 and -8
are lower in the tissues of primary colorectal cancers in comparison to those found
in normal colonic epithelial cells (9, 10) but are higher in the blood circulation of
cancer patients (2, 3).

The expressions of galectin-1 and -3 have shown to be greater in peri-tumoural
tissues compared with tumour cells themselves (11). Serum levels of galectins
-1, -3 and -4 were significantly reduced following surgical removal of the
primary tumour in patients with colorectal cancer (1, 3). Galectin secretion by
inflammatory cells such as monocytes, macrophages and lymphocytes (12) has
been reported to be influenced by pro-inflammatory cytokines such as GM-CSF,
TNF-α, IL-1 and IL-8 that are upregulated in cancer patients (13). Decreased
levels of circulating galectin-1 are seen in colorectal (14) and breast (2) cancer.
This has been suggested to result from circulating galectin-1 being recruited
from the circulation into the tumour stromal compartment (14), or potentially
by being bound into complexes with cancer-associated serum glycoproteins
(15). Circulating galectin-1 shows to bind almost double the amount of serum
glycoprotein in patients with metastatic breast cancer compared with healthy
control patients.

Galectins Modulate Cancer Cell Adhesion

Interactions between cancer cell surface associated-galectins and cell
surface- or basement membrane-glycans have been shown to enhance tumour
cell adhesion, invasion and intravasation of many types of tumour cell, such as
melanoma, thyroid, colon and neuroendocrine (16). Cancer -associated galectin-1
and -3 can bind to basement membrane glycans such as fibronectin, collagen
IV, elastin and laminin or to basement membrane receptors such as members of
the integrin family and increases cancer cell adhesion (17). Galectin-8 shows
high binding affinity to several integrin members and also to a splice variant
of the adhesion molecule CD44 (18). Substrate-bound galectin-8 enhances cell
adhesion by promoting β1-integrin clustering whilst soluble galectin-8 has been
shown to prevent cell adhesion as a competitive binding inhibitor to the cell
surface adhesion molecules (19, 20). Extracellular galectin-3 is able to cross-link
β1,6-acetyl-glucosaminyltransferase V (Mgat5)-modified N-glycans to cause
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fibronectin matrix remodelling via PI3K and FAK signalling (21) and also prevent
endocytosis of epidermal growth factor receptor (EGFR) and transforming
growth factor-β receptor (TGF-βR) by forming lattice structures and preventing
interaction with negative regulator caveolin 1 (22, 23).

Recent studies in our laboratory have revealed an interaction of
cancer-associcated galectin-3 with the oncofetal Thomsen-Friedenreich
(Galactose β1,3N-acetylgalactosamine α; TF) antigen (24) on cancer-associated
transmembrane mucin protein MUC1 (25–28). MUC1 is a large and highly
glycosylated transmembrane mucin protein that is expressed on only the
apical surface of normal secretory epithelia but becomes over expressed and
redistributed over the entire surface of ~90% epithelial cancer cells (24).
Redistribution of the cell surface MUC1 in cancer cells has been shown to prevent
intercellular interaction of much smaller adhesion molecules, thus weakening
E-cadherin-mediated cell-cell or integrin-mediated cell-matrix adhesion, and
enabling cancer cell invasion at primary tumour sites (27, 29–31).

Circulating Galectins Enhance Cancer Cell
Heterotypic Adhesion

Circulating galectin-3 levels have been shown to be increased up to ~30 fold
in the blood stream of patients with several types of cancers compared to that of
healthy people (1, 2, 6–8, 32). We have shown that circulating galectin-3 interacts
with the TF glycan on cancer-associated MUC1 which causes MUC1 cell surface
polarization and exposure of the smaller cell surface adhesion molecules such as
CD44 and E-selectin ligands, which are otherwise concealed by the large and
extensively glycosylated MUC1 (Figure 1). This results in increased adhesion
of cancer cells to the blood vascular endothelium (28).

Cancer cell adhesion to the blood vascular endothelium is an essential step
in cancer cell haematogenous dissemination and is arbitrated by several adhesion
molecules, such as integrins, selectins and their ligands on the surface of both
cancer and endothelial cells. It is likely that tight adhesion of circulating tumour
cells to the vascular endothelium may occur only after MUC1 cell-surface
polarisation as the contact point between the two cell types is devoid of MUC1
(25). We have demonstrated that the interaction of cancer-associated MUC1 with
galectin-3 increases cancer cell adhesion to, and migration through blood vascular
endothelial cells and reduces metastasis-associated survival of athymic nude mice
in an experimental metastasis model (28) (Figure 2).
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Figure 1. Galectin-3-MUC1 interaction induces MUC1 cell surface localisation.
MUC1 immunohistochemistry shows homogenous MUC1 cell surface

localization (A) but polarization (B) in response to galectin-3 binding (B)
in the MUC1 positively-transfected HCA1.7+, a derivative of human breast
epithelial HBL-100 cells. Confocal images (C) of galectin-3-treated HCA1.7+
cells in the xz plane showing absence of MUC1 (green) at the HCA1.7+ and
HUVEC (red) contact points. A schematic representation of this heterotypic
epithelial-endothelial adhesion illustrates the absence of MUC1 at the cell-cell

junction (D). (see color insert)
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Figure 2. A schematic diagram shows how the galectin-3-MUC1 interaction in
the circulation promotes cancer cell-cell and cancer cell-endothelial adhesion
and metastasis. Alteration in the adhesion properties of the cancer cells with
peri-tumoural stromal cells and the extracellular matrix (partly contributed by
the cell-surface galectin-3) enable invasion of epithelial cancer cells through the
extracellular basement matrix (A) and intravasation (B) at primary tumour sites.
MUC1 over-expression on the cell surface prevents adhesion of the invaded cells
with adjacent cells. MUC1 polarisation in response to binding of circulating
galectin-3 induces the exposure of smaller cell surface adhesion molecules/or
ligands and the cells become “sticky” (C). The “sticky” cancer cells adhere to
the blood vascular endothelium (D) and they can also stick together to form
micro-tumour embolic (E) (which may also subsequently bind to the endothelial
cells), both of which increase cancer cell haematogenous metastasis to distant

organs. (see color insert)
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Circulating Galectins Promote the Formation of Tumour
Micro-Emboli in the Circulation

Binding of galectin-3 (either cancer cell surface-associated galectin-3, or
galectin-3 in the circulation) to cancer-associated TF glycan promotes homotypic
aggregation of cancer cells in the circulation that results in the formation of
micro-tumour emboli (33–37) and prolongs the survival of circulating tumour
cells in the circulation by preventing tumour cell anoikis (37). Prolonged survival
of the tumour cells in the circulation is known to directly increase metastasis
(38, 39). The formation of micro-tumour emboli in the circulation also helps
mechanical trappment of the circulating tumour cells in micro-vasculature,
contributing to their haematogenous dissemination (40–42). There is evidence
that mechanical entrapment alone may not be sufficient for malignant cell arrest
in target organs (33) and cancer cell adhesion to the endothelium is essential for
cancer cell metastatic dissemination (33). Nethertheless, enhanced survival of
tumour cells in the circulation increases the chances of their subsequent adhesion
to the endothelium and extravasation into distant organs.

Recent studies have shown that circulating galectins -2, -4 and -8, levels of
which are also increased in cancer patients, behave similarly to galectin-3 and may
also be involved in promoting cancer cell adhesion to vascular endothelial cells by
binding to cancer-associated TF antigen on MUC1 (2). It should be mentioned
that the ultimate effects of these circulating galectins on metastasis promotion in
cancer patients are likely to be influenced also by the presence of other galectin
binding ligands in the circulation (2, 43). This is supported by the discovery
that the increased mortality-associated with higher circulating galectin-2 levels
in colon cancer patients is significantly reduced when auto-anti-MUC1 antibodies
with specificity for the TF epitope of MUC1 are also present in the circulation (2).

Targeting Galectins in the Circulation

Thus, increased circulation of galectins promotes several important steps
of the cancer metastatic cascade including cancer cell heterotypic adhesion to
blood vascular endothelium, cancer cell homotypic aggregation for the formation
of micro-tumour emboli and angiogenesis. Targeting the actions of circulating
galectins therefore represents a promising therapeutic strategy for preventing
metastasis and improving patient survival. The minimal phenotypic abnormalities
in mice deficient in several of the galectin family, shown in several studies
(44–46), certainly point to such a clinically viable strategy. Effective approaches
of such a strategy can include natural or synthetic inhibitors that target either the
galectin molecules directly or the galectin binding ligands indirectly.

D-galactose has been shown to reduce liver metastasis when it was
administered via intraperitoneal injections in experimental animal models
(47). Monovalent carbohydrates such as galactose however tend to have weak
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millimolar affinity for galectins (48). Linking the sugars together in a multivalent
fashion has been shown to greatly increase their affinity and specificity for
galectin binding (48, 49). The context of interaction, such as galectin-1 binding
immobilised LacNAc (Kd 2-10μM) compared to LacNAc in solution (Kd
20-70μM) dramatically alters their binding affinity (50), suggesting that binding
affinities of galectins to therapeutic inhibitors may be substantially reduced in the
circulation.

The tailored synthesis of methyl β-lactoside derivatives by homology
based modelling may enable the targeting of specific galectins (51).
Potential galectin inhibitors have been created by targeting the C-3′ atom in
3′-amino-N-acetyllactosamine and the compounds with greatest affinity and
specificity for galectin-3 contained an aromatic amide at C-3′ of the galactose
moiety (52). Aromatic lactose 2-O-esters have been shown to inhibit the
bindings of galectins -1, -3 and -9 (N-terminus) by interaction with arginine
residues (53). Galectin-3 binding was selectively inhibited by tri-valent
clusters of 2-propynyl-lactoside (54). Multi-valent enhancement in affinity
has been shown specifically for galectins -1, -3, -4 (N-terminus), -5 and -9
(N-terminus) (50, 55–59). However, carbohydrate-galectin inhibition may have
high affinity and specificity without multivalency as is the case for galectin-8
(N-terminal CRD) bound by NeuAcα2,3Lac (60), small monosaccharide units
of 3C triazol-1-yl-O-galactopyranosyl aldoximes bound to galectin-3 (61) and
β-thiogalactoside modifications for the selective inhibition of galectin-7 (62).
Short peptides have also demonstrated the ability to specifically inhibit galectin
-3 (63).

Identification of galectin inhibitors from natural sources is another attractive
approach. Pectic polysaccharides from dietary sources have been used to modify
the actions of galectins, showing anti-cancer and anti-metastatic properties in vitro
and in vivo (64–68). Modified citrus pectin, an indigestible polysaccharide from
the pulp and peel of citrus fruits that are subjected to high pH and temperature
treatment to yield galactose-rich forms (67–70) has been shown to inhibit
galectin-3-associated tumour cell proliferation and angiogenesis in vitro, and
metastasis of colon, breast (69), and prostate cancer in vivo when administered
orally (70). Galectin-3 inhibitory activity has also been observed by treatment of
breast carcinoma cell line MDA-MB-231 and buccal mucosal primary cultures
from cancer patients and normal control patients with other pectic polysaccharides
such as Decalepis hamiltonii (swallow root) (65). An increasing number of
natural polysaccharides are now being tested for prevention of cancer initiation,
promotion and metastasis. Recently, modified apple polysaccharide administered
in the diet has been shown to prevent colitis-associated colon cancer, possibly by
binding to galectin-3 in outbred ICR mice (71).

A truncated form of galectins-3 (galectin-3C), which contains only the
galectin-3 C-terminal CRD so it is unable to form multimers through its
N-terminal, has been shown to reduce tumour size in a multiple myeloma tumour
model in NOD/SCID mice when administered into the animals via intravenous
osmotic mini pump (72). Galectin-3C also reduced tumour size and metastasis of
orthotopically implanted breast cancer cell lineMDA-MD-435 when administered
intramuscularly (73).
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Antibodies raised against different regions of the galectin-3 molecule have
been tested and shown to be able to modulate the ability of galectin-3 to form
multimers (74). Portal vein injection of anti-galectin-3 antibody decreased liver
metastasis of the adenocarcinoma cell lines XK4-A3 and RPMI 4788 by up to 90%
(75).

Another promising approach, although much less well explored so far, for
preventing galectin-mediated metastasis is to target the galectin ligands on cancer
or endothelial cells. These galectin ligands include the cancer-associated TF (Gal
β1-3 GalNAcα) disaccharide, MUC1 and endothelial-associated integrins (76,
77). Administration of anti-TF antibody (clone JAA-F11) (78) in a murine model
of breast cancer is able to inhibit lung metastasis and improve prognosis (78, 79).
Administration of a synthetic TF-mimic peptide, lactulose-L-leucine has been
shown to prevent bone metastasis in prostate (34), and breast (80) cancer murine
models (35). These TF-mimic peptides, which have the advantage of being much
smaller single chain entities rather than multivalent IgM antibodies, have been
conjugated to radionuclides to detect breast cancer in nude mice for PET imaging
(81). Conjugation of such peptides with cytotoxic agents may provide a targeted
approach to tumour-specific killing.

Concluding Remarks

Increased circulation of several members of the galectin family is now known
to be significantly elevated in the bloodstream of many types of human cancers.
Recent investigations have demonstrated that the increased circulation of these
galactoside-binding proteins promote tumour cell haematogenous dissemination
and metastasis. Targeting the actions of circulating galectins therefore represents
a very promising strategy for the development of novel therapeutic agents to
prevent metastasis and improve patient survival. Such a strategy could include
natural or synthetic inhibitors to galectins or galectin binding ligands in the
circulation. As several galectin members are often seen to be increased in the
blood circulation of cancer patients, and many of them seem to have common
binding ligands and produce similar biological influences on metastasis, a more
effective approach of targeting circulating galectin-mediated metastasis will be
the identification or design of effective inhibitors that can simultaneously target
multiple galectin members, either the galectin carbohydrate binding domains or
their common binding ligands.
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Chapter 19

A Therapeutic Role for Galectins in
Acute Inflammation?

Dianne Cooper*

William Harvey Research Institute, Barts and The London School
of Medicine and Dentistry, Queen Mary University of London,
Charterhouse Square, London, EC1M 6BQ, United Kingdom

*E-mail: d.cooper@qmul.ac.uk

The inflammatory response has evolved as a protective
mechanism against invading pathogens and tissue damage.
However, if the inflammatory response is not contained both
spatially and temporally, damage to host tissue or development
of chronic pathologies can ensue. Current anti-inflammatory
therapies have largely focused on the inhibition of the plethora
of pro-inflammatory mediators that drive the inflammatory
response and although effective many of these agents are not
without side-effects. The search for novel anti-inflammatory
agents is therefore still the focus of intense research. Recent
studies have indicated that galectins may represent a class
of endogenous proteins whose biology can be harnessed for
therapeutic gain in inflammatory pathologies. This review
will focus on what is known to date about the role of galectins
in acute inflammation and which of these lectins represent
potential novel therapeutic agents.

© 2012 American Chemical Society
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Introduction

Inflammation occurs as a result of tissue injury or infection in a bid, by the
host, to limit damage, remove the offending agent and restore tissue homeostasis.
It is a process that is crucial to host survival as evidenced by genetic diseases
such as leukocyte adhesion deficiency, a class of conditions in which neutrophil
trafficking is compromised; patients suffer recurrent bacterial infections and have
a poor survival prognosis (1). Uncontrolled inflammation however, is associated
with many disease states including atherosclerosis, cancer, rheumatoid arthritis
and Alzheimer’s disease. Although these are chronic inflammatory conditions we
can, throughdeciphering what drives and then shuts off an acute inflammatory
response, increase our understanding of what causes inflammation to persist.A
better understanding of the molecular and cellular mechanisms that promote
inflammation is therefore pertinent to the design of better anti-inflammatory
therapeutics.

The distinct phases of an acute inflammatory response as depicted in
Figure 1 are active phenomenons driven by pro-inflammatory and pro-resolution
mediators, with both pathways required for an effective response and a subsequent
return to tissue homeostasis (2). Initiated either by infection or tissue damage,
inflammation is evident macroscopically by the cardinal signs of heat, redness,
pain and swelling. These signs are the result of microscopic processes that
include increased vascular permeability and edema formation and the subsequent
recruitment of polymorphonuclear leukocytes (PMNs) to the inflammatory foci.
This is followed by a wave of monocyte recruitment, which serves, along with
macrophages to clear the inflammatory site through the non-phlogisitic process of
efferocytosis of apoptotic PMNpromotinga return to normal tissue homeostasis.

Although the hallmark of an inflammatory response, excessive leukocyte
recruitment can result in damage to host tissue through the release of powerful
proteases and reactive oxygen species, whilst failure to clear apoptotic cells can
result in the exposure of novel epitopes resulting in auto-immune conditions
such as lupus (3). Anti-inflammatory therapies may either be directed towards
inhibition of the pro-inflammatory cascade or to harnessing the effects of
pro-resolution factors such asresolvins, lipoxins andAnnexinA1 (4, 5). Current
anti-inflammatory therapies are generally targeted towards specific enzymes or
mediators that drive the inflammatory response, for example COX-2 inhibitors or
anti-TNF-α biologics. Whilst these therapies are potent they are not without their
risks and side-effects. COX-2 inhibition has been associated with increased risk
of thrombotic events (6) whilst TNF-α blockade has been linked to reactivation
of latent Tuberculosis infection (7). It is therefore likely that future therapies
will not target enzymes such as COX-2 that are central to the production of
a host of inflammatory mediators. Such limitations to current therapies have
led to a revision of thinking and recent evidence suggests that targeting of the
pro-resolution pathway may offer a safer alternative for future therapeutics. This
review will address our current understanding of those galectins shown to have a
role in the process of acute inflammation and whether these galectins fall within
the class of pro-inflammatory, anti-inflammatory or pro-resolving mediators.
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Understanding of the actions on cell types pertinent to inflammation will further
our understanding of how galectin biology might be exploited for therapeutic
gain.

Figure 1. Schematic representing the profile of an acute inflammatory
response and the major cell types involved. The acute inflammatory response
is characterized by edema formation and neutrophil infiltration followed by
the subsequent accumulation of monocytes and macrophages which promote
resolution through the non-phlogistic phagocytosis of phosphatidylserine (PS)
expressing and/or apoptotic PMN. Positive and negative effects of galectins on

the various aspects of the response are indicated. (see color insert)

Galectins

Galectins are a family of evolutionary conserved carbohydrate-binding
animal lectins expressed in a wide variety of tissues across species that share close
sequence homology in their carbohydrate recognition domain (CRD) but exhibit
distinct affinities for different saccharide ligands. The majority of galectins
bind to N-acetyllactosamine (Galβ1,3GlcNAc or Galβ1,4GlcNAc), a common
disaccharide found on many N- or O-linked glycans (8) with Gal-10 being an
exception through its affinity for mannose-containing saccharides (9). Galectins
can be classified based on their structure into three distinct groups: 1) proto-type
galectins which have one CRD and are capable of homodimerisation (Gal-1, -2,
-5, -7, -10, -13, -14, and -15), 2) chimera-type, the only member being Gal-3,
which contains a single CRD with an extended N-terminus and 3) tandem repeat
type which have two distinct CRDs joined by a short linker peptide (Gal-4, -6,
-8, -9, and -12) (10–12). In terms of their ligand-binding activity galectins can
be bi- or multivalent which accounts for their ability to cross-link cell surface
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glycoproteins. The biological response to galectins varies quite significantly
between family members, which may be a result of subtle variations in their
carbohydrate-binding specificities (13).

An ever-expanding body of literature supports a role for galectins in
inflammation and autoimmune pathologies [see (14) and (15) for recent reviews].
Actions of galectinshave been identified at key stages of the inflammatory
response and include: mast cell degranulation and initiation of inflammation,
modulation of leukocyte trafficking, platelet activation and finally clearance of the
inflammatory infiltrate and resolution of inflammation. Indicated in Figure 1 are
key points of the inflammatory response where galectins have been shown to act.

Galectin Expression during Inflammation

Expression of galectins during an inflammatory response may give an
insight into their actions. This is clear if one compares the early expression of
cytokines such as TNF-α that drive the inflammatory response with the generation
of pro-resolving mediators such as resolvins that were originally identified
in murine exudates in the resolution phase of a self-limiting inflammatory
response (16).Expression of galectins has been detected in chronic inflammatory
pathologies in humans with Gal-3 present in macrophages within atherosclerotic
plaques (17) and Gal-1, -3 and -9 detectable in synovial fluid and tissue from
rheumatoid arthritis patients (18, 19).

In animal models increased expression of Gal-1 and -3 can be observed in
peritoneal exudates in a murine model of zymosan peritonitis (Cooper, D., Wright,
R., unpublished observation) and Gal-3 levels are significantly increased in the
bronchoalveolar lavage fluid of Streptococcus pneumonia-infected lungs (20,
21). Gal-1 expression has been shown to correlate with the peak of inflammation
or the onset of resolution in models of carrageenan-induced paw edema and
experimental autoimmune encephalomyelitis (22, 23). Interestingly, in Gal-1
null mice, Gal-9 expression increases significantly at the onset of resolution in a
model of carageenan paw edema, which may suggest that in the absence of one
pro-resolving galectin, another may compensate (23). Lidocaine, an agent shown
to delay and block key events in the resolution process reduces Gal-1 expression
by over 50% at the 24h time-point in a model of zymosan-induced peritonitis
(24) further suggesting that Gal-1 may fall into the category of pro-resolving
mediators.

When considering cell types pertinent to inflammation, galectins are
expressed in the majority of cells, the exception being peripheral blood
lymphocytes and neutrophils, which express low levels of Gal-1 and -9. In
contrast vascular endothelial cells (ECs) express Gal-1, Gal-3, Gal-8 and Gal-9
under basal conditions in vitro (25, 26) and expression is up-regulated by
endothelial activation with different agents. For example, Gal-1 is increased in
human umbilical vein EC (HUVEC) in response to pro-inflammatory cytokines
(25, 26), Gal-9 in response to IFN-γ and double-stranded RNA (27, 28) and Gal-3
in response to IL-1β (29–31).
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The increased vascular expression in activated endothelium along with the
propensity of galectins to bind to the surface of leukocytes suggests that a loopmay
be in existence whereby endothelial-derived galectins act on leukocytes to either
limit, in the case of Gal-1, or promote, in the case of Gal-3, -8 and -9, leukocyte
recruitment. Detection of galectins within serum of type 2 diabetics (32) suggests
that a soluble pool exists whilst studies have shown that presentation of galectins
on the cell surface or extracellular matrix enhances or modifies activity (33). This
is evident for Gal-1 expressed on the surface of HUVEC (34) and for immobilized
galectin-8 (35).

Galectins in Acute Inflammation

The majority of galectin research has focused on models of auto-immunity
such as experimental autoimmune encephalomyelitis and collagen induced
arthritis as a result of the extensive literature reporting numerous modulatory
effects on T cell biology. Studies focusing on acute inflammation are relatively
scarce in comparison. In vitro studies have addressed the effects of galectins
on the biology of mast cells, neutrophils and macrophages, all of which are key
components of an acute inflammatory response whilst galectin null mice have
been used in models of peritonitis, sepsis and paw edema to address the role of
endogenous galectins. These findings are summarized below.

Galectin-1

Data acquired from both in vitrostudies using recombinant Gal-1 and in
vivo studies in Gal-1 null mice suggest that Gal-1 is a genuine therapeutic target
for inflammatory conditions. Gal-1 null mice are healthy and viable but once
challenged exhibit distinct phenotypes.

The first evidence of a role for Gal-1 in acute inflammation came from
the Rabinovich laboratory and assessed the effects of recombinant Gal-1
administration in a model of phospholipase A2 induced paw edema (36). In-line
with its proposed anti-inflammatory properties, significantly fewer degranulated
mast cells were observed in the paws of rats treated with Gal-1 and this
correlated with a reduction in edema and neutrophil infiltration, furthermore Gal-1
suppressed arachidonic acid release and PGE2 production from LPS stimulated
peritoneal macrophages (36). Edema formation in response to carageenan
administration in the murine paw is also reduced, as is neutrophil infiltration,
following administration of recombinant Gal-1, although a direct effect on mast
cells was not shown (23). Unexpectedly, edema formation in the Gal-1 knockout
mice was also reduced in comparison to wild-type animals, an effect that may
have been a consequence of increased Gal-9 expression.

These findings underscore the importance of assessing the function of both
the exogenous and endogenous galectin as administration of the recombinant
protein can clearly function in a different manner to the endogenous protein. This
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may indicate differential actins of the extracellular protein versus intracellular,
although this remains to be confirmed. In this respect, conditional galectin
knockout mice would be advantageous and may give a more accurate reflection of
galectin function in particular cell types. It also emphasizes the need for further
studies in which the recombinant protein is given back to knockout animals to
determine whether the null phenotype is reversed, or alternatively neutralizing
antibodies or small molecule inhibitors are given to wild-type animals. Again, this
will give further insight into the mechanism of action of Gal-1 in these models.

The initial study of Rabinovich hinted at a role for Gal-1 in suppressing
neutrophil infiltration to the site of inflammation, a role that has since been
confirmed. Neutrophils have been identified as a target for Gal-1, with increased
binding upon neutrophil activation or post-transmigration reported (37, 38).
Intra-vital microscopy studies coupled with in vitro flow chamber assays have
shown direct effects of recombinant Gal-1 on neutrophil trafficking (39, 40)
whilst Gal-1 administration also reduced neutrophil recruitment to the peritoneum
in a model of zymosan induced peritonitis (41).

A role for the endogenous protein is supported by data reporting that
knockdown of endothelial Gal-1 results in increased numbers of neutrophils
being captured and subsequently rolling on TNF-α stimulated HUVEC under
flow whilst significantly increased numbers of leukocytes emigrate from the
microcirculation in IL-βand PAF inflamed cremasters of Gal-1 knockout mice
(39). A direct mechanism for these inhibitory effects of Gal-1 on neutrophil
trafficking has still to be elucidated but may be partly due to a distinct modulation
of adhesion molecule expression on the neutrophil (39, 41).

The inhibitory properties of Gal-1 on neutrophil recruitment have been
observed using low (nM) concentrations of recombinant Gal-1 or through
knockdown/knockout of the endogenous protein. The actions of galectins are
however complex and at higher (µM) concentrations Gal-1 activates NADPH
oxidase resulting in superoxide generation by primed neutrophils (37). This
dichotomy of responses at different concentrations of Gal-1 indicates the need
for further investigation of the function of Gal-1 during acute inflammation.
In particular, Gal-1 receptors on neutrophils need to be identified such that the
mechanism of action can be fully delineated. The effects mediated by high Gal-1
concentrations are likely to be mediated through a different receptor than those
observed at low concentrations as indicated by the requirement for neutrophil
priming for elicitation of superoxide generation. Although it is unlikely that µM
concentrations of Gal-1 would be achieved in vivo these findings indicate the
need for careful titration of active therapeutic doses.

Monocytes and macrophages are both a source of and a target for Gal-1 (42,
43). Consistent with its largely anti-inflammatory properties, Gal-1 inhibits LPS-
induced iNOS expression and consequently nitric oxide generation (44) as well
as TNF-α and IFN-γ release from macrophages (45). These effects, combined
with down-regulation of FcγRI and MHC-II expression suggest Gal-1 promotes
alternative activation and deactivation of inflammatory macrophages (46).

One area of Gal-1 biology that requires further investigation if Gal-1 is to
be considered an anti-inflammatory therapeutic is that of its effects on platelet
biology. Platelets, in addition to their role in hemostasis, play an important role
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in the propagation of inflammation (47). This occurs through their interactions
with endothelial cells and leukocytes, as well as the generation of cytokines and
chemokines within the vasculature, with circulating platelet-leukocyte aggregates
serving as a marker of inflammation in numerous inflammatory pathologies such
as cardiovascular disease (48) and rheumatoid arthritis (49).

Recent studies have identified a role for galectins in modulating
platelet behaviour; Gal-1 triggers platelet activation and the formation of
platelet-leukocyte aggregates likely due to its ability to strongly induce p-selectin
expression by platelets enabling their interaction with PSGL-1 on the surface of
leukocytes, an interaction that results in reciprocal activation of both cell types
(50). Gal-1 is also able to promote release of vWF from platelet alpha granules
further supporting a role in platelet adhesion and thrombus formation (51, 52).
Use of a Gal-1 blocking antibody and studies on Gal-1 null mice also indicate
a role for endogenous Gal-1 in promoting thrombus formation with prolonged
bleeding times in Gal-1 null mice and decreased time to initial thrombus
formation in a model of ferric chloride-induced injury (50, 53). The pro-adhesive,
pro-aggregatory effects of Gal-1 on platelets clearly suggest the need for further
basic science studies in vivo to identify its effects on this important aspect of
inflammation.

For an acute inflammatory response to resolve the influx of neutrophils has to
be terminated and cleared. Clearance of neutrophils from the inflammatory foci
is carried out by tissue resident macrophages, which ingest neutrophils that have
undergone apoptosis. This process is awry in conditions such as atherosclerosis
where apoptotic cells persist within plaques (54). Whilst galectins do not appear
to induce neutrophil apoptosis they have been found to induce phosphatidylserine
(PS) exposure on the surface of activated neutrophils, which serves as an “eat-me”
signal and promotes subsequent phagocytosis (38). This process has been termed
“preaparesis” and is suggested as an alternative anti-inflammatory mechanism of
neutrophil clearance (55).

The induction of PS exposure on the surface of neutrophils by galectins is
a reversible phenomenom indicating that this process is not always indicative
of a commitment to apoptosis. The ability of Gal-1 to promote neutrophil
clearance combined with its inhibitory effects on neutrophil trafficking suggest
a pro-resolutory role for this protein. One caveat with regards to induction
of PS exposure by Gal-1 was that relatively high (10µM) concentrations of
were required. Even if these concentrations are achievable in vivo, evidence
suggests that high concentrations of Gal-1 may tip the balance in favour of
pro-inflammatory actions of this protein, both with regards to neutrophil activation
and promotion of platelet adhesion and thrombus formation.

In-line with the potential pro-resolving effects of Gal-1 recent in vitro
evidence has implicated a role as a chemotactic factor for monocytes but not
macrophages via a pertussis toxin-sensitive pathway (56), a role that has also
been confirmed in vivo in a model of zymosan induced peritonitis (41).Enhanced
recruitment of monocytes to the inflammatory site is in-line with the potential
pro-resolving effects of Gal-1 as monocyte recruitment and differentiation
into macrophages is a crucial component of resolution and clearance of the
inflammatory infiltrate (57).

331

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

A
R

IZ
O

N
A

 o
n 

D
ec

em
be

r 
19

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 D

ec
em

be
r 

18
, 2

01
2 

| d
oi

: 1
0.

10
21

/b
k-

20
12

-1
11

5.
ch

01
9

In Galectins and Disease Implications for Targeted Therapeutics; Klyosov, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



On balance, the evidence to date suggests that Gal-1 is a valid therapeutic
target for inflammatory conditions, The development of stable dimeric forms of
Gal-1 that retain activity at low concentrations and in the absence of reducing
agents as recently described (58) is likely to facilitate the research effort in this
direction.

Galectin-3

In contrast to Gal-1, the actions of Gal-3 are suggestive of a pre-dominantly
pro-inflammatory role. This however also renders Gal-3 a viable therapeutic
target and the advent of specific Gal-3 inhibitors and their potential success in the
cancer field and models of fibrosis is evidence of this (59, 60). In-line with its
pro-inflammatory actions Gal-3 induces degranulation of both IgE-sensitised and
non-sensitised mast cells (61) and also induces mast cell apoptosis in a caspase-3
dependent manner (62). A role for intracellular Gal-3 is also apparent; mast
cells isolated from Gal-3 null mice exhibit impaired degranulation and reduced
generation of cytokines upon cross-linking of FcepsilonRI (63).

In contrast to Gal-1, Gal-3 is one of a small number of molecules that have
been proposed to act as a soluble adhesion protein (64). Recombinant Gal-3
enhances adherence of human neutrophils to endothelial cell monolayers as well
as the matrix proteins laminin and fibronectinin vitro (15, 21, 65) although it is not
directly chemotactic for neutrophils (66). Studies investigating the putative Gal-3
receptor on neutrophils, CD66b, found that cross-linking of antibodies binding to
this protein resulted in increased adhesion of the neutrophils to endothelial cells
as well as release of IL-8 (67–69).

In vivo, Gal-3 appears to mediate neutrophil recruitment in β2 integrin-
independent models such as S. pneumoniae infection (70) with significant levels
of Gal-3 (>50µg/ml) detectable in BAL fluid of mice following S. pneumoniae
infection (20). The reduced neutrophil recruitment observed in Gal-3 null mice
correlated with increased severity of pneumonia and increased bacterial load
when compared to wild-type mice (70). Adding back recombinant Gal-3 to null
mice restored protection against pneumonia (20).

A role for Gal-3 in β2 integrin-dependent models of neutrophil recruitment
has also been reported with Colnotet al (71) reporting decreased numbers of
neutrophils in the peritoneum of Gal-3 knockout mice 4 days post thioglycollate
administration, an observation that was not due to increased apoptosis or
phagocytosis. The lack of maintenance of neutrophil number was not however,
reproduced in a study by Hsu et al (72) with a slight but significant reduction in
neutrophil recruitment at day 1 but no difference at day 4.

In addition to its effects on neutrophil trafficking, Gal-3 activates both
naive and primed neutrophils as evidenced by increased superoxide generation,
L-selectin shedding, CD11b upregulation and IL-8 secretion (20, 64, 73, 74).
The pro-recruitment, pro-activation effect of Gal-3 on neutrophils suggests that
inhibition of Gal-3 may be beneficial in inflammatory disorders. However, given
the protective effects of Gal-3 in models of pneumonia, inhibition of Gal-3 may
lead to increased risk of infection.
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Like Gal-1, Gal-3 is a chemoattractant for human monocytes however,
more unusually it is also a macrophagechemoattractant (75). Expression is
upregulated when monocytes differentiate into macrophages (76) with active
secretion of Gal-3 by inflammatory macrophages observed (77). In-line with
its largely pro-inflammatory role, exogenous Gal-3 acts on freshly isolated
human monocytes to induce IL-1 and superoxide release as well as potentiating
LPS-induced production (76, 78) and induces TNF-α and IL-8 production in a
human monocytic cell line (79). With regards to macrophage biology, Gal-3
is an important regulator of alternative activation; classical activation results
in comparable cytokine profiles to WT cells whilst Gal-3 null macrophages
exhibit significantly reduced arginase activity in response to IL-4/IL-13 (80).
These findings combined with the increased expression and secretion of Gal-3
by alternatively activated macrophages suggests Gal-3 sustains and mediates
downstream effects of this phenotype. Regulation of alternative activation of
macrophages is suggestive of roles in dampening the inflammatory response and
promotion of wound repair (81) although the need to tightly regulate such systems
is emphasised by the reduced renal fibrosis observed in Gal-3 null mice (82, 83).

In conjunction to its effects on neutrophils, Gal-3 also functions as an opsonin
and increases the uptake of apoptotic neutrophils by human monocyte-derived
macrophages (83) whilst mice deficient in Gal-3 exhibit reduced phagocytic
clearance of apoptotic thymocytes by peritoneal macrophages (84). More
recently, extracellular Gal-3 was identified as a ligand of the phagocytic receptor
Mer receptor tyrosine kinase (MerTK); activation of this receptor through
Gal-3 binding facilitated phagocytosis of apoptotic Jurkat cells by macrophages
(85). These actions suggest that inhibition of Gal-3 may result in persistence
of inflammatory infiltrates although this is not borne out by studies in Gal-3
knockout mice, which may once again be indicative of a disparity between the
actions of the endogenous versus exogenous protein.

Although numerous studies have confirmed pro-inflammatory actions for Gal-
3 and therefore suggest that inhibition of Gal-3 would be a viable therapeutic
option for inflammatory pathologies, more evidence is required to identify specific
conditions that would benefit from Gal-3 inhibition.

Galectin-8

Gal-8 has been shown to enhance neutrophil adhesion to tissue culture plates
and HUVEC in vitro in a carbohydrate and αM integrin (CD11b) dependent manner
although evidence for a role in vivo is lacking (33, 86). It has also been shown to
induce superoxide production to levels comparable to fMLP (33).

As is the case for Gal-1, Gal-8 has also been shown to be a potent platelet
activatorpromoting release of thromboxane A2 and ADP, alpha granule release
and aggregation (52).

Although a limited number of studies have been performed investigating
the role of Gal-8 in inflammation, initial evidence suggests its inhibition may be
beneficial in some conditions, particularly those with increased risk of thrombosis.
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Galectin-9

Gal-9 has numerous roles and is an exciting therapeutic target for chronic
auto-immune pathologies such as rheumatoid arthritis through its ability to induce
apoptosis of T cells (87). Its role in acute neutrophil driven pathologies however
is not evident and further investigations are clearly warranted.

Gal-9 has been proposed as an autocrinestabiliser of mast cell degranulation
in IgEsensitised cells (88), these data in conjunction with a recent study linking
Gal-9 to mast cell stabilisation in a murine skin allergy model implicate a role in
mast cell function downstream of IgE, however a link to mast cell function induced
during acute inflammation in response to agents such as complement and bacterial
products has yet to be established.

There is some evidence to support a role for Gal-9 as a chemoattractant of
murine neutrophils both in vitro and in vivoin a model of the Schwartzman reaction
(89). PMN recruited by Gal-9 into the peritoneal cavity had an anti-inflammatory
phenotype that was linked to PGE2-production suggesting Gal-9 may modulate
neutrophil phenotype (89). The anti-inflammatory properties of Gal-9-recruited
PMN were further emphasised by an enhanced inflammatory response when these
mice were rendered neutropenic.

Studies using human leukocytes suggest that Gal-9 is not chemoattractive
for neutrophils, at least in vitro (90) and scant evidence exists to suggest a
direct role for Gal-9 in neutrophil trafficking with a single study demonstrating
a pro-adhesive effect for Gal-9 in static adhesion assays using HUVEC (86).
Such limited evidence on the role of Gal-9 in neutrophil trafficking cannot be
predicative of its therapeutic potential in neutrophil driven pathologies, however it
is an area that warrants further investigation. Although it seems likely that Gal-9,
like Gal-8 another tandem-repeat galectin, will support leukocyte trafficking due
to its ability to cross link receptors on opposing cells, the suggestion that it may
alter the phenotype of the neutrophils it recruits is attractive.

Further Avenues of Study

Perhaps the area of galectin biology that still requires significant attention with
regards to acute inflammation is the identification of the receptors through which
galectins are acting, this along with understanding how glycosylation profiles of
these receptors are altered during inflammation would allow a greater level of
specificity for galectin based therapeutics. The Gal-9 receptor Tim-3 is a case in
point with opposing roles in the innate and adaptive immune systems; expression
of Tim-3 on monocytes and dendritic cells is linked with enhanced production of
TNF-α and promotion of innate immunity, whilst its enhanced expression on TH1
cells is linked to increased apoptosis and termination of TH1 driven pathologies
(91), effects that are both mediated through Gal-9.

The recent advent of stable forms of Gal-1 and -9 and specific inhibitors of
Gal-3 is likely to advance our knowledge of galectin biology rapidly and might
in the case of Gal-1 lead us to re-evaluate some of the previous findings, for
example induction of apoptosis in the presence of reducing agents which have
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proven controversial. Forms of Gal-9 that are resistant to proteolysis are also likely
to prove useful in the harsh proteolytic environment of an inflammatory lesion.

Conclusion

Anti-inflammatory therapeutics have traditionally been aimed at reducing
the plethora of pro-inflammatory mediators that drive the inflammatory
process. However, as our understanding of the inflammatory process increases,
the mediators and pathways available as therapeutic targets increases. The
wide-ranging effects of galectins on the numerous cell types that co-operate to
drive and ultimately resolve an acute inflammatory response makes exploitation
of their biology for therapeutic gain a challenge. Much of the research dedicated
to the biology of galectins in inflammation is still at the stage of investigating the
response of cells to recombinant galectins in vitroandclearlymore proof-of-concept
studies with transgenic mice are required to detail the complex role of galectins in
inflammation. However studies to date suggest that Gal-1 is a viable therapeutic
proposition that warrants further investigation, whilst inhibition of Gal-3 may also
prove beneficial. The role of Gal-9 in auto-immune diseases suggests it is a viable
candidate for therapy however more research needs to be performed to elucidate
its effects in acute inflammation.We should not be discouraged by the need for
further research into this fascinating family of immune-modulators but rather seek
to further our understanding of those mentioned above, with established roles in
inflammation, the biology of which could then be harnessed for the development
of novel therapeutics.
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Chapter 20

Galectins in Immune and Inflammatory
Diseases: Insights from Experiments with

Galectin Deficient Mice

Daniel K. Hsu,1,2 Ri-Yao Yang,2 Agnes Fermin,2 and Fu-Tong Liu*,1,2

1Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan
2Department of Dermatology, University of California-Davis,

Sacramento, California
*E-mail: fliu@ucdavis.edu

Defining the properties of themultifunctional galectin family are
particularly challenging, but has been facilitated by the creation
of transgenic animals. In these respects, functions of broadly
studied galectin-1, -3, and -9, have advanced considerably as
a result of close examinations of knockout mice. While the
pro-apoptotic properties of extracellular galectin-1 and -9 were
determined in vitro, the spectrum of their regulatory functions
in T helper cell influence was revealed by studies in galectin-1
and galectin-9 knockout (ko) mice. Both galectins were found
to suppress Th1 and Th17 function by killing of these Th cells.
Thus, they are both potential therapeutic agents for immune and
inflammatory diseases. The functions of galectin-3 in several
disease models have been explored and this protein appears to
serve a pro-inflammatory role, predominantly by promoting
cytokine production and infiltration of inflammatory cells, as
well as prolonging inflammatory cell survival. The properties
of galectin-3 as a promoter of fibrosis were confirmed as well
in multiple disease models mediated by inflammatory changes.
These studies support selection of galectin-3 as a therapeutic
target of immune and inflammatory diseases.

© 2012 American Chemical Society
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Introduction

A large number of functions have been demonstrated for galectins in vitro.
The majority of these were accomplished by adding recombinant proteins
to cultured cells. Some were achieved by transfecting cells with galectins
or by suppressing expression of a given galectin by siRNA or antisense
oligonucleotides. An increasing number of functions have been demonstrated
in vivo. Most of these were performed by injecting recombinant proteins either
locally or systemically in experimental animals. A small number of studies
were achieved by administration of plasmids coding for galectins. The roles of
galectins in various diseases have been suggested through these experiments.
However, additional investigations were required to establish whether they
represent the functions of the endogenous proteins and reflect the roles of these
proteins in the diseases in question. For some galectins, especially galectin-3,
the use of their inhibitors in in vitro experiments has also shed light on their
functions and, furthermore, some of these inhibitors were shown to be effective
in vivo. When used in disease models, the results highlighted selective galectins
as potential therapeutic targets and, moreover, they suggested the therapeutic use
of these inhibitors in humans. However, the specificity of these inhibitors has
not been firmly established in vivo and whether their effects indeed result from
specifically targeting the given galectins has yet to be definitively established.

An increasing number of studies have demonstrated the roles of galectins in
models of human diseases by using genetically engineeredmice deficient in a given
galectin (referred to as knock out (ko) mice herein). This review focuses on those
diseases in which immune and inflammatory responses play an important role in
their pathogenesis.

Allergic Disease

The role of galectin-3 in human asthma was addressed by the use of a
mouse model in which animals were sensitized systemically with ovalbumin
(OVA) and then challenged in the airways. OVA-sensitized gal3 ko mice
developed lower degrees of eosinophilia and goblet cell metaplasia in the
airways, after OVA challenge compared to similarly treated wild-type mice. In
addition, OVA-sensitized gal3 ko mice developed significantly lower airway
hyperresponsiveness after the challenge compared to wild-type mice (1). The role
of galectin-3 in chronic asthma was subsequently studied by comparing wild-type
and gal3 ko mice subjected to repetitive airway allergen challenge with OVA up
to 12 wk. Gal3 ko mice contained significantly lower numbers of eosinophils in
the airways compared to wild-type mice; this was correlated with lower levels
of chemokines associated with eosinophil recruitment. Importantly, gal3 ko
mice exhibited substantially lower degrees of airway remodeling, compared to
wild-type mice, manifested as subepithelial fibrosis, smooth muscle thickness,
and peribronchial angiogenesis (2).

In inflamed airways, galectin-3 is expressed by both epithelial cells and
inflammatory cells; bronchoalveolar lavage fluid from OVA-challenged mice
contained significantly higher levels of galectin-3 compared to control mice
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(1), suggesting that galectin-3 is released by the cells under the experimental
conditions. How and whether secreted galectin-3 contributes to the airway
inflammatory response and which cell type(s) are influenced by galectin-3 are
uncertain. The possibility also exists that galectin-3 functions intracellularly
through airway epithelial cells and inflammatory cells. In both of the above
models, gal3 ko mice developed a lower Th2 response, but a higher Th1 response,
suggesting that galectin-3 is required for an optimal Th2 response.

The role of galectin-3 in the development of allergic skin inflammation was
investigated by comparing wild-type and gal3 ko mice after repeated epicutaneous
sensitization with OVA (3). Epidermal thickening was attenuated and dermal
eosinophil infiltrations were lower in gal3 ko mice relative to wild-type. Similar
to airway inflammation, gal3 ko mice exhibited Th1 polarization associated with
lower levels of IgE in the serum and lower expression of interleukin-4 mRNA,
but higher expression of IFNγ mRNA at OVA-treated skin sites. Finally, when
exposed to OVA, recipients engrafted with T cells from gal3 ko OVA-specific T
cell receptor transgenic mice developed significantly attenuated dermatitis and a
markedly lower Th2 response compared with recipients of comparable wild-type
T cells. These results suggest galectin-3 promotes the Th2 response through T
cells. However, there is evidence that the protein functions also through dendritic
cells (DCs) (3).

In a model of contact dermatitis, which is a manifestation of delayed-type
hypersensitivity, gal3 ko mice developed lower responses relative to wild-type
mice as measured by skin thickness (4). DCs derived from gal3 ko bone marrow
exhibited defective chemotaxis toward chemokines compared to wild-type cells,
and cutaneous DCs in gal3 ko mice displayed reduced migration to draining lymph
nodes upon hapten stimulation, a process that is critical in the development of
contact dermatitis. From the perspective of Th1-Th2 polarization, gal3 ko mice
would be expected to mount a higher response, if contact sensitivity is Th1 driven
through either DCs or T cells, because galectin-3 promotes the Th2 response as
explained above. Thus, in this system, the positive effect of galectin-3 on DC
migration may be dominating over its other effects through DCs or T cells.

The in vivo general inflammatory role of galectin-3 was first observed in a
model of chemical peritonitis. Gal3 ko mice developed attenuated inflammatory
cell infiltrations compared to wild-type mice, associated with lower numbers
of neutrophils in one study (5), but also lower numbers of macrophages in
another (6). Thus, galectin-3 promotes inflammatory responses in general
and Th2-mediated allergic responses, in particular. These results suggest that
galectin-3 may be a target for the treatment these inflammatory disorders. It
is to be mentioned, however, that other investigators observed reduction of
eosinophil infiltrations in rats and mice treated by intranasal delivery of cDNA
encoding galectin-3 following airway antigen challenge (7, 8). It thus appears that
transgenic galectin-3 may not represent the functions of endogenous galectin-3
and this could be due to differences in the tissues and cells in which the transgenic
protein was expressed relative to the endogenous protein. Nevertheless, these
additional studies suggest that administration of galectin-3 plasmids may be
suitable for treatment of allergic inflammation.
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Autoimmune Disease

A number of studies demonstrated that administration of recombinant
galectin-1 and -9 decreased autoimmune disease in experimental models. Data
from experiments employing galectin-deficient mice are consistent with the
immunosuppressive functions of these two galectins. The role of galectin-3 in
mouse models of autoimmune disease has also been revealed in gal3 ko mice.

a. Systemic Lupus Erythematosus (SLE) and Experimental Autoimmune
Encephalomyelitis (EAE)

Studies of aged gal1 ko mice revealed the presence of higher levels of
serum anti-dsDNA antibodies compared to aged wild-type mice, suggesting that
endogenous galectin-1 may suppress autoimmune responses. This is consistent
with the effect of recombinant galectin-1. Specifically, SLE-prone (BWF1) mice
treated with recombinant galectin-1 experienced increased rates of survival,
decreased levels of serum anti-dsDNA antibodies, lower T and B cell activation,
and an enhanced frequency of Tregs relative to untreated mice (9).

Gal1 ko mice also developed greater disease severity in mouse experimental
autoimmune encephalomyelitis (EAE), an autoimmune disease of the
central nervous system (CNS) driven by autoreactive Th1 and Th17 cells
(10). Splenocytes from gal1 ko mice exhibited enhanced proliferation after
restimulation with (MOG)35-55 peptide antigen, and secreted higher levels of
IFNγ and IL-17 compared to wild-type T cells. Moreover, gal1 ko CD4+ T cells
produced higher levels of IFNγ and IL-2 compared to their wild-type counterparts,
indicating a role for galectin-1 in the negative regulation of Th1 responses.

A vast amount of literature exists on the immunosuppressive role of
galectin-1, through its effects on T cells (reviewed in (11–13). Galectin-1 induces
apoptosis by binding to galactose-β1-4-N-acetylglucosamine (LacNAc) units on
N- or O-linked glycans expressed on activated Th1 and Th17, but not Th2 cells
(10). Differential cell recognition is associated with α2-6 and α2-3 sialylation
on the surface of Th2 cells that masks galectin-1 ligands. Thus, galectin-1 may
regulate the immune and inflammatory responses associated with autoimmune
diseases by inducing T cell apoptosis or by suppressing the proliferation of
self-reactive T cells [reviewed in (14)].

Endogenous galectin-3 has been shown to be a positive regulator of
inflammatory responses in autoimmunity. Gal3 ko mice developed delayed onset
of EAE, exhibited reduced leukocytic infiltrations to the CNS, and had more
apoptotic cells in the CNS compared to wild-type mice (15). Moreover, draining
lymph node cells from immunized gal3 ko mice produced lower levels of IFNγ
and IL-17 and higher levels of IL-5 and IL-13 after ex vivo stimulation with
MOG35-55 peptide, suggesting that galectin-3 promotes pathogenic Th1 and Th17
cells and inhibits Th2 polarization. Moreover, DCs from immunized gal3 ko mice
produced higher levels of IL-10, a cytokine that drives the production of inducible
Tregs and is associated with immunosuppression. Whether galectin-3 exacerbates
the inflammatory response in EAE indeed by promoting the production of the
pathogenic cytokines IL-17 and IFNγ, while inhibiting immunosuppressive
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mediators, such as Treg and Th2 cells, remains to be clarified. As mentioned
above, galectin-3 actually promotes Th2 responses in a number of other models.
Recent work in the authors’ laboratory also suggests that expression of galectin-3
in DCs negatively regulates Th17 responses to fungal pathogens (unpublished
findings).

In a mouse model of arthritis induced by antigen, galectin-3 expression was
reported to be correlated with disease progression and severity (16). Gal3 ko mice
displayed less synovial joint inflammation and expressed fewer antigen-specific
antibodies and lower IL-17 production compared to wild-type mice. This effect
was reversed after treatment with recombinant galectin-3, which increased TNFα
and IL-6 expression at early stages of the disease and enhanced the frequency
of IL-17-producing T cells in gal3 ko mice. The use of gal3 ko mice supports
a pathogenic role for endogenous galectin-3 in the development of rheumatoid
arthritis, while the use of recombinant galectin-3 suggests that extracellular
galectin-3 may partially contribute to the pro-inflammatory response.

On the other hand, galectin-3 was reported to subdue susceptibility to
autoimmune disease by forming complexes with glycoproteins modified by
mannosyl α1,6-glycoprotein β1,6-N-acetylglucosaminyltransferase (Mgat5).
Galectin-3 was described to restrict antigen-dependent T cell receptor clustering
and raising the threshold needed for T cell activation (17). Mgat5 ko mice
(lacking cell ligands for galectin-3) exhibited increased susceptibility to EAE,
delayed-type hypersensitivity, and kidney autoimmune disease, which were
attributed to enhanced TCR clustering and hyperactive T cells. It is to be noted,
however, the phenotypes demonstrated in mice deficient in Mgat5 may not be
strictly restricted to galectin-3, because Mgat5 also regulates formation of ligands
recognized by other endogenous lectins (including galectin-1) and may also
contribute to functions unrelated to endogenous lectins.

Galectin-3 may function through both intracellular and extracellular
mechanisms to regulate inflammatory responses and mediate cellular homeostasis,
as suggested by in vitro experiments [reviewed in (18, 19)]. For example,
extracellular galectin-3 promotes apoptosis in activated T cells and acts as
a chemoattractant for monocytes and macrophages (20), while intracellular
galectin-3 confers the resistance of T cells to apoptosis and promotes cell
proliferation (21). Whether the protein functions through both pathways, or
predominates through either intra- or extra-cellular action is yet to be determined.

The role of galectin-9 in autoimmune responses has been studied in a mouse
model of arthritis. Specifically, gal9 ko mice have been shown to develop
exacerbated arthritis in a model of collagen-induced arthritis. In this model,
the administration of recombinant galectin-9 after disease induction suppressed
clinical symptoms and decreased proinflammatory cytokine expression, indicating
a protective function for galectin-9 (22). Downregulation of IFNγ and IL-17 was
also accompanied by increased apoptosis of Tim3-expressing Th1 and Th17 cells.
Furthermore, galectin-9 therapy promoted T cell differentiation to Tregs (22).
This is consistent with a large number of studies demonstrating the suppressive
role of recombinant galectin-9 in immune and inflammatory responses [reviewed
in (23, 24)].
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However, endogenous galectin-9 has been shown to upregulate cytokine
production in a monocyte cell line by an intracellular action (25). Accordingly,
additional studies are needed to determine whether the intracellular functions of
galectin-9 are manifested in vivo. Nevertheless, the current information suggests
that recombinant galectin-9 may be used therapeutically to suppress autoimmune
and inflammatory responses [reviewed in (26)].

b. Diabetes (Nephropathy and Retinopathy)

Hyperglycemia in diabetic patients causes non-enzymatic glycosylation
(glycation) of proteins and lipids, producing elevated levels of advanced glycation
end products (AGEs). AGEs have been implicated in the pathogenesis of
long-term diabetic complications, such as nephropathy. Galectin-3 was identified
as an AGE receptor (AGE-R3) (27) important for the endocytosis of AGEs (28).
A number of studies implicated galectin-3 in diabetic complications through its
AGE-binding activity, while others suggested its involvement in pathogenesis of
autoimmune (type 1) diabetes as a regulator of the immune response.

Exposure of C57BL/6 mice to multiple low-doses of streptozotocin induces
infiltration of mononuclear cells, including macrophages, in the islets of these
mice, leading to islet inflammation (insulitis), which precedes the destruction of
insulin-producing beta cells. It was shown by quantitative histology of islet tissue
that galectin-3 ablation significantly attenuates insulitis and beta cell loss (29). By
this model, other investigators confirmed that gal3 ko mice were more resistant
to diabetogenesis compared with wild-type counterparts. This is associated with
lower levels of the inflammatory cytokines IFNγ, TNFα, and IL-17 in pancreatic
draining lymph nodes. These results suggest the involvement of galectin-3 in
immune-mediated beta-cell damage and diabetogenesis. Gal3 ko macrophages
produced less TNFα and nitric oxide as well. Thus, it might be through this cell
type that galectin-3 contributes to diabetogenesis. Whether galectin-3 functions
in this model through other cell types that are also involved in the pathogenesis of
diabetes remains to be determined (30).

By a similar model, other investigators found that gal3 ko mice developed
more severe glomerulopathy, despite a similar degree of metabolic derangement,
compared to wild-type counterparts (31). The former exhibited higher levels
of renal/glomerular AGE associated with altered expression of AGE receptors.
The receptors implicated in removal of AGE (macrophage scavenger receptor
A and AGE-R1) were downregulated, while those mediating cell activation
(RAGE and AGE-R2) were upregulated. These results suggest that galectin-3
regulates the AGE receptor pathway in vivo to protect animals from AGE-induced
tissue injury. In another study, glomerulopathy was induced by injection of
N(epsilon)-carboxymethyllysine (CML)-modified serum albumin (an AGE).
Gal3 ko mice developed higher circulating and renal AGE levels and exhibited
exacerbated renal function (32). The results are again consistent with the
role of galectin-3 as an AGE receptor in vivo that confers protection against
AGE-mediated tissue injury by aiding AGE disposal (33).

Both aging and diabetes are characterized by renal functional and structural
abnormalities related to the progressive accumulation of AGEs, and cumulative
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oxidative stress. Iacobini et al (34) correlated the development of glomerular
lesions with AGE levels and oxidative stress in aging gal3 ko and wild-type mice.
They found that aged gal3 ko mice developed more severe glomerulopathy and
higher renal extracellular matrix gene protein expression than their age-matched
wild-type counterparts. AGE levels correlated significantly with renal functional
and structural parameters in these mice. These data suggest that galectin-3 is
involved in the AGE/AGE receptor pathway underlying age-related renal disease.

Consistent with the resistance of gal3 ko mice to diabetogenesis despite the
deteriorating effects of galectin-3 deficiency on long-term diabetic complications
discussed above, there are reports that galectin-3 ablation actually prevents
acute pathology of diabetes. These include breakdown of the inner blood-retinal
barrier (iBRB), which is central to the development of sight-threatening diabetic
macular edema. When rendered diabetic with a single intraperitoneal injection of
streptozotocin, gal3 ko mice exhibited significantly less diabetes-mediated iBRB
dysfunction than their untreated wild-type counterparts (35).

In a model of oxygen-induced proliferative retinopathy, wild-type and gal3
ko mice were tested for retinal ischemia and neovascularization after perfusion of
preformedAGEs. Mice treatedwithAGE exhibited elevated inner retinal ischemia
and reduced angiogenesis. Ablation of galectin-3 abolished these effects of AGEs.
The data implicate galectin-3 in mediating AGE-induced retinopathies (36).

While galectin-3 is well recognized as an AGE-binding protein, it is not
known to what extent galectin-3’s AGE-binding activity contributes to diabetic
complications compared to its regulation of immune responses, gene expression,
and apoptosis. Whether these effects can be reproduced in other mouse models,
such as the spontaneous non-obese diabetic (NOD) mice, is an interesting topic.

Liver Disease

Several models of liver injury were studied in gal3 ko mice and the results
indicated that galectin-3 is a key regulatory factor in the fibrotic response
induced by injury. In chemically-induced liver fibrosis and recovery, galectin-3
functions through multiple pathways and contributes to the severity of fibrosis.
Indeed, myofibroblast activation and procollagen formation in vitro and in vivo
were markedly reduced in gal3 ko mice, leading to attenuated liver fibrosis in
comparison with wild type animals. The reduction in hepatic fibrosis observed
in gal3 ko mice occurred despite equivalent liver injury and inflammation and
similar tissue expression of TGFβ, in comparison with wild type mice (37).

Furthermore, TGFβ failed to transactivate gal3 ko hepatic stellate cells, in
contrast to wild type stellate cells; however, TGFβ-stimulated Smad-2 and -3
activation were equivalent. This study indicates that galectin-3 participates in
TGF-beta-mediated myofibroblast activation and matrix production. These in
vivo studies were recapitulated in vitro by effecting galectin-3 knockdown through
siRNA treatment. The authors suggest prospects in providing an alternative
therapeutic approach to prevention and treatment of liver fibrosis by interfering
with galectin-3 expression (37).
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Development of nonalcoholic steatohepatitis (NASH) has also been
investigated in gal3 ko mice maintained on atherogenic diets. NASH was
invariably present in wild type mice, but occurred at lower prevalence in a small
subset of gal3 ko mice. Gal3 ko mice also displayed reduced inflammatory,
degenerative and fibrotic changes compared to wild type animals, and exhibited
diminished levels of disease progression, consisting of lower levels of circulating
advanced lipoxidation end-products (ALE) and lower tissue ALE accumulation.
In liver endothelial cells treated for galectin-3 knockdown by siRNA, a similar
phenotype of reduced N(ε)-carboxymethyllysine-modified albumin uptake and
ALE-receptor expression was achieved. Thus, reduction of galectin-3 levels is
beneficial to repair following hepatocyte injury (38).

The role of galectin-3 in liver inflammation and injury were also examined
using an acetaminophen (APAP) toxicity model. High dose APAP causes
centrilobular hepatic necrosis and elevates serum transaminases, which is
associated with increased hepatic expression of galectin-3 mRNA and protein.
Immunohistochemical analysis revealed that galectin-3 was predominantly
expressed by infiltrating mononuclear cells in necrotic areas. Reduced
hepatotoxicity was observed in gal3 ko mice relative to wild type mice. Changes
in gal3 ko mice were not due to differences in APAP metabolism or hepatic
glutathione levels but correlated with reduction in APAP-induced expression of
24p3, a marker of inflammation and oxidative stress. In comparison with wild
type mice, proinflammatory mediators iNOS, IL-1β, MIP-2, MMP-9, MIP-3α,
as well as galectin-3-binding protein, CD98, and TNFR1 were downregulated in
gal3 ko mice (39).

Promotion of inflammatory damage caused by expression of galectin-3 was
also revealed in a model of concanavalin A-mediated hepatic toxicity. Gal3
ko mice exhibited lower numbers of activated lymphoid and DCs in the liver
compared to wild type, and substantially reduced hepatitis. This was accompanied
by reduced serum TNFα, IFNγ, IL-17 and IL-4, and fewer TNFα-, IFNγ-, IL-17-
and IL-4-producing CD4+ cells. The numbers of IL-12-producing CD11c+
DCs were lower, while those of IL-10-producing CD4+ T cells and F4/80+
macrophages were significantly higher in livers of gal3 ko mice, relative to wild
type. Increased numbers of apoptotic leukocytes in liver and splenocytes were
present in gal3 ko mice. However, whether these dying cells mainly constitute
the population of inflammatory cells is unknown. Pre-treatment of wild type
C57BL/6 mice with galectin-3 inhibitor TD139 led to attenuation of liver injury
and reduced infiltration of IFNγ-, IL-17- and IL-4-producing CD4+ T cells,
increase in total number of IL-10-producing CD4+ T cells and F4/80+ CD206+
alternatively activated macrophages. Apoptosis of liver-infiltrating mononuclear
cells was also prevented with this inhibitor, suggesting its utility in controlling
hepatic inflammation (40).
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Kidney Disease

As observed in hepatic repair, promotion of fibrotic injury by galectin-3 during
allograft rejection due to MHC Class II mismatch was noted. In comparison with
syngeneic transplants, allograft rejection is accompanied by elevated galectin-3
expression (41). Relative to wild type mice, allografts in gal3 ko mice exhibited
attenuated interstitial fibrosis, decreased myofibroblast activation and collagen I
expression, accompanied by reduced expression of YM1, a marker of alternatively
activated macrophages. In addition, gal3 ko mice exhibited reduced numbers of
circulating CD4-positive T cells and IL4-expressing cells, relative to wild type
mice (41).

Consistent with prior observations associating galectin-3 and inflammation,
tissue injury caused by inflammatory responses during renal ischemic-reperfusion
injury was described to track with expression of galectin-3. When examined in
gal3 ko mice, reduced tissue expression of MCP-1, IL-6 and IL-1β were observed
relative to wild type animals, accompanied by lower macrophage infiltration and
production of reactive oxygen species. Gal3 ko animals exhibited significantly
lower levels of blood urea and improved tubular regeneration relative to wild type
animals (42).

Galectin-3 is highly induced in the kidneys in a mouse model of ureteral
obstruction (UUO). Gal3 ko mice exhibited increased numbers of apoptotic cells,
consistent with the described anti-apoptotic property of galectin-3 (43), lower
levels of cell proliferation and decreased levels of Endo180, an intracellular
receptor for intracellular collagen degradation, but elevated levels of fibrosis
compared to wild type mice. This was accompanied by lower numbers of
myofibroblasts in gal3 ko mice during early stages of disease. Gal3 ko mice also
exhibited lower levels of extracellular matrix synthesis than wild type mice (44).

These studies demonstrate that, while galectin-3 promotes inflammation
during tissue injury, the protein can provide beneficial properties by limiting cell
death, which is an intracellular function. When secreted, galectin-3 activates
leukocytes, is a macrophage chemotactic factor, and is able to kill T cells (11,
45). These properties of galectin-3 are likely maintained at certain levels of
equilibrium during disease processes. Future studies are required to establish
which of the pathways engaged by pleiotropic galectin-3 dominates during
disease.

An additional model of renal injury resulting from lipid-induced disease due to
atherogenic high-fat diet caused the accumulation of oxidation products. Diseased
gal3 ko mice under these conditions were observed to exhibit higher levels of
oxidation products and elevated levels of fibrosis and inflammation, compared to
wild type animals. The authors concluded that galectin-3 serves to protect tissue
damage resulting from accumulation of oxidation products by contributing to their
clearance as an AGE receptor (46).
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Heart/Lung Disease

Consistent with its proinflammatory functions, galectin-3 participates in
exacerbating vascular disease in mouse models of atherosclerosis. The ApoE ko
mouse strain, an established model of spontaneously-occurring atherosclerosis,
was crossed to produce ApoE ko/gal3 ko animals. In comparison to ApoE ko
mice, which developed aortic atheromatous plaques and periaortic vascular
channels in an age-dependent manner, ApoE ko/gal3 ko animals did not
display age-dependent disease progression. Following longer periods of disease
induction, ApoE ko/gal3 ko mice exhibited lower numbers of atherosclerotic
lesions and fewer atheromatous plaques, concomitant with lower numbers of
perivascular inflammatory infiltrates (47).

In contrast to the ApoE ko model, gal3 ko mice on atherogenic diets displayed
larger aortic lesions than wild type and lesions with greater complexity as evident
by the presence of increased inflammatory changes. In accordance with prior
observations associating galectin-3 with promotion of the Th2 response, aortic
lesions of gal3 ko animals contained Th1-polarized T cells. Increased levels of
macrophage infiltration and inflammatory mediators were also present in gal3
ko animals, compared to wild type, as well as. oxidized LDLs and lipoxidation
products, and their receptors (48). Apparently contradicting observations between
this model and the ApoE ko model described above may be due to in part to
the degree of intensity of disease induction, which is greater in the diet-induced
model. Analyses for the presence or absence of Th polarization in the ApoE ko
model may shed light on these contrasting results.

Like galectin-3, galectin-1 exhibits pleiotropic properties and is highly
expressed in pulmonary mesenchymal cells derived from a model of chronic
hypoxic pulmonary hypertension. Severity of disease was less pronounced in
gal1 ko animals than wild type animals, as measured by right ventricular pressure
(RVP), and this was not caused by differences in the extents of muscularization
in microvessels. To examine the role of vasoreactivity, acute hypoxic stress was
induced and peak RVP was found to be lower in wild type compared to gal1
ko animals. The results suggest that differences between wild type and gal1 ko
mice occur because of the smooth muscle cell contractile responses to hypoxia
as opposed to vascular tone in these mice before exposure to chronic hypoxia.
This is supported by the observation that smooth muscle cell vasoreactivity
in gal1 ko mice was significantly greater than wild type mice under induction
with vasoconstrictive agents during acute hypoxia, and not in the absence of
hypoxia. Consistent with early observations in myoblast studies (49, 50), these
results suggest that galectin-1 regulates smooth muscle cell interactions with the
extracellular matrix in response to hypoxia, but not vascular tone (51).
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Conclusions

Generation of galectin ko mice have provided essential tools to delineate
functions of galectins. Animal models have been crucial in many instances
where functions observed in vitro were confirmed in ko mice. In particular, the
immunosuppressive functions of galectin-1 and -9 suggested by in vitro studies
were demonstrated with the use of gal1 ko and gal 9 ko mice, respectively.
Likewise, the pro-inflammatory and antiapoptotic functions of galectin-3
suggested by in vitro studies were described in a number of experiments of
the galectin-3 ko strain in multiple diseases and tissue systems (Figure 1).
Additional experiments are still needed to link the in vitro and in vivo observations
mechanistically and these knock out mice will continue to serve as valuable tools
in dissecting the pleiotropic functions of these galectins. In particular, both intra-
and extra-cellular functions in vivo could be addressed by engrafting either ko or
wild-type cells into the opposing genotype.

Additional challenges remain in dissecting gene function with respect to
extrapolation of mouse studies to human disease. Advances in gene manipulation
by genetic and transcriptional disruptions and availability of mouse strains
capable of adopting human cells and tissues will permit examination of more
humanized organ systems. Nevertheless, results from knock out mice now
suggest that galectin-3 may be a therapeutic target for a number of immune and
inflammatory diseases, and contributed to validation of recombinant galectin-1
and -9 as potential biologics for some diseases.

Figure 1. Disease involvement by tissues and organs in galectin-1-, galectin-3-
and galectin-9-deficient mice. Arrows indicate upregulation and downregulation,

observed experimentally. (see color insert)
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Chapter 21

Autoimmune Disorders in
Galectin-3 Deficient Mice

Vladislav Volarevic and Miodrag L. Lukic*

Centre for Molecular Medicine and Stem Cell Research,
Faculty of Medical Sciences, University of Kragujevac,
69 Svetozara Markovica Street, 34000 Kragujevac, Serbia

*E-mail: miodrag.lukic@medf.kg.ac.rs

Despite the fact that all galectins have a galactose-defined
specificity, galectin-3 has important pro-inflammatory role
while other members of the galectin family, including
galectin-1, galectin-2, galectin-4, galectin-9, mainly have
anti-inflammatory effects in autoimmune disorders. The
basis for such a completely opposite effect of galectin-3
in immune regulation remains unclear and merits further
in-depth investigation. It is important that galectin-3 has
pro-inflammatory role in T-cell mediated diseases: Con A
induced hepatitis, MLD-STZ diabetes, EAE and antigen
induced arthritis. Targeting galectin-3 as endogenous
inflammatory mediator should serve as a platform for designing
novel drugs with aim to prevent or resolve the inflammatory
response in T cell mediated autoimmune pathology.

Introduction

A family of beta-galactosides-binding proteins, galectins, has recently
emerged as novel molecules with immunoregulatory functions. Among them,
galectin-3 is the most ubiquitously expressed by immunocompetent and
inflammatory cells, either constitutively or in an inducible fashion (1). It is
expressed by macrophages, dendritic cells (DCs), eosinophils, mast cells, natural
killer (NK) cells and activated T and B lymphocytes giving a broad spectrum of
involvement in the immune response (1).

© 2012 American Chemical Society
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Depending on the type and status of immune cells, galectin-3 can be found
within the nucleus, in the cytoplasm, on the cell surface and in the extracellular
compartment (2). Galectin-3 is usually present in the cytoplasm, but it is
translocated to the nucleus in proliferating cells, and is present in perinuclear
regions in tumor cells following apoptotic stimuli, in cytoplasmic vesicles during
glycoprotein sorting and in membrane ruffles of activated DCs (2).

Galectin-3 binds and interacts with numerous ligands in the intra- and extra-
cellular environment (3, 4). Intracellularly, galectin-3 is engaged in processes
that are pivotal for basic cellular functions, such as pre-mRNA splicing (5, 6)
regulation of cell growth, cell cycle progression and apoptosis (4).

In the presence of carbohydrate ligands, galectin-3 is able to form pentamer
through its NH2-terminal domain, can cross-link cell surface glycoconjugates
forming lattice-like structures and modulates a signaling cascade in the cells (7).
It is well known that extracellular galectin-3 acts as an adhesion molecule by
cross-linking adjacent cells, and cells and extracellular matrix (3, 4). It is able
to oligomerize and participates in multivalent interactions with cell surface and
extracellular matrix glycans, through lectin-carbohydrate interactions, affecting
migration of immune cells (3, 4).

Galectin 3 in Immune Response

Galectin-3 serves as a chemoattractant for monocytes and macrophages
(8). Galectin-3 knockout mice (gal-3-/-) exhibit reduced inflammatory responses
measured by decreased numbers of leukocyte infiltrates, while the addition of
recombinant galectin-3 significantly increased the presence of monocytes at the
site of infection leading to exacerbation of immune response (3).

Galectin-3 is important for alternative activation of macrophages (9). It
binds to Cluster of differentiation (CD)98 receptor, promotes phosphoinositide
3-kinase (PI3K) activation that leads to alternative activation of macrophages.
Knockdown of the galectin-3 gene in 129sv mice specifically restrains
IL-4/IL-13-induced alternative macrophage activation in bone marrow-derived
macrophages in vitro and in resident lung and recruited peritoneal macrophages
in vivo without affecting IFN-γ/ lipopolysaccharide (LPS)-induced classical
activation or IL-10-induced deactivation (9). IL-4-mediated alternative
macrophage activation is inhibited by deletion of galectin-3 and is blocked
by bis-(3-deoxy-3-(3-methoxybenzamido)-beta-D-galactopyranosyl) sulfane, a
specific inhibitor of extracellular galectin-3 carbohydrate binding. In addition, an
increased expression and secretion of galectin-3 correlates with other phenotypic
markers of alternative macrophage activation, while LPS-induced classical
macrophage activation results with inhibition of galectin-3 expression and release
(9).

Galectin-3 plays an important role in phagocytosis (10). It acts as an opsonin
and enhances macrophage clearance of apoptotic neutrophils (10). Macrophages
of gal-3-/-mice had a delayed phagocytic response and ingested fewer cells than the
wild type (WT) mice. Endogenous galectin-3 translocates to the phagosomes in
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cells that have engulfed erythrocytes contributing to FcgR-mediated phagocytosis
(11).

It was shown that galectin-3 increases phagocytic activity of neutrophils in
CD66a and CD66b-dependent manner (12). In addition, galectin-3 is important
both for migration and activation of neutrophils (3). Recombinant galectin-3
promotes the adhesion of human neutrophils to laminin (13) and endothelial cells
(14), potentiates LPS-induced production of interleukin (IL)-1 (15), triggers the
production of superoxide anion and induces a respiratory burst in LPS-stimulated
neutrophils (3).

Galectin-3 is important for migration and cytokine production of DCs (16).
In comparison with WT mice, bone marrow derived DCs of gal-3-/- mice have
a defective migratory response to chemokines in vitro and reduced migration to
lymph nodes in vivo (17). Intracellular galectin-3 was found to have a suppressive
effect on the production of IL-12 by DCs attenuating Th1 immune response
(18, 19). It was recently shown that galectin-3 silencing in DCs enhances T cell
activation and interferon-γ (IFN-γ) production (20). Knockdown of galectin-3 in
DCs enhanced allogeneic T cell responses: allogeneic CD4+ T cells incubated
with galectin-3 knockdown DCs produced more IFN-γ and less IL-10 compared
with control cells (20). The percentage of apoptotic T cells was significantly
higher in cultures with control DCs than that with galectin-3 knockdown DCs
indicating that DC-expressed galectin-3 is regulatory molecule that favors the
inhibition of T cell activation (20).

Galectin-3 induces mediator release by mast cells, through the cross-linking
of FcεRI and/or FcεRI–IgE complex, since both FcεRI and IgE were shown to be
galectin-3 binding-partners (3, 21). It also acts as a mediator of IgE production in
B lymphocytes (3).

Galectin-3 is significantly expressed on the cell surface of eosinophils isolated
from patients with allergic diseases and has an important role in eosinophil rolling
(22). It functions as a cell surface adhesion molecule that acts either independently
or in cooperation with selectins and integrins augmenting the multistep cascade
resulting with eosinophil recruitment to the sites of allergic inflammation (22).
An endogenous galectin-3 promotes inflammatory response in murine model
of astma: significantly fewer eosinophils and less airway hyperresponsiveness
was noticed in ovalbumin-sensitized galectin-3-/- mice compared to similarly
treated WT mice (3). Opposite, pharmacological application of galectin-3
suppresses inflammation in rat model of astma: intratracheal instillation of
galectin-3-expression plasmid inhibits bronchial obstruction and inflammation
through IL-5 gene down-regulation (3). In accordance, the exposure of human
eosinophils to galectin-3 results in a selective inhibition of IL-5 expression,
on both protein and mRNA level due to signal transduction from galectin-3
stimulated FcγRII (3).

Galectin 3 is important for NK cell-mediated cytotoxicity (23, 24).
Galectin-3-/-mice constitutively have a significantly higher percentage of effective
cytotoxic CD27(high)CD11b(high) NK cells as well as the percentage of immature
CD27(high)CD11b(low) NK cells (23). In contrast, CD27(low)CD11b(high)
less functionally exhausted NK cells and NK cells bearing inhibitory KLRG1
receptor are numerous in WT mice (23). Galectin-3 reduces the affinity of major
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histocompatibility complex class I-related chain A (MICA) for NK-activating
receptor NKG2D, thereby severely impairing NK cell activation and silencing
the NK cells (24). This galectin-3 dependent mode of NK cell silencing could be
important for evasion of NK cell immunity by tumor cells.

Galectin-3 is not expressed in resting primary T cells (25). However,
the expression of galectin-3 is noticed both in activated and memory T cells
suggesting that galectin-3 expression is upregulated upon differentiation of naive
T cells (2). In mouse CD4+ and CD8+ T cells, galectin-3 expression is inducible
upon activation with CD3 antibody, the plant lectin concanavalin A (Con A) plus
IL-2, and calcium ionophores (26). Interestingly, galectin-3 expression levels are
low following induction by CD3 antibody, Con A, or IL-2 alone, suggesting that
a combination of receptor cross-linking and proliferative stimulus is required for
galectin-3 expression in T cells (26).

Galectin-3 is expressed in human immunodeficiency virus type I (HIV-I) and
human lymphotropic virus type I (HTLV-I) infected T lymphocytes (2). Galectin-3
expression was also described in biopsies of patients with T-cell lymphoma (2).
These virus infected and tumor cells may be considered to be in a permanent state
of activation and dysregulated pathways in these cells likely contribute to galectin-
3 induction (2).

Galectin-3 is expressed in CD4+CD25+Foxp3+ T regulatory (Tregs) cells.
Both galectin-3 mRNA and protein expression were observed in circulating Tregs,
andwere also found to be induced following Foxp3 transfection into CD4+ effector
cells (27).

The effect of galectin-3 in the regulation of T cell function depends on its
localization. Extracellular galectin-3 promotes migration and interferes with
adhesion of thymocytes with stromal cells, induces T cell activation, apoptosis
and suppresses IL-5 production in primary T cells and cell lines. When delivered
extracellularly, galectin-3 is capable to activate T cells. In Jurkat E6-1 T cells,
galectin-3 induces secretion of IL-2 in a manner that is similar to action of the
plant lectin from Phaseolus vulgaris (PHA). As it was previously described in
eosinophils, recombinant galectin-3 inhibits IL-5 but not IL-4 expression in
activated T lymphocytes (2).

Extracellular galectin-3 has been shown to induce apoptosis in T cells,
including human T leukemia cell lines and activated mouse T cells (28, 29).
Secreted galectin-3 binds mainly to CD45, CD71 or CD7 and CD29 molecules
resulting in the activation of the mitochondrial pathway including cytochrome-c
release and caspase-3 activation leading to apoptosis of T cells (29).

Intracellular galectin-3 promotes cell growth, inhibits apoptosis and attenuates
TCR signaling in primary T cells and cell lines (2).

Galectin-3 is the only member of the galectin family, known by now, that acts
as anti-apoptotic molecule. It is interesting to notice that there is 28% identity
and 48% similarity between protein sequences of galectin-3 and anti-apoptotic
molecule Bcl-2 (2). Complementarity determining region (CRD) of galectin-3
contains the NWGR motif (residues 180–183), highly conserved in Bcl-2 family
members, essential for anti-apoptotic activity of galectin-3. The anti-apoptotic
effect of the intracellular galectin-3 is well documented (1–4). In the response
to a variety of apoptotic stimuli, galectin-3 translocates from the cytosol or the
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nucleus to the perinuclear mitochondrial membrane in synexin-mediated manner,
prevents mitochondrial damage and inhibits cytochrome c release, downregulating
caspase activation (3). The anti-apoptotic effects of galectin-3 in T-cell are also
mediated through its interaction with CD95 (APO-1/Fas) receptor. Intracellular
galectin-3 associates with CD95 and stimulates caspase-8 activation, interferes
with apoptotic signaling pathway from caspase-8 to mitochondria and inhibits C2-
ceramide-induced apoptosis (2).

Naive gal-3-/- CD4+ T cells secreted more IFN-γ and IL-4 than naive gal-
3+/+ CD4+ T cells after TCR engagement indicating that intracellular galectin-3
principally acts as an inhibitory regulator of T-cell activation (30). Galectin-3
is able to form complexes with TCR glycans, therefore limiting TCR clustering
necessary for initiation of TCR-mediated signaling (31). In addition, in activated
T cells galectin-3 is recruited to the cytoplasmic side of the immunological synapse
where it promotes TCR down-regulation through modulating function of Alix, a
component of the endosomal sorting complex required for transport (ESCRT) (30).

The role of galectin-3 in Th1/Th2 polarization is controversial, probably
because the effect of galectin-3 in T cell differentiation is disease and
model-dependent. Gal- 3-/- mice were reported to be Th2 defective in an
ovalbumin-induced asthma model, but had a normal Th2 response following
intestinal nematode and schistosome infection (2). In addition, as previously
described, galectin-3 was shown to down-regulate IL-5 gene expression both in T
cells and eosinophils (3).

Galectin-3 is constitutively expressed and secreted by human bone
marrow-derived and umbilical cord blood-derived mesenchymal stem cells
(MSCs) (32), self-renewable cells with immunomodulatory characteristics (33).
MSCs can inhibit T-cell proliferation by engagement of the inhibitory molecules
(such as programmed death 1 or interleukin 1 receptor antagonist) (34), by
producing soluble factors that suppress T-cell proliferation (such as TGF-β or
IL-10), through interacting with DCs and by increasing the number of Tregs (35,
36). In accordance with these mechanisms, it was recently showed that human
MSCs also use secreted galectins to suppress T-cell mediated immune response
(32).

Inhibition of galectin-1 and galectin-3 gene expression with small interfering
RNAs abrogated the suppressive effect of MSC on allogeneic T cells (32).
Specific gene silencing of galectin-3 reduced the expression of galectin-1
in MSCs, suggesting a possible interaction between these two galectins in
MSC-mediated suppression of immune response. In addition, suppression of
T-cell proliferation by MSCs could be abrogated by exogenous addition of β
lactose, a competitive inhibitor for galectin-3 binding to cell surface glycoproteins
(32). The restoration of T-cell proliferation in the presence of β lactose clearly
indicates that the carbohydrate-recognition domain of galectin-3 is responsible
for the immunosuppression of T cells and supports an extracellular mechanism of
action of MSC-secreted galectin-3.

In summing up, galectin-3 can be positive and negative regulator of
inflammatory response, depending on specific inflammatory conditions, galectin-3
expression and the type of targeted cell. In general, galectin-3 is a powerful
pro-inflammatory molecule. It is secreted as a response to various inflammatory
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stimuli. Secreted galectin-3 affects virtually all inflammatory cells by an autocrine
or paracrine mechanism: it is chemo attractant for neutrophils, monocytes,
macrophages, it triggers respiratory burst in phagocytes and induces mediator
and cytokine release by mast cells and T lymphocytes. Additionally, intracellular
galectin-3 could contribute to the persistence of the inflammation by acting as an
anti-apoptotic factor in promoting the survival of inflammatory cells, particularly
T lymphocytes in T cell mediated pathology.

In the following we describe the role of galectin-3 in experimental, T-cell
mediated inflammatory and autoimmune disorders.

Experimentally Induced Disorders in Galectin 3 Deficient Mice
T Cell Mediated Hepatitis

Galectin-3 is involved in the pathogenesis of inflammatory and malignant
liver diseases (37, 38). It plays a major role in the removal of circulating advanced
lipoxidation endproducts (ALEs) by the liver, and the deletion of galectin-3
accelerates nonalcoholic steatohepatitis (NASH) or prevents the development
of ALE-induced liver injury (37). Galectin-3 is involved in the progression of
hepatocellular carcinoma where a higher expression rate of nuclear galectin-3
shows a markedly worse prognosis in malignant and chronic inflammatory liver
diseases, suggesting different roles of Gal-3 in tumors and autoimmunity (37, 38).

Con A-induced liver injury is a well established experimental model of T cell
mediated hepatitis (39–43). In this model, intravenous injection of Con A induces
acute liver injury and systemic immune activation in mice that resembles the
pathology of immune-mediated hepatitis in humans (42). Intravenously injected
Con A is mainly phagocyted by liver macrophages and presented to CD4+ T
lymphocytes, leading to their activation (42). CD4+ T lymphocytes infiltrate
the liver tissue and secrete large amounts of cytokines, such as tumor necrosis
factor alpha (TNF-α), IFN-γ, IL-2, IL-6, and granulocyte macrophage colony
stimulating factor (42–47). Apart from CD4+ T cells, CD8+ T cells, as well
as NK, NKT cells and macrophages could also induce hepatocyte cell death by
cell to cell contact, through secretion of pro inflammatory cytokines or reactive
oxygen species (42–47).

In ConA-induced liver injury, galectin-3 plays an important pro-inflammatory
role by promoting the activation of T lymphocytes and NKT cells, maturation
of DCs, secretion of pro-inflammatory cytokines, down-regulation of alternative
(M2) macrophage polarization and apoptosis of mononuclear cells (MNCs) in the
liver (48).

Gal-3-/- mice are less sensitive to Con A–induced hepatic injury. After Con
A injection, liver tissue sections in gal-3-/- mice showed several solitary areas of
necrotic tissue while the majority of hepatocytes were not damaged. On contrary,
liver tissue sections in Con A-treated WT mice showed widespread areas of
necrosis with extensive infiltration of MNCs within liver lobules and around the
central veins and portal tracts, indicating the ongoing inflammatory process (48).

Targeted disruption of galectin-3 gene attenuated liver injury by reducing
the number of effector cells, including T lymphocytes (both CD4+ and CD8+),
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B lymphocytes, DCs, and NK and NKT cells, and increasing the number
of IL-10-producing CD4+ T cells and alternatively activated (M2-polarized)
macrophages. In addition, knockdown of galectin-3 gene, because of the lack of
intracellular, anti-apoptotic galectin-3, enhanced the apoptosis of liver-infiltrating
MNCs contributing to the lower number of mononuclear cells in the livers of Con
A treated gal-3-/- mice (48).

The level of TNF-α, IFN-γ, IL-17 and IL-4 in the sera and total number of
TNF-α-, IFN-γ-, IL-17- and IL-4-producing CD4+ cells and IL-12-producing DCs
were lower in the livers of Con A treated gal-3-/- mice. In contrast, total number
of IL-10-producing CD4+ T cells and alternatively activated macrophages were
significantly higher in the livers of gal-3-/- mice. Additionally, the ratio between
the total number of IL-10- and IFN-γ producing CD4+ T cells was significantly
higher in the liver of ConA–treated gal-3-/-mice compared toWTmice, suggesting
that, in Con A hepatitis, galectin-3 affects production of hepatoprotective IL-10 in
CD4+ T cells (48–50).

Although there were significantly lower levels of both Th1 and Th2 cytokines
in the sera of Con A treated gal-3-/- mice, there was no significant difference in
the levels of TNF-α, IFN-γ, IL-17, IL-4 and IL-10 in supernatants of in vitro
Con A–stimulated splenocytes isolated from healthy WT and gal-3-/- mice (48)
suggesting that the inflammatory milieu of the Con A–damaged liver is most likely
responsible for the difference in cytokine production of liver-infiltrating MNCs of
WT and gal-3-/- mice.

As it is previously discussed, galectin-3 is important for the migration,
adhesion, and maturation of DCs (16–20). IL-12, mainly produced by DCs and
macrophages, is essential for the onset of Con A–induced hepatitis, because
IL-12 interacts directly with NKT cells, contributes to their recruitment to the
liver, and enhances immune response through increased IL-4 (51). Accordingly,
attenuated liver injury noticed in Con A treated gal-3-/- mice correlates with
a significantly reduced number of IL-12-producing DCs, activated NK, NKT
cells and IL-4-producing CD4+ T cells that was accompanied by a decreased
serum level of IL-4 (48). Furthermore, a decreased number of IL-12-producing
DCs in livers of Con A treated gal-3-/- mice indicates that galectin-3 plays an
important role in the antigen presentation and activation of T lymphocytes in Con
A hepatitis.

Pretreatment of WT mice with selective galectin-3 inhibitor (TD139) (52)
attenuated Con A–induced liver injury (48). Intraperitoneal injection of TD139
in WT mice 2 hours before and immediately after Con A injection suppressed
the infiltration of IFN-γ-, IL-17- and IL-4-producing CD4+ and IFN-γ-producing
CD8+ lymphocytes, increased the total number of IL-10-producing CD4+ T cells,
attenuated serum levels of IFN-γ, IL-17 and IL-4, elevated the serum level of IL-10
and increased the number of alternatively activated (M2-polarized) macrophages
(48). Knowing that galectin-3 has an important role in the phagocytic function of
macrophages (11), it seems that pretreatment with TD139 inhibited the expression
of galectin-3 on macrophages, impaired phagocytosis of Con A, and reduced the
activation of CD4+ T cells, manifested by the lower number of IFN-γ-, IL-17- and
IL-4-producing CD4+T cells and the higher number of CD4+IL-10- producing T
lymphocytes in livers of Con A–treated mice that received TD139.
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Reduced inflammation noticed in the livers of Con A treated gal-3-/- mice
and TD139 pre-treated WT mice could be the result of both macrophage and
T-cell attenuation. Consistent with recently published results in animal models
of diet-induced NASH (38), galectin-3 deletion attenuates both Th1 and Th2
inflammatory responses in the liver and down-regulates the gene expression level
of both Th1/M1 and Th2/M2 cells.

In accordance with data obtained in Con A hepatitis, it was shown that
galectin-3 is highly expressed in the livers of patients suffering from acute liver
disease (48). Compared to healthy controls, galectin-3 was strongly expressed
in lining cells of hepatic sinuses both in patients with isoniazid-induced and
hepatitis B virus-induced fulminant hepatitis (48), indicating an important role of
galectin-3 in liver inflammation.

In conclusion, galectin-3 is highly expressed in inflamed liver, has an
important pro-inflammatory role in fulminant hepatitis and therefore could be a
potential target for therapeutic intervention in acute liver failure.

Multiple Low-Dose Streptozotocin-Induced Diabetes

Multiple low-dose streptozotocin-induced diabetes (MLD-STZ diabetes)
is an experimental model of type 1 diabetes characterized by delayed and
sustained hyperglycemia (53). The initial destruction of some β cells due to
MLD-STZ, similarly to viral infection, induces the activation of autoreactive T
cells to multiple diabetogenic epitopes. This “epitope spreading” leads to chronic
immunopathology and β-cell loss until biochemical and histological evidence of
disease is present (53, 54).

The lack of galectin-3 led to resistance to the induction of MLD-STZ
diabetes in susceptible C57BL/6 mice (55), which was associated with the lack
of significant MNC infiltration in the pancreatic islets and with retention of
higher insulin content when compared with WT mice. It seems that the effect of
galectin-3 deficiency on immune and accessory effector cells is responsible for the
attenuation of diabetogenesis. Gal-3 is required for the optimal production of IL-1
and TNF-α (56). In accordance, macrophages of MLD-STZ treated gal-3-/- mice
produce lower levels of inflammatory mediators, particularly TNF-α and nitric
oxide (NO). More importantly, immune cells in the draining lymph node of gal-3-/-
mice exhibit lower expression of IFN-γ and inducible nitric oxide synthases
(iNOS) and do not express TNF-alpha and IL-17 after MLD-STZ treatment. The
roles of TNF-alpha and IFN-γ in β-cell damage are well established (57), and it
could be assumed that the attenuation of their production affects diabetogenesis
in vivo. Apart from IFN-γ, there is evidence that IL-17 can contribute to the
pathogenesis of autoimmune inflammation and that IL-23/IL-17 axis also plays a
role in diabetogenesis (53).

It is important to note that conditional and specific NF-κB blockade protects
pancreatic β cells from the diabetogenic effect of MLD-STZ (58). As galectin-3
is able to induce NF-κB activation (30), it is possible that the lack of galectin-3
attenuates β cell specific activation of NF-κB and prevents the progressive loss of
β cells.
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Thus, it seems that in MLD-STZ diabetes model, galectin-3 acts as a
pro-diabetogenic rather than a protective factor by enhancing inflammation and
autoimmune response within the pancreatic islets.

Opposite to MLD-STZ diabetes, animal studies provide evidence for
protective function of galectin-3 in type 2 diabetes (T2D) and its associated
secondary complications (59, 60). Obesity-induced insulin resistance and
dysfunction of islet β cells are characteristic of the disease (59, 60). Additionally,
accumulation of amyloid peptide in the islets stimulates inflammasome
NLRP-3-dependent cleavage of caspase-1 and production of IL-1β in resident
DCs and invading macrophages (61). This leads to β-cell loss and immune
mediated accumulation of pro-inflammatory T cells.

Late glycation products accumulate on long-lived proteins and cause tissue
damage correlating with the severity of diabetic complications. Galectin-3 binds
to advanced glycation end-products (AGE) and stimulates their degradation (60)
indicating protective role of galectin-3 in obesity and T2D. Accordingly, gal-3-
/- mice reveal elevated AGE levels and signaling and show accelerated diabetic
glomerulopathy (60).

It can be concluded that, in contrast to the β-cell loss in type 1 diabetes,
in obesity induced type 2 diabetes, galectin-3 may exert protective effect. In
line with these observations are results obtained from recently published clinical
study showing that systemic galectin-3 is elevated in obesity and negatively
correlates with glycated hemoglobin in T2D patients (59) suggesting that function
of galectin-3 in human metabolic diseases may be not primarily associated with
inflammation.

Experimental Autoimmune Encephalomyelitis

Multiple sclerosis is the inflammatory disease of the central nervous system
(CNS), characterized by inflammatory lesions, demyelination and axonal loss
(62). Experimental autoimmune encephalomyelitis (EAE) is an animal model
of CNS inflammatory demyelination, commonly used as a model of multiple
sclerosis in humans (63). Multiple sclerosis and EAE are supposed to be T
cell-mediated autoimmune diseases. EAE is induced in susceptible animals by
active immunization with myelin antigens mixed with adjuvants. T lymphocytes
activated by encephalytogen in the periphery differentiate in inflammatory helper
T cells which are able to pass blood-brain barrier where they recognize their
cognate target antigen and initiate an inflammatory cascade leading to tissue
damage (63). EAE can also be induced by passive transfer of myelin reactive
population of CD4+ T helper cells (63). Both Th1 and Th17 cells are thought to
be responsible for the inflammatory demyelination in CNS (62, 63). In EAE, Th2
lymphocytes, Tregs and related cytokines such as IL-5 and IL-10 are important in
the resolution stages of the disease (62, 63). T helper cell differentiation toward
inflammatory phenotype depends on the function of antigen presenting cells (64,
65).

Galectin-3 appears to play a role in promoting EAE. This pathogenic role
is associated with the ability of galectin-3 to preferentially limit IL-10 synthesis
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by DCs, which in turn biases the production of IL-17 and IFN-γ and inhibits the
development of Th2 and Treg cells (66). Galectin-3-deficient mice immunized
with myelin oligodendrocyte glycoprotein (MOG35–55) peptide developed
markedly attenuated EAE compared with similarly immunized WT mice (66).
The disease attenuation was accompanied by reduced cellular infiltration of
monocytes and macrophages in the CNS supporting a key role of galectin-3 in
promoting inflammation via local recruitment of leukocytes (8). Consistent with
the previously discussed anti-apoptotic role of galectin-3 (2, 3), CNS of gal-3-/-
mice consisted of markedly elevated TUNEL-positive apoptotic cells which may
further explain the significantly reduced number of infiltrating leukocytes in the
CNS of gal-3-/- mice compared with WT animals (66).

Gal-3-/- mice developed enhanced Th2 response during EAE: IL-4, IL-5, IL-
10, and Treg cells were all elevated in gal-3-/- mice, consistent with the protective
role of Th2 and Treg cells in this disease. In addition, Th1 and Th17 lymphocytes
of gal-3-/-mice produced less IFN-γ and IL-17 that was consistent with the reduced
severity of EAE in these animals (66).

The effect of galectin-3 on Th1, Th2, Th17, and Treg polarization may be
secondary to its effect on DC functions. As it is previously discussed, DCs express
a high density of galectin-3 (17). Bone marrow derived DCs of naive gal-3-/-mice
and splenic DCs of immunized gal-3-/- mice produced markedly elevated IL-10
(but not IL-12) in response to LPS compared with WT DCs (66). Moreover,
galectin-3-deficient DCs induced antigen specific T cells to produce more IL-4,
IL-5 and IL-10, but less IL-17 (66), suggesting an association of galectin-3 with
the promotion of Th1 cells and limiting the differentiation of Th2 cells and Treg
cells during EAE.

More evidences confirmed that galectin-3 affects inflammation in the
CNS during EAE. Extracellular galectin-3 is able to exert cytokine-like
regulatory action, activates immune and inflammatory signaling events
through phosphorylation of STAT1, STAT3, STAT5 and JAK2 amplifying the
inflammatory cascade in the brain (67).

In apparent contrast to these data, inflammatory demyelization and
neurodegeneration were enhanced in mice, which display natural deficiencies
in multiple N-glycosylation pathway enzymes (68). These differences may be
related to the fact that other related galectins (galectin-1 and galectin-9) are able
to suppress Th1 and Th17 immune response (69–71).

Earlier report (31) has shown that reduction in galectin-3 functions through
the deletion of Mgat5 (β1, 6N-acetylglucosaminyltransferase V) in mice and
leads to heightened susceptibility to EAE. The glycosylation deficiency in
Mgat5-/- mice affects other pathways and cell types that may also contribute to
the observed autoimmunity. Mgat5- modified glycans also reduce clusters of
fibronectin receptors, therefore causing accelerated focal adhesion turnover in
fibroblasts and tumor cells, a functionality that may affect leukocyte motility (31).

In summing up, galectin-3 plays an important pathogenic role in EAE and
may therefore be a potential target for therapeutic intervention in autoimmune
neurological diseases.
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Methylated Bovine Serum Albumin Induced Arthritis

Rheumatoid arthritis (RA) is an autoimmune disease characterized by a
massive infiltration of mononuclear and polymorphonuclear cells into the joints
and the development of inflammation that results in destruction of articular
cartilage and adjacent bone (72). Although the precise mechanism that gives rise
to RA is still unknown, RA is thought to be T-cell mediated autoimmune disease.
Activated CD4+ T helper cells and macrophages comprise a large proportion of
the inflammatory cells that invade the synovial tissue (73) and represent the most
important effector cells in RA. Pro-inflammatory cytokines: TNF-α, IL-6, and
IL-17 produced by activated CD4+ T cells and macrophages are implicated in the
establishment and progression of inflammatory joint destruction in RA (72, 73).

Galectin-3 plays a pathogenic role in the development and progression of
methylated bovine serum albumin induced artritis (antigen induced arthritis
(AIA)), a well established experimental model of RA (74).

Significantly reduced synovitis and joint erosion was noticed in gal-3-/- mice
compared with WT mice (74). This effect was partially restored by the addition
of exogenous galectin 3 to gal-3-/- mice. The joints from gal-3-/- mice receiving
recombinant galectin 3 had increased synovitis compared with gal-3-/- mice that
received vehicle, and the level of synovitis was comparable with that in the WT
group, clearly indicating pathogenic role of galectin-3 in AIA (74).

Reduced arthritis in gal-3-/-mice was accompanied by a significant decrease in
circulating antigen specific IgG antibodies, decreased systemic production of pro-
inflammatory cytokines TNF-alpha and IL-6 and the frequency of IL-17-producing
T cells (74). Interestingly, the significant difference in serum levels of TNF-α
and IL-6 between WT and gal-3-/- mice was noticed only on day 10, prior to
the induction of joint arthritis, suggesting that galectin 3 modulates production
of TNF-α and IL-6 only at early stages of AIA (74).

Gal-3-/- mice, which were protected from AIA, displayed significantly lower
infiltration of inflammatory cells in the joints and significantly lower frequency
of IL-17–producing CD3+ splenocytes (74). IL-17 has a direct role in joint
destruction and plays an essential role in mediating neutrophil migration during
inflammation through chemokine release (75).

Sinovial fibroblasts and neutrophils are important cells involved in amplifying
the local inflammation and joint damage in RA (72–74). Once accumulated at
the site of inflammation, neutrophils are potentially responsible for damage to
surrounding tissues by producing reactive oxygen species (ROS) and hydrolytic
enzymes. Another hypothetical mechanism for mediating the pro-inflammatory
activity of galectin-3 in AIA and RA is the direct targeting by galectin 3 of synovial
fibroblasts and neutrophils locally in the joints (74). Galectin-3 can inducemassive
production of ROS from neutrophils and splenocytes (76, 77) and has an important
role in promoting mononuclear cell infiltration in the joints (78).

In line with data obtained in experimental model of RA (74), galectin-3
was highly expressed in the inflamed synovium and the level of galectin-3
was elevated in synovial fluid of RA patients compared to healthy controls
and to patients with osteoarthritis (79). Upon galectin-3 stimulation, isolated
synovial fibroblasts from RA patients are able to secrete significant amounts
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of pro-inflammatory and mononuclear cell– recruiting chemokines. It can be
concluded that the elevated levels of galectin 3 in the joint stimulate fibroblasts
and locally infiltrated neutrophils to produce chemokines, cytokines and ROS,
involved in amplifying the immune responses and causing bone destruction.

Taken together, galectin-3 plays a pathogenic role in the development and
progression of AIA and may be new molecular target for therapeutic treatment of
RA.

Concluding Remarks and Future Directions

Despite the fact that all galectins have similar carbohydrate specificity,
galectin-3 has important pro-inflammatory role while other members of the
galectin family, including galectin-1 (71, 80), galectin-2 (81), galectin-4 (82),
galectin-9 (69, 70), mainly have anti-inflammatory effects in autoimmune
disorders. The question as to how subtle structural differences in galectin-3 with
regard to other members of the family could lead to a completely opposite effect
in immune regulation remains unclear and merits further in-depth investigation.

Finally, it should be concluded that galectin-3 has pro-inflammatory role in
T-cell mediated diseases: Con A induced hepatitis, MLD-STZ diabetes, EAE
and antigen induced arthritis. Targeting galectin-3, as endogenous inflammatory
mediator, should serve as a platform for designing novel drugs with aim to prevent
or resolve the inflammatory response in T cell mediated autoimmune pathology.
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Chapter 22

Galectin-3: A Central Regulator of Chronic
Inflammation and Tissue Fibrosis

Neil C. Henderson,*,1 Alison C. Mackinnon,1
Claire Rooney,2 and Tariq Sethi*,2

1MRC Centre for Inflammation Research,
The Queen’s Medical Research Institute, University of Edinburgh,
47 Little France Crescent, Edinburgh, EH16 4TJ, United Kingdom

2Department of Respiratory Medicine and Allergy, King’s College London,
London, United Kingdom

*E-mail: Neil.Henderson@ed.ac.uk (N.C.H); tariq.sethi@kcl.ac.uk (T.S.)

Fibrosis is a major cause of morbidity and mortality worldwide.
Tissue injury, with chronic inflammation and fibrogenesis,
results in disruption of tissue architecture and eventually organ
failure. Currently, the therapeutic options for tissue fibrosis
are severely limited and organ transplantation is often the only
effective treatment for end-stage fibrotic diseases. However,
demand for donor organs greatly outstrips supply, and so
effective anti-fibrotic treatments are urgently required. In recent
years, Galectin-3 has gained prominence as a central regulator
of chronic inflammation and fibrogenesis. Tissue fibrosis
models in multiple organs have demonstrated that galectin-3
has profound effects on organ fibrogenesis and scarring. In
this review we will examine the ways in which galectin-3
regulates these processes through both direct effects on tissue
myofibroblasts and also by mediating cross talk between the
innate immune system and fibroblast populations in various
organs. Additionally, we will discuss how the manipulation of
galectin-3 using small molecule inhibitors may have clinical
utility in the treatment of patients with a broad range of fibrotic
diseases.

© 2012 American Chemical Society
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Introduction

Fibrosis represents a massive health care burden worldwide. Chronic
tissue injury and fibrogenesis results in disruption of tissue architecture, organ
dysfunction and eventually organ failure. Our therapeutic repertoire for the
treatment of tissue fibrosis is severely limited and organ transplantation is
currently the only effective treatment in end-stage fibrotic disease. However, the
disparity between donor organ availability and organ demand means that many
patients die. Therefore effective anti-fibrotic treatments are urgently required.

Galectin-3 is a β-galactoside-binding lectin of ~30kDa. It is unique among
galectins in that it is a chimeric protein with a C-terminal carbohydrate recognition
domain (CRD) linked to a proline, glycine, and tyrosine rich additional N-terminal
non-CRD with multiple homologue repeats, which are involved in higher order
oligomerization (1). Galectin-3 is pleiotropic and it’s localisation within the tissue
micro-environment may be extracellular, cytoplasmic or nuclear. This imparts
great flexibility on galectin-3 as a key regulator of a wide range of biological
processes such as adhesion (2–4), proliferation (5, 6) and cell survival (7, 8). In
recent years, there has been increasing interest in the role of galectin-3 in chronic
inflammation and tissue fibrogenesis. A variety of different murine models of
organ fibrosis have demonstrated that galectin-3 has profound effects on the
fibrotic process, mediating it’s effects on multiple different cell lineages during
tissue scarring (Figure 1). In this review we will examine how galectin-3 regulates
chronic inflammation and fibrosis in different organs, and highlight the progress
which has been made in identifying galectin-3 as an attractive therapeutic target
in the search for effective anti-fibrotic therapies.

Hepatic Fibrosis

Increased hepatic galectin-3 expression has been demonstrated in cirrhotic
human liver secondary to a wide range of etiologies (9). Although galectin-3
was not present in normal hepatocytes, immunohistochemistry of liver biopsies
from both hepatitis B induced cirrhosis of the liver and hepatocellular carcinoma
complicating hepatitis B infection demonstrated increased expression of
galectin-3. Galectin-3 was highly expressed in cirrhotic liver in a peripheral
distribution within regenerating nodules. In a further study of galectin-3
expression in human liver cirrhosis (10) galectin-3 expression was found to be
increased in liver cirrhosis secondary to a variety of different causes with varying
mechanisms of liver injury including viral-induced liver disease (Hepatitis B
and C), autoimmune, copper or iron overload, primary biliary cirrhosis and
alcohol-induced liver disease. Galectin-3 expression was negligible in the normal
liver and increased in the cirrhotic nodules of hepatocytes, particularly at the
nodule periphery. These data suggest that galectin-3 up-regulation within human
liver is a basic response to liver injury, irrespective of the initiating agent or
disease process.
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Figure 1. Galectin-3 regulates tissue fibrosis in multiple organs. a) Picrosirius
red staining (collagen staining) in wild type and galectin-3-/- mouse liver

following chronic CCl4-induced liver fibrosis (10). b) Sirius red staining in wild
type and galectin-3-/- mouse kidney following unilateral ureteric obstruction
(UUO) induced renal fibrosis (20). c) Masson’s trichrome staining (collagen
staining) in wild type and galectin-3-/- mouse lung following adenoviral TGFβ1
(ad-TGFβ1) induced lung fibrosis (41). d) Masson’s trichrome staining in wild
type and galectin-3-/- mouse lung following bleomycin-induced lung fibrosis (41).
e) Representative sections through the brachiocephalic artery of ApoE-/- and

ApoE-/-/G-3-/- mice (fed high cholesterol diet for 12 weeks) stained with Masson’s
trichrome (MacKinnon et al., unpublished data). (see color insert)
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Galectin-3 expression has also been examined in murine models of hepatic
fibrosis (10). After eight weeks of CCl4 treatment galectin-3 expression was
increased in the periportal areas and areas of bridging fibrosis in mouse liver.
Dense hepatocyte galectin-3 staining was also present at the periphery of the
hepatocyte nodules. Furthermore, in a rat model of reversible CCl4 induced
liver fibrosis galectin-3 expression was temporally and spatially associated with
liver fibrosis, with expression minimal in normal rat liver, maximal at peak liver
fibrosis, and then virtually absent again at 24 weeks (recovery from fibrosis) (10).

Hepatic stellate cells (Ito cells, liver specific pericytes) are the major source
of extracellular matrix proteins during hepatic fibrogenesis (11, 12), and therefore
represent an important target in the development of anti-fibrotic therapies for liver
fibrosis. Galectin-3 has been shown to stimulate the proliferation of rat and mouse
hepatic stellate cells (10, 13) and a number of in vivo studies have shown an
important role for galectin-3 in the regulation of hepatic fibrosis.

Disruption of the galectin-3 gene blocked hepatic stellate cell activation and
collagen expression in a CCl4-induced model of liver fibrosis (10). The decrease
in liver fibrosis observed in the galectin-3-/- mouse occurred despite equivalent
liver injury and inflammation, and similar tissue expression of the pro-fibrotic
cytokine TGF-β. TGF-β failed to transactivate galectin-3-/- hepatic stellate cells,
in contrast with wildtype hepatic stellate cells. However TGF-β stimulated Smad-
2 and -3 phosphorylation was equivalent, suggesting that galectin-3 is required
for TGF-β mediated myofibroblast activation and extracellular matrix production.
Furthermore, deletion of the galectin-3 gene has also recently been shown to have
anti-fibrotic effects inmurinemodels of non-alcoholic steatohepatitis (NASH) (14)
and biliary fibrosis (15) further highlighting the important role of galectin-3 in the
regulation of hepatic fibrosis. These data suggest that pharmacological targeting of
galectin-3 may have clinical utility in the treatment of patients with liver fibrosis.

Renal Fibrosis

Kidney fibrosis represents a major cause of morbidity and mortality
worldwide. End stage renal failure secondary to renal fibrosis results in large
numbers of patients becoming dialysis dependent or having to undergo kidney
transplantation. At present alternative treatment options are severely limited.

The expression and subcellular distribution of galectin-3 alters with cellular
differentiation. In light of this there are numerous functional roles attributed
to galectin-3 in the context of the renal system. These include development,
where galectin-3 plays a role in both mouse and human foetal collecting duct
morphogenesis (16, 17), and the addition of exogenous galectin-3 to embryonic
mouse explants inhibits branching of the ureteric bud (16). Similarly, functional
adaptation of the kidney to different physiological conditions occurs through
galectin-3 dependent mechanisms. In immortalised cell lines, metabolic acidosis
precipitates cellular remodelling whereby B-intercalated (bicarbonate secreting)
cells are transformed into A-intercalated (acid secreting) cells, mediated by
a galectin-3-hensin interaction (18). Mechanistically the supposition is that
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galectin-3 plays a role in the terminal differentiation of epithelial cells. This
is also seen in examples of aberrant renal physiology: for example in acute
kidney injury, a high dose folic acid nephropathy model demonstrates tubular
necrosis and apoptosis with incomplete kidney healing, interstitial fibrosis, loss
of peritubular capillaries and macrophage infiltration. Modified citrus pectin,
which binds to and antagonises galectin-3, has been shown to be protective in this
experimental model (19).

It has long been recognised that macrophage infiltration into the kidney
is an early hallmark of many forms of renal injury. Indeed in human kidney
biopsy studies there is a significant association between degree of tubulointerstial
macrophage infiltration, severity of fibrosis and progression to end stage renal
failure. Recently the role of galectin-3 in renal fibrosis has been examined.
Using a mouse model of renal fibrosis (unilateral ureteric obstruction, UUO)
galectin-3 expression was shown to be upregulated following UUO, and deletion
of galectin-3 protected against renal myofibroblast accumulation/activation
and fibrogenesis (20). Furthermore, specific depletion of macrophages
using CD11b-DTR transgenic mice reduced fibrosis severity following UUO
demonstrating that macrophages are key cells in the pathogenesis of renal fibrosis.
Absence of galectin-3 did not affect macrophage recruitment following UUO, or
macrophage proinflammatory cytokine profiles in response to IFN-γ/LPS (21).
Adoptive transfer of wildtype but not galectin-3-/-macrophages did, however,
restore the fibrotic phenotype in galectin-3 knockout mice.

In vitro, cross-over experiments using wildtype and galectin-3-/- macrophage
supernatants and renal fibroblasts confirmed that secretion of galectin-3 by
macrophages is a critical step in the activation of renal fibroblasts to a profibrotic
phenotype (20). Therefore, these data demonstrate that galectin-3 expression
and secretion by macrophages is a major mechanism linking macrophages to the
promotion of renal fibrosis.

Recently, a second model of kidney injury has examined the role of galectin-3
in chronic allograft injury (CAI) in murine renal transplants (22). Chronic
allograft injury (CAI) is characterized by interstitial fibrosis and tubular atrophy
and results in a progressive decline in graft function, resulting in the loss of
5% of renal transplants per annum. This study used a mouse model of CAI,
characterized by a single class II mismatch between BM12 donor and C57/BL6
recipient strains. Transplantation of BM12 kidneys into C57/BL6 mice was
associated with interstitial fibrosis, tubular atrophy and increased galectin-3
expression compared with syngeneic controls. However, transplantation of BM12
kidneys into galectin-3-/- mice resulted in significant preservation of tubules and
decreased interstitial fibrosis, with a reduction in myofibroblast activation and
collagen I expression compared with wild type controls (22).

Furthermore, infiltrating leukocytes numbers were unaltered by abrogation of
galectin-3, but reduced expression of YM1 (a marker of alternative macrophage
activation) coupled with a reduction in the number of circulating CD4-positive T
cells and reduced expression of interleukin-4 in galectin-3-/-mice suggest possible
mechanisms bywhich galectin-3may promote renal transplant fibrosis. These data
suggest that galectin-3 may represent a novel therapeutic target in chronic allograft
injury.
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These studies highlight the importance of macrophages in two diverse
models of renal fibrosis. However there remains some debate regarding the
mechanism of this effect. In the UUO model, as renal fibrosis progresses,
macrophage infiltration increases and galectin-3 remains upregulated. Moreover,
depletion of macrophages using CD11b-DTR transgenic mice decreased fibrosis
severity following UUO demonstrating that macrophages are key regulators of
renal fibrosis. This is supported by other studies which show that inhibition of
macrophage recruitment following UUO reduces the severity of renal fibrosis
(23–25). However the studies in this area are not all in agreement, as adoptive
transfer of macrophages at later time-points during UUO-induced renal injury
have also been shown to ameliorate renal fibrosis (26). This may reflect the fact
that macrophages play a varied and time- dependent role in both inflammatory
injury and repair mechanisms, or that differentiated macrophages may fall further
into as yet poorly defined sub-populations with distinct functional roles.

In the studies examining the role of galectin-3 in renal fibrosis (20, 22)
galectin-3 is identified as the link between macrophages, fibroblasts and the
pro-fibrotic phenotype. It is known that galectin-3 mediates IL-4 induced
alternative macrophage activation (21) and that IL-4/IL-13 activated macrophages
upregulate profibrotic genes, stimulating matrix production and enhancing fibrosis
(27–29). The concept of a galectin-3 / macrophage / fibroblast ‘axis’ is supported
by the UUO adoptive transfer studies whereby wild type but not galectin-3-/-
macrophages lead to myofibroblast activation and collagen deposition. Cross
over supernatant experiments additionally confirmed that galectin-3 secretion
by macrophages is required to activate quiescent renal fibroblasts (20). In
keeping with this the galectin-3 knockout allograft model shows reduced levels
of alternatively activated macrophages, reduced myofibroblast accumulation and
fibrosis compared to controls (22). Therefore the results from both these models
indicate a key role for galectin-3 in the pathogenesis of renal fibrosis. A better
understanding of the mechanisms regulating this process and targeted strategies
to inhibit galectin-3 in the kidney may allow the development of new treatments
for patients with renal fibrosis.

Pulmonary Fibrosis

Galectin-3 is highly expressed on lung macrophages and to a lesser extent on
bronchial epithelium and ismarkedly upregulated in type II alveolar epithelial cells
following irradiation-induced lung injury in rats (30). Galectin-3 has also been
shown to have an important role in the development of asthma where expression
is upregulated in areas of fibroproliferation following allergen challenge (31,
32). Deletion of galectin-3 results in reduced airway inflammation and interstitial
fibrosis associated with reduced expression of the major pro-fibrotic cytokine
TGFβ (31). However, overexpression of galectin-3 using adenoviral delivery
itself reduced hyper-responsiveness and eosinophil accumulation in rats (33, 34).
This highlights that non-targeted overexpression may lead to functional effects
that are quite distinct from those observed endogenously.
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Galectin-3 immunostaining is also increased in the small airways of COPD
patients when compared with nonsmokers and smokers (35) establishing an
important role for this galectin in chronic lung disease. There is also convincing
evidence that galectin-3 functions as an anti-apoptotic factor in lung carcinoma
and is expressed within and around non-small cell lung cancer (NSCLC) but not
small cell lung cancer (SCLC) in human biopsy specimens (36) and its presence
has been shown to correlate with poor response to chemotherapy. Furthermore,
genetic polymorphisms in galectin-3 have been associated with platinum-based
chemotherapy response and prognosis of NSCLC (37).

With regard to chronic inflammatory disorders of the lung, idiopathic
pulmonary fibrosis (IPF) is a chronic condition of unknown etiology with repeated
acute lung injury causing progressive fibrosis and architectural distortion resulting
in deterioration of lung function and ultimately respiratory failure and death. The
median time to death from diagnosis of this devastating condition is 2.5 years (38)
and the incidence of IPF continues to rise (39). At present no specific therapy is
available. Corticosteroids alone or in combination with immunosuppressive drugs
have been used with limited success (40) and there are no reliable prognostic
factors or biomarkers to predict disease progression.

Galectin-3 is expressed in the lungs of mice exposed to the fibrotic agent
bleomycin and in response to adenoviral mediated increased TGFβ, the major
profibrotic cytokine in the lung (41). TGFβ1 induces the fibrogenic response
through receptor-mediated phosphorylation of members of the Smad family of
cytoplasmic transcription factors Smad2 and Smad3 (42) and Smad3 deficient
mice are protected from TGF β1-induced fibrosis (43, 44). There is also increasing
evidence for a role of the wnt/β-catenin pathway in regulating TGFβ1-dependent
signalling (45) and this pathway is aberrantly activated in IPF (46). Pulmonary
fibrosis in two well characterized rodent models of lung fibrosis (induced by TGFβ
and bleomycin), was dramatically reduced in mice deficient in galectin-3 (41).
This was manifest by reduced TGFβ1-induced EMT and myofibroblast activation
and collagen production in vitro and in vivo. Galectin-3 deletion reduced
retention of TGFβ receptors at the cell surface and reduced phosphorylation and
nuclear translocation of β-catenin but had no effect on Smad2/3 phosphorylation.
Moreover, a novel inhibitor of galectin-3, TD139, blocked TGFβ-induced
β-catenin activation in vitro and in vivo and attenuated the late stage progression
of lung fibrosis following bleomycin-induced lung injury (41). The regulation of
myofibroblast activation by galectin-3 is summarized schematically in Figure 2.

In patients with IPF there is increased lung expression of galectin-3 (47)
and levels are elevated in bronchoalveolar lavage fluid and serum from patients
with stable IPF compared to non-specific interstitial pneumonitis and controls.
Moreover, serum galectin-3 rises sharply during an acute exacerbation suggesting
that galectin-3 may be a marker of active fibrosis in IPF (41). Therefore this
study identifies galectin-3 as an important regulator of lung fibrosis and provides
a proof of principle for galectin-3 inhibition as a potential novel therapeutic
strategy for IPF.
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Figure 2. Schematic showing a potential mechanism for galectin-3-mediated
regulation of myofibroblast activation. Galectin-3 binding to n-acetyl

lactosamine residues (l-nac) on TGFβ-RII causes association with TGFβ-RI
and potentiation of TGFβ signalling;- smad2/3 and Akt activation. Liberation
of beta-catenin from adherens junction during myofibroblast activation is

sequestered in the cytosol where its nuclear translocation is inhibited by GSK3-β.
Nuclear galectin-3 complexes with beta-catenin in a transcription complex that
mediates expression of mesenchymal genes and galectin-3. TD139 inhibits

extracellular galectin-3 binding and function. (see color insert)

Atherosclerosis

Atherosclerosis is a major cause of cardiovascular disease (CVD) and stroke.
In the U.S. it is estimated that there are around 2000 deaths from CVD each day,
more each year than from cancer, respiratory disease, and accidents combined (48).
Atherosclerosis is recognized as being a chronic inflammatory with macrophages
playing a dominant role (49, 50). Macrophages recruited to the vascular intima
engulf lipoprotein particles and differentiate into foam cells which orchestrate
lesion development by promoting inflammation, smooth muscle cell proliferation
and extracellular matrix deposition (50).

Galectin-3 is highly expressed in human atherosclerotic plaques and in
mouse models of atheroma (51, 52) and is commonly used as a marker for plaque
macrophages. There is currently growing interest in galectin-3 as a validated
biomarker for heart failure (53–55) and as a predictor of response to statin
therapy in heart failure (56) and galectin-3 undoubtedly plays an important role
in atherosclerotic disease development. However, previous studies have yielded
conflicting results regarding the role of galectin-3 in plaque development. The
first study, using C57/Bl6 mice, showed that deletion of galectin-3 increased
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lesion formation in mice fed a high fat diet for 8 months (57). However, high
fat feeding in mice without a defect in lipoprotein metabolism (e.g. ApoE-/-
or LDLR-/-) does not cause development of advanced lesions, and does not
induce the same high levels of serum cholesterol. Therefore, this study could not
address the role of galectin-3 on the later, and arguably more relevant, stages of
atherosclerosis.

The second study showed that in an atherosclerosis prone model (ApoE-/- but
on amixed 129sv/C57/Bl6 background), galectin-3 deletion reduced plaque size in
older mice (50 weeks) fed a normal diet (58). Differences in strain and/or serum
cholesterol could be the main factor responsible for this paradox. A third study
using high cholesterol feeding in ApoE-/-C57/Bl6 mice. shows that galectin-3
deletion in atherosclerosis-prone mice fed a high cholesterol diet results in smaller
and less complex plaques with reduced plaque collagen and smaller lipid core
and no adverse effects on plaque vulnerability (Mackinnon et al., unpublished).
The reduced plaque burden was not due to reduced serum cholesterol but was
associated with reduced weight gain in galectin-3-/- mice. The mechanism of
this reduced weight gain is unclear but it may be due to a previously described
function of galectin-3 to stimulate adipocyte proliferation (59). Indeed, high levels
of circulating galectin-3 have been associated with obesity (60).

Galectin-3-/- macrophages have a specific defect in M2 alternative
macrophage activation (21) and there is reduced M2 marker expression in later
lesions in galectin-3-/-/ApoE-/-mice. In humans, M2 macrophages predominate in
diseased versus normal intima of carotid arteries, and patients with a predisposition
towards an M2 phenotype may be more susceptible to atherosclerotic disease
(61). Our previous work has shown that galectin-3 mediates alternative/M2
macrophage activation via activation of the dimeric transmembrane protein
CD98 (21), a disulfide-linked 125 kDa heterodimeric type II transmembrane
glycoprotein (62) which is highly expressed on macrophages (63) (summarized
schematically in Figure 3). Deletion of CD98 or inhibition of CD98 function with
pharmacological inhibitors prevents M2 activation (21). CD98 may mediate the
effects of galectin-3 on M2 activation within plaques and may provide another
target for therapeutic intervention.

Reduced plaque stability and rupture leading to thrombosis is the most
common fatal consequence of atherosclerosis and it will be essential to address
this issue in order to fully evaluate the potential of galectin-3 inhibitors as a
novel therapy or as an adjunct to statin therapy. Modified citrus pectin is a
naturally-occurring pectin found in the peel and pulp of citrus fruits. In the United
States of America, MCP is registered as a food supplement and is generally
regarded as safe (GRAS). MCP inhibits galectin-3 binding and function in
vitro and in vivo (64–66). Administration of 1% MCP in the drinking water
to ApoE-/- mice for 4 weeks at the end of a 10 week high cholesterol feeding
regimen reduced plaque burden in the descending aorta compared to vehicle
control. Therefore, strategies to inhibit galectin-3 function may reduce plaque
progression and potentially represent a novel therapeutic strategy in the treatment
of atherosclerotic disease.
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Figure 3. Schematic showing mechanism for the regulation of alternative
macrophage activation by galectin-3. Galectin-3 binding to n-acetyl lactosamine
residues (l-nac) on IL-4Ra and CD98 potentiates IL-4-induced STAT6 activation
and CD98 mediated activation of PI3-kinase augmenting transcription of

alternative activation genes arginase-1 and mannose receptor and expression of
galectin-3. (see color insert)

Conclusion

In recent years it has become clear that galectin-3 has profound effects
on tissue fibrosis. The majority of the in vivo data demonstrates a pro-fibrotic
role for galectin-3, mediating myofibroblast activation and extracellular matrix
deposition with disruption of tissue architecture and organ dysfunction. However,
the component parts of tissue fibrogenesis are exquisitely complex and newer
data has highlighted the important cross-talk between cells of the immune system
and tissue myofibroblasts in the evolution and resolution of fibrosis. Galectin-3
represents an excellent example of a molecule which can exert potent effects
on multiple cell types during the fibrotic process, both through direct effects on
scar-secreting myofibroblasts and by altering the behaviour of innate immune
cells such as macrophages. Strategies to manipulate galectin-3, such as the
emerging small molecule inhibitors, will hopefully result in the development of
effective anti-fibrotic therapies.
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Chapter 23

The Role of Galectin-3 in Stellate Cell
Activation and Liver Fibrosis

Joy X. Jiang,*,1 Xiangling Chen,1 Hiroo Fukada,1 Dan K. Hsu,2
Fu-tong Liu,2 and Natalie J. Török1

1Department of Internal Medicine, Division of Gastroenterology and
Hepatology, UC Davis Medical Center, 4635 2nd Avenue, Suite 1001,

Sacramento, California 95817
2Department of Dermatology, UC Davis Medical Center, 4635 2nd Avenue,

Suite 1001, Sacramento, California 95817
*E-mail: xiaosong.jiang@ucdmc.ucdavis.edu

Gal3 (galectin-3) has been known to be involved in the
regulation of kidney, lung and liver fibrosis. We have reported
a novel mechanism by which Gal3 contributes to fibrogenesis.
Extracellular Gal3 is required for tethering of apoptotic bodies
by HSC via cross-linking with integrin αvβ3, and consequently
promoting HSC activation. On the other hand, phagocytosis
induces Gal3 production by both HSC and Kupffer cells.
Taken together, Gal3 may become a therapeutic target for
antifibrogenic strategy.

Liver Fibrosis

Liver fibrosis is a wound-healing process that is elicited by various pathologic
stimuli (1, 2). In normal liver, quiescent hepatic stellate cells (HSC) exist in
the Disse space between the sinusoidal endothelial cells and the parenchymal
cells; and store vitamin A as fat droplets in their cytoplasm (3). In pathological
conditions such as steatohepatitis, virus infection, and alcoholic liver injury,
hepatocytes undergo apoptosis and form apoptotic bodies (AB), which can be
phagocytosed by HSC (4, 5). HSC become activated upon phagocytosis, which
is marked with losing vitamin A droplets, proliferation and morphologically

© 2012 American Chemical Society
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changing into myofibroblast-like cells, as well as the production of extra amount of
extracellular matrix (ECM) compounds, mainly type I collagen (5). Accumulation
of these ECM compounds leads to fibrosis and cirrhosis. Active HSC also produce
fibrogenic cytokines, such as TGF-β, which is pro-apoptotic on hepatocytes and
further promotes HSC activation (4). Therefore TGF-β perpetuates the cycle of
apoptosis and phagocytosis (6, 7). Thus, HSC phagocytosis is a key event in
progressive liver fibrosis.

Galectin-3 in Fibrosis

Galectin-3 (Gal3), a member of β-galactoside-binding lectin family, is
expressed in various types of cells and widely distributed in cell nuclei, cytoplasm
and membrane and can be secreted and uptaken (8). Gal3, both endogenous and
exogenous, is involved in the regulation of a variety of biological functions. Gal3
mediates cell proliferation (9–11), adhesion (9, 12, 13), trafficking (13, 14) and
apoptosis (15, 16) in various types of cells. Gal3 also regulates phagocytosis of
opsonized red blood cells (17) and apoptotic neutrophils by macrophages (18).

Accumulating evidence has shown that Gal3 is also an important regulator in
fibrosis of multiple organs. Henderson et al. reported that Gal3 was upregulated
in progressive fibrotic kidney in mouse and deletion of Gal3 caused improvement
(19). High level of Gal3 was found in bronchoalveolar lavage fluid from
patients with pulmonary fibrosis and it was released by alveolar macrophages
(20). Studying different animal models, we and other groups showed that Gal3
played a role in CCl4 (21) and bile duct ligation (22) induced liver fibrosis and
non-alcoholic steatohepatitis (NASH) (23).

Extracellular Gal3 Facilitates Apoptotic Body
Tethering by HSC

Hepatocyte apoptosis and the clearance of these apoptotic bodies by HSC are
key steps during fibrogenesis (4, 5). Our group has shown that HSC displayed
decreased phagocytic activity when pretreated with a Gal3 competitor, β-lactose;
HSC from Gal3-/- mice showed diminished phagocytic ability, and this could be
reversed by recombinant Gal3, indicating that the extracellular Gal3 is required for
HSC phagocytosis (22). Phagocytosis also caused upregulation of profibrogenic
genes procollagen, αSMA and TGFβ in HSC (5, 24); however this induction was
not seen in Gal3 deficient HSC. This was also reversed by recombinant Gal3 (22).
These data suggested that extracellular Gal3 is required for HSC phagocytosis
and activation. By studying the mechanism, we found that Gal3 facilitated cross-
linking the integrin αvβ3 heterodimers in HSC (22). In addition, blocking the β3
integrin extracellular binding sites inhibited HSC phagocytosis (22). These data
suggested that extracellular Gal3 mediates HSC phagocytosis and activation via
cross- linking to αvβ3 integrin.
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Upregulation of Gal3 in Phagocytosis-Activated HSC

Gal3 was also upregulated in phagocytosis-activated HSC. A possible
mechanism was an NFκB-dependent pathway, as overexpressing an IκB dominant
negative mutant significantly reduced the induction of Gal3 (22). At protein
level, our ELISA data showed that phagocytosing HSC and Kupffer cells released
higher levels of Gal3 compared to the control groups (22). Thus Gal3 produced
by active HSC contributes to fibrogenic activity by a feed-forward mechanism
(Figure 1).

Figure 1. Graphical summary. Gal3 mediates liver fibrosis in an autocrine
manner. Gal3 cross-linking with integrin αvβ3 is required for HSC phagocytosing
apoptotic bodies (AB). Phagocytosis in turn induces the Gal3 expression via

an NFκB-dependent pathway.

The Role of Gal3 in Liver Fibrosis: In Vivo Studies

Gal3 expression increased in liver from bile duct ligated (BDL) mice, mainly
in myofibroblasts. Furthermore, liver fibrogenesis in Gal3-/- mice was attenuated
(22).

To study the effect of Gal3 on HSC phagocytosis in vivo, we used a mouse
model described previously (25). In brief, mice were injected with a lenti-viral
GFP expressing vector and a TRAIL (TNF-related apoptosis-inducing ligand)
adeno-viral vector sequentially, to induce hepatocyte apoptosis. As the apoptotic
cells were GFP positive, it was possible to track them by the GFP and also by
the active HSC marker αSMA. In this way, the in vivo HSC phagocytosis and
activation became visible. Consistent with our in vitro findings, HSC in Gal3-/-
mice showed suppressed phagocytic and fibrogenic activity (unpublished data).
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Chapter 24

Galectin-3 Mediated Cardiovascular
Fibrogenesis: An Important Cause of Heart

Failure and Cardiovascular Mortality

Wouter C. Meijers and Rudolf A. de Boer*

University Medical Center Groningen, Department of Cardiology,
Groningen, The Netherlands
*E-mail: r.a.de.boer@umcg.nl

Cardiac remodeling is the heart’s primary adaptive response to
injury. Remodeling is characterized by myocyte hypertrophy,
but fibrosis formation in the interstitial space is also dominant.
It has been established that galectin-3 plays an important role
in tissue inflammation, immunity, and fibrosis. Galectin-3 is
highly upregulated in adverse cardiac remodeling and heart
failure (HF). Several lines of evidence suggest that galectin-3
is not only a marker (bystander) in cardiac remodeling but
it may actively contribute as well. First, plasma galectin-3
is increased in human subjects prone to develop HF, and
in patients with established HF galectin-3 has emerged as
a useful biomarker reflecting the severity of HF. Second,
galectin-3 has been shown to contribute to the formation of
fibrosis (fibrogenesis) – administering exogenous galectin-3
leads to cardiac fibrosis. Reversely, disruption of galectin-3
is associated with the absence of cardiac fibrosis. The effects
of galectin-3 on fibrosis have also been established in other
organs, for instance kidney and liver. Since complete (genetic)
disruption is not clinically feasible, pharmacological inhibition
of galectin-3 is an attractive therapeutic modality to inhibit
cardiac remodeling and HF development. Various food
products, containing oligosaccharides such as pectins, may act
as neutralizing ligands or inhibitors for galectin-3. Pectins can
bind to galectin-3’s carbohydrate recognition domain (CRD)

© 2012 American Chemical Society
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and have been shown to inhibit carcinogenesis and other
galectin-3-driven diseases. Recently, it has been reported that
cardiac remodeling, fibrogenesis and HF development may
also be amenable to inhibition of galectin-3. Circumstantial
evidence for a potential role of galectin-3 comes from the
observation that consumption of dietary fibers, e.g. from
cereals and fruits, that are rich in pectins, has consistently been
associated with a lower risk for heart disease. The search for
the precise mechanism of galectin-3 in HF and better treatment
aimed against galectin-3 is ongoing. Candidate anti-galectin-3
treatments will first have to be tested in animal models, and
should then be further evaluated in clinical trials.

Heart Failure

Heart failure (HF) is a clinical syndrome with primary symptoms including
shortness of breath and fatigue, signs including fluid retention, ánd objective
evidence of abnormal structure or function of the heart. The prevalence of HF
in the western world is about 1-2% (1) and when ≥ 75 years it is 8.4% (2). The
life time risk for subjects from the general population to develop HF after the age
of 55 is 30% (3). Despite optional conventional treatment (4) survival remains
low with a medium mortality of more than 50% after 5 years (3). Main causes
of HF are hypertension, myocardial infarction due to ischemic heart disease and
cardiomyopathies.

Cardiac Remodeling and Fibrosis

The heart’s general response to injury is an adaptive response that is referred
to as cardiac remodeling. Hallmark events of cardiac remodeling include myocyte
hypertrophy, loss of cardiomyocytes (apoptosis, necrosis), and changes in the
interstitial space, predominantly fibrosis (5). Recently, the interest in pathways of
cardiac remodeling is rising. The cardiac interstitium consists of fibroblasts, blood
vessels, lymphatic vessels, adrenergic nerve endings and extra cellular matrix
(ECM). The ECM comprises several proteins including collagens, fibronectin,
proteoglycans and laminin, but also different proteases and growth factors,
produced by cardiac fibroblasts differentiating into myofibroblasts. Besides ECM
protein production, cardiac fibroblasts also facilitate mechanical, electrical and
chemical signaling in the heart and influence the development and remodeling
of myocardial vasculature (6, 7). The function of ECM is to provide a structural
network for transmitting force, generated by individual myocytes into organized
systolic contraction of the heart. Furthermore, it contributes to passive stiffness
in diastole and prevents overstretch, myocyte slippage, and tissue deformation
during ventricular filling (8). As such, ECM remodeling is an essential process
in cardiac remodeling (9).
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Galectin-3
Galectin-3 is a 29-35 kDa chimaera-type galectin, which is unique

because of its extended N-terminal domain linked to a single C-terminal
carbohydrate-recognition domain. The galectin family consists of 3 different
structures (Figure 1).

Figure 1. Galectin family and their structures.

The gene that encodes galectin-3, LGALS3, is a single gene located
on chromosome 14, locus q21–q22 (10). Galectin-3 belongs to a family of
soluble β-galactoside-binding lectins that play regulatory roles in inflammation,
immunity, fibrosis, and cancer (11). Regulation of galectin-3 has not extensively
been studied – most consistently galectins have been overexpressed in cancerous
cells (12).

Galectin-3 and Heart Failure
In 2004, it was observed that galectin-3 is the most over-expressed gene in

failing hearts from transgenic hypertensive rats, found in a microarray study (13).
Galectin-3 is secreted by hitherto unexplained mechanisms. An

FDA-approved ELISA has been developed and allows for reliable quantitation of
galectin-3 in plasma or serum. It has convincingly been shown by many groups
that plasma galectin-3 levels are increased in HF, and that plasma galectin-3 levels
provide strong prognostic value, independent from established predictors like
age, gender and kidney function (14). In line with the experimental observations
(vide infra) that galectin-3 is co-localized with fibrosis, it has also been observed
that galectin-3 levels relate to markers of matrix turnover (11).

Galectin-3: Emerging Role in Adverse Cardiac Remodeling
and Heart Failure

It has been described that galectin-3 interacts with a wide array of
glycoproteins that are also located in het ECM in the heart, including laminin,
collagen, synexin and integrins (15). Especially pertinent to increased galectin-3
regulation and secretion is macrophage migration. Influx of macrophages has
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been described in many forms of cardiac injury, including infarction, myocarditis,
and also chronic LV remodeling (16, 17). The chronic inflammatory state of
the HF patient is supported by increased levels of CRP and high total leukocyte
counts, especially in patients with increased galectin-3 (18).

The seminal paper from Sharma and colleagues first described galectin-3 in
HF (15). Galectin-3 was upregulated in the left ventricular tissue of Ren2- rats, in
parallel to various other ECM proteins, such as collagens, oestoactivin, fibronectin
and others, supporting the paramount role galectin-3 plays in ECM homeostasis
and integrity. During the compensated phase of cardiac remodeling, myocardial
galectin-3 expression was increased to higher levels in rats that later progressed
towards overt HF compared with rats that remained compensated. So, besides an
interesting correlation, this suggested that galectin-3 would actively contribute to
the progression of cardiac remodeling and HF. Further experiments showed that
continuous infusion of galectin-3 for four weeks into the pericardial sac induced
cardiac remodeling, myocardial fibrosis and cardiac dysfunction, with depressed
LV ejection fraction, fractional shortening, and increased lung weight-to-body
weight ratio compared with rats receiving placebo infusion. They also found an
increase in collagen volume, especially collagen type I (13).

Galectin-3 colocalized to sites of extracellular matrix, fibrosis, and
accumulation of ECM proteins. The observation that galectin-3 causes myocardial
fibrosis and LV dysfunction has been confirmed by others (23).

Furthermore, independent corroborating evidence for the pivotal role of
galectin-3 in tissue fibrosis was obtained studying mice deficient for the gene
encoding galectin-3 (Gal3 KO mice). In a mouse model of liver fibrosis, mice
with complete genetic disruption of galectin-3 had less severe fibrosis of their
livers upon injection of a pro-fibrotic compound (19). In a subsequent study from
the same group, it was shown that Gal3KO mice are also protected from renal
fibrosis (20). In a model of unilateral uninephrectomy, Gal3KO mice showed
reduced collagen deposition, less macrophage influx, although expression levels
of TGF-β and Smad 2/3 phosphorylation were comparable.

Collectively, these observations clearly indicated that Galectin-3 is produced
in adverse cardiac remodeling and HF, might contribute to the pathophysiology,
but it remains to be resolved if targeted inhibition of galectin-3 might represent a
viable target in HF treatment.

Galectin-3: Emerging Role as a Biomarker in Heart Failure

Extensive cardiac remodeling is the most important determinant of disease
progression and highly correlated with poor prognosis. It is of utmost importance
to recognize these patients who are at the highest risk for adverse outcome,
as this allows more aggressive interventions. Circulating galectin-3 levels are
an independent predictor of mortality in patients with chronic HF (14, 21).
Patients with chronic HF and (NYHA III/IV) with high baseline galectin-3 had
worse survival independent from NT-proBNP (14). Furthermore, the prognostic
importance of plasma galectin-3 levels appears to be stronger in patients with
HF with preserved ejection fraction (HFPEF) (21). Additionally, patients who
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suffered a myocardial infarction were more prone to develop HF when their
baseline galectin-3 baseline levels were increased (22).

In more advanced HF, the role of galectin-3 needs further study. A recent
study in patients receiving cardiac resynchronization therapy (CRT) indicated that
galectin/3 did not predict response to CRT (23).

Patients with HF who are waiting for heart transplantation (Htx) can be
supported by a mechanical support device or treated with total artificial hearts
(TAH) when necessary Patients who had high levels of galectin-3 before TAH
implantation showed no significantly changes in galectin-3 levels 30 days after
the TAH implantation. This observation suggests extracardiac production of
galectin-3 in patients with end-stage HF. Higher galectin-3 levels did however
still predict adverse outcome of this bridging therapy (24).

Besides HF, plasma galectin-3 levels predict all-cause mortality in the general
population (25). There is evidence that highlight the importance of heart-kidney
interactions in HF (23), but data in patients with renal disease are currently lacking.
Galectin-3 is associated with kidney fibrosis in animal studies (20), suggesting that
galectin-3 is upregulated in a cardio-renal profibrotic pathway (23). In patients
with acute decompensated HF who have high levels of galectin-3, there is an
association between high age, poor renal function, higher CRP and higher NT-
proBNP (26).

Inhibition of Galectin-3 by Pectins

Galectin-3 may be bound by ligands, mainly carbohydrates that specifically
bind to galectin-3’s CRD. The CRD of galectin-3 acts as an unique on-off switch.
It has been demonstrated that neutral sugar side chains, containing terminal
galactose at the nonreducing end of the polysaccharide chain, bind galectin-3.
The binding between the complexes seems to be a lectin-carbohydrate interaction
because of the force needed to rupture the binding (27). Natural occurring ligands
in the heart for galectin-3 are various matrix proteins and oligosaccharides.
Recently, it has been acknowledged that several oligosaccharides present in
various foods are also ligands to galectin-3. Pectins are typical examples of
such oligosaccharides – pectins are present in fruit peels, okra, sugar beets and
many more natural foods. It is believed that pectins bind to galectin-3 and render
it unavailable to the endogenous ligands, thus acting as neutralizing ligands.
Pectin-derived bioactive fragments bind to galectin-3’s CRD with various affinity;
this is subject to investigation as a pectin with strong affinity might afford
protective effects in galectin-3 related disease. The potential efficacy of pectins
to reduce galectin-3 bioactivity has been proven in non-cardiac disease only.

Modified citrus pectin (MCP) is the best studied pectin in this perspective.
MCP is a dietary fiber that is soluble in water which is found in the peel and pulp
of citrus fruits and modified by high pH and temperature (28, 29).

Since galectin-3 plays an important role in cancer and metastasis
development, MCP has been studied for its efficacy in preventing carcinogenesis.
Fitting this hypothesis, MCP seems to be a therapeutic option in experimental and
clinical colon and metastatic prostate cancer (30, 31). The therapeutic pathway
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in controlling cancer is indeed due to blockage of galectin-3. Mice with injected
melanoma cells were started on MPC treatment and showed decrease of lung
colonization (32). MCP has shown to interfere with cell-cell interactions mediated
by cell surface carbohydrate-binding galectin-3 molecules (31). Furthermore, in
a model of unilateral ureter obstruction, MCP was shown to reduce renal fibrosis
(28).

Inhibition of Galectin-3 in HF
The concept to inhibit galectin-3-related myocardial fibrogenesis and LV

dysfunction has been explored first by Liu and colleagues (23).They tested
N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP), a tetrapeptide with established
anti-inflammatory and antifibrotic capacities. The potentially protective effects
of Ac-SDKP have been demonstrated in HF models of hypertension and
post-myocardial infarction (33, 34). Ac-SDKP has inhibitory effects on the very
mechanisms that are governed by galectin-3 namely, myocardial inflammation
(macrophages influx), and myocardial fibrogenesis, including collagen synthesis,
TGF-β1 expression, and SMAD3 phosphorylation. The authors concluded
that Ac-SDKP prevented galectin-3-mediated myocardial damage via the
TGF-β/SMAD3 signaling pathway (Figure 2) (35).

Figure 2. Common signaling pathways that contribute to myocardial fibrosis.
(see color insert)

Our group has recently conducted a series of experiments to establish if
galectin-3 disruption or inhibition could attenuate progressive adverse cardiac
remodeling. We have studied Gal3 KO mice, and subjected the mice to two
established perturbations causing LV remodeling: infusion of Angiotensin II
(AngII) and transverse aortic constriction (TAC). Both perturbations led in wild
type (WT) mice to progressive remodeling, characterized by LV hypertrophy,
fibrosis, and associated functional abnormalities, most prominently increased LV
end-diastolic pressure and impaired LV relaxation. Gal3 KO mice undergoing
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the same perturbations, showed identical severity of LV hypertrophy, however,
myocardial fibrosis was far less prominent, and mice had less severe diastolic
dysfunction (26).

Pharmacological inhibition of Galectin-3 was tested in a rat model
of spontaneous cardiac remodeling. The galectin-3 inhibitor N-acetyl-D-
Lactosamine (N-Lac) was administered to Ren-2 rats for six weeks. Ren-2 rats
treated with N-Lac were protected from adverse cardiac remodeling, as indicated
by better survival, better cardiac function, and less fibrosis. The improvement was
associated with favorable genetic program (lower expression of genes associated
with collagen synthesis and processing (36) (Figure 3).

Figure 3. Fibrosis and Fractional Shortening in Ren-2 Rats (control vs.
Galectin-3 inhibitor). (see color insert)

Inhibition of Galectin-3 in Heart Failure: Clinical Clues

There are no data available if galectin-3 inhibition could benefit humans
suffering from HF. However, there is some circumstantial evidence to suggest this
may be true. First, consumption of dietary fibers, e.g. from cereals and fruits, has
consistently been associated with a lower risk for coronary artery disease (37).
Such dietary fibers may act as galectin-3 inhibitors, although this has not formally
been studied. It has been observed that diets that contain soluble fiber-rich whole
grains are associated with improvement of blood-pressure control among patients
treated with anti-hypertensive medication, a significant reduction in the number
of anti-hypertensive medication, and improvement in serum lipids and plasma
glucose. Taken these three factors into account this diet can be very effective in
a reduction of cardiovascular disease risk (Table 1) (38). Interestingly, the intake
of whole grain breakfast cereals is also associated with a lower risk of HF (39).
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Table 1. Dietary fiber intake related to relative risk for disease based on
estimates from prospective cohort studies*

Disease Number of patients Included studies Relative risk** (95% CI)

Coronary
heart disease

158.327 7 0.71 (0.47-0.95)

Stroke 134.787 4 0.74 (0.63-0.86)

Diabetes 239.485 5 0.81 (0.70-0.93)

Obesity 115.789 4 0.70 (0.62-0.78)
* Table adapted from Anderson, J.W., et al. Health benefits of dietary fiber. Nutr. Rev.
2009, 67 (4), 188-205. **Relative risks adjusted for demographic, dietary and non-dietary
factors.

Future Perspectives

There is accumulating evidence that galectin-3 is important for HF
development and progression. Furthermore, galectin-3 is an attractive and
feasible target for therapy. What will be needed before galectin-3 inhibition
becomes mainstay therapy in HF? First, we need to further dissect what precise
role galectin-3 plays in the pathophysiology of HF. Second, we need to study
what inhibitors may be used, study if certain types of inhibitors confer superior
efficacy, and ideally, identify what sequences are involved. This will require
intense interaction between biochemists, chemical, nutritional and pharmaceutical
industry and academic researchers. These studies likely will be complex,
given the different roles galectin-3 serves in various diseases, both cardiac and
non-cardiac. Finally, we need to design elegant animal studies that proof efficacy
and safety parameters. Ultimately, clinical trials should be conducted to evaluate
the effect of these inhibitors, which might improve survival of patients suffering
from this devastating disease.
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Chapter 25

Mucins and Galectin-3 in Ocular
Surface Health and Disease

Jerome Mauris and Pablo Argüeso*

Schepens Eye Research Institute and Massachusetts Eye and
Ear, Department of Ophthalmology, Harvard Medical School,

20 Staniford Street, Boston, Massachusetss 02114
*E-mail: pablo.argueso@schepens.harvard.edu

The barrier function of ocular surface epithelia is multi-level,
from the stratified structure of the corneal and conjunctival
epithelia, to the thick glycocalyx present on the foremost apical
cell membranes. Major glycoconjugates on the epithelial
glycocalyx include membrane-associated mucins, a group of
heavily O-glycosylated, high molecular weight glycoproteins
involved in cell protection against damage and infection. In
this mini review, we summarize recent evidence indicating
that mucin O-glycans associate with the carbohydrate-binding
protein galectin-3 to provide barrier function at the ocular
surface, and discuss the relevance of this interaction to ocular
surface disease.

Anatomy of the Ocular Surface

The healthy ocular surface is composed of mucosa lining the cornea and
conjunctiva, as well as the intervening transition area between them, known as
the limbus (1). The cornea is a transparent, avascular tissue that is the primary
refractive element of the visual system. The conjunctiva is a mucous membrane
that covers the inner surface of the upper and lower eyelids and extends to the
limbus. Both cornea and conjunctiva, as well as the limbus, are covered by a

© 2012 American Chemical Society
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stratified, squamous, nonkeratinizing epithelium, consisting of 5 to 7 cell layers
within the cornea, and 3 to 10 cell layers within the conjunctiva. The conjunctiva
is unique among the nonkeratinizing squamous tissues in that secretory goblet
cells are intercalated between the epithelial cells. The role of the ocular surface
epithelia is to maintain optical clarity by regulating the hydration of the cornea
and conjunctiva, and to protect the globe from mechanical, toxic, and infectious
trauma (2).

Mucins and the Epithelial Glycocalyx

Traditionally, the cellular barrier function on mucosal surfaces has been
ascribed to intercellular junctions that seal the paracellular space and connect
individual epithelial cell membranes (3). It is now well accepted, however, that a
second barrier is formed by dense microvilli and a complex glycocalyx containing
high levels of membrane-associated mucins on the apical surface of mucosal
epithelial cells (4).

Based on molecular characterization, cell surface mucins are defined by
their unique structural characteristics, including the presence on the extracellular
domain of multiple tandem repeats of amino acids rich in serine, threonine
and proline residues that are densely O-glycosylated (5). In addition, they
contain a single transmembrane domain that anchors the large ectodomain to the
plasma membrane, as well as a short cytoplasmic tail with intracellular signaling
capabilities (6). The mucin ectodomain has a long filamentous structure that can
extend up to 500 nm above the plasma membrane and, therefore, provide steric
hindrance (7). Cell surface mucins produced in the ocular surface include MUC1,
MUC4 and MUC16 (8).

Early analyses of the chemical composition of purified ocular surface
mucins revealed that approximately 55% of the mucin mass was carbohydrate,
with galactose, N-acetylgalactosamine, N-acetylglucosamine and sialic acid as
major constituents, and fucose, mannose, and glucose as minor components
(9). Further structural analyses have shown that short core 1-based structures
(Galβ1-3GalNAcα1-Ser/Thr, also known as the Thomsen Friedenreich or
T-antigen) are prevalent at the ocular surface (10). This finding is supported
by glycogene microarray analysis demonstrating the expression of core 1 β
1,3-galactosyltransferase (T-synthase or c1galt1), the enzyme responsible for
biosynthesis of core 1 O-glycans, and Cosmc, a molecular chaperone specific for
c1galt1, at the human ocular surface (11). Due to the presence of central tandem
repeats in mucins, it is possible to speculate that hundreds of clustered core 1
O-glycans would be present on each mucin ectodomain, providing a high degree
of multivalency for optimal interactions with carbohydrate-binding proteins (12).

Role of Galectin-3 in Barrier Function

Despite extensive molecular characterization of mucins at the ocular surface
during the last 15 years, their organization at the plasma membrane and the
mechanism by which they promote barrier function is not well understood. Using
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glycogene microarray analysis, we demonstrated that galectin-3 was one of the
most highly expressed glycogenes in human conjunctival epithelium (11). This
finding led us to evaluate the role of galectins in maintaining barrier function at
the ocular surface through interaction with mucin O-glycans.

Galectins are a family of animal lectins defined by their affinity towards
β-galactosides and the presence of at least one evolutionary conserved
carbohydrate-binding domain (13). In recent years, several studies have revealed
that galectin-3 exists as a monomer in solution, but that it can self-associate
through intermolecular interactions involving the N-terminal domain when
bound to a multivalent ligand (14) and, therefore, mediate crosslinking of
counter-receptors (15–18). It has also been shown that the resulting galectin-ligand
lattices on the cell surface are robust and resistant to lateral movement of
membrane components (19).

Data from our laboratory demonstrated that galectin-3 localizes to apical
membranes of apical epithelial cells in human conjunctival and corneal tissue
(20). Moreover, galectin-3 colocalized with the membrane-associated mucins
MUC1 and MUC16 on the apical surface of epithelial cells, and both mucins
bound to galectin-3 affinity columns in a galactose-dependent manner, indicating
that transmembrane mucins are counter-receptors for galectin-3 at the ocular
surface. The relevance of this interaction to ocular surface barrier function
was evaluated using the rose bengal uptake assay. Rose bengal, a derivative
of fluorescein, is an organic anionic dye that has been clinically used for many
decades to assess damage to the ocular surface epithelium in ocular surface
disease (21). Stratification and differentiation of cultured immortalized corneal
epithelial cells, as measured by the capacity to produce the membrane-associated
mucin MUC16 and core 1 O-glycans on their apical surfaces, provide protection
against rose bengal penetrance (22). Abrogation of the mucin-galectin interaction
in this in vitro system, using competitive carbohydrate inhibitors of galectin
binding, β-lactose and modified citrus pectin, resulted in decreased levels of
galectin-3 on the cell surface with concomitant loss of barrier function, as
indicated by increased permeability to rose bengal diagnostic dye (20). Similarly,
downregulation of mucin O-glycosylation in corneal epithelial cells using a
stable tetracycline-inducible RNA interfering system to knockdown c1galt1 also
reduced cell surface galectin-3 and increased epithelial permeability. These
findings indicate that galectin-3 through interactions with mucin O-glycans at the
apical membrane of corneal epithelial cells forms a cell surface lattice important
to barrier function.

Using cell surface biotinylation and subcellular fractionation, as well as
confocal laser scanning microscopy, we recently showed that knockdown of
c1galt1 in human corneal epithelial cells also stimulates the endocytosis of
plasma membrane proteins and enhances the internalization of nanoparticles in a
clathrin-dependent manner (23). Therefore, it is possible to speculate that, when
bound to cell surface O-glycans, galectin-3 effectively promotes lattice formation
and prevents the endocytosis of plasma membrane proteins and extracellular
material.
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Barrier Function in Ocular Surface Disease

Ocular surface pathology is commonly associated with loss of epithelial
barrier function (21). Several studies have reported alterations in the biosynthesis
of mucins and mucin O-glycans at the ocular surface under pathological
conditions, including dry eye, allergy, pterygium, ocular rosacea, and infection
[reviewed by Mantelli (24) and Guzman-Aranguez (10)]. Within these ocular
surface diseases, dry eye has been extensively studied, as it affects between 6 and
43 million people in the United States alone (25), and the options for effective
pharmacological treatment are limited.

Dry eye is a multifactorial disease of the ocular surface that is prevalent in
women and that results in symptoms of discomfort, visual disturbance, and tear
film instability, with potential damage to ocular surface epithelia. A number of
reports have described alterations in the carbohydrate composition of the apical
glycocalyx in patients with dry eye. These include a reduction in lectin and
antibody binding to cell-surface carbohydrate epitopes such as sialic acid as well
as core 1, and alteration in the distribution of glycosyltransferases involved in
mucin-type O-glycosylation (26–30).

Unlike with mucins, limited research has been conducted to date on the
role of galectins in ocular surface epithelial pathology. To our knowledge,
only one manuscript has been published describing alterations in galectin-3 in
ocular surface disease (31). Although the study included only a small number of
patients, the authors found increased galectin-3 levels in tears of patients with
ocular inflammatory disease, such as sarcoidosis and adenoviral conjunctivitis, as
compared to normal individuals. This result would suggest that barrier disruption
in ocular surface disease results in lack of interaction of galectin-3 with mucin
O-glycans on the apical epithelial glycocalyx, followed by release of the lectin
into the tear fluid.

Increased understanding of the ocular surface barrier under physiological
and pathological conditions has led to interest in developing pharmaceutical
agents that modulate mucin biosynthesis. Two therapeutic agents targeting the
production of mucins at the ocular surface have been recently developed for dry
eye and marketed in Japan as Mucosta® ophthalmic suspension (rebamipide)
and DIQUAS™ ophthalmic solution (diquafosol tetrasodium). So far, however,
it is not clear whether the mechanism of action of these drugs is to promote
ocular surface health by restoring the mucin O-glycan and galectin-3 interaction
on superficial cells at the ocular surface. Studies aimed at determining whether
carbohydrate-lectin interactions on the epithelial glycocalyx can be modulated
to treat patients with ocular surface barrier dysfunction are likely to prove to be
rewarding.
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Chapter 26

Role of Galectins in Wound Healing

Noorjahan Panjwani, Ph.D.*

New England Eye Center, Departments of Ophthalmology and
Biochemistry, Tufts University School of Medicine, 136 Harrison Ave.,

Boston, Massachusetts 02111
* E-mail: Noorjahan.panjwani@tufts.edu. Tel: 617-636-6776.

Fax: 617-636-0348.

Impaired or delayed re-epithelialization underlies serious
disorders of wound healing that are painful, difficult to treat,
and affect a variety of human tissues. Recent studies have
provided evidence that members of the galectin class of
β-galactoside-binding proteins play a crucial role in modulating
re-epithelialization of wounds by novel carbohydrate-based
recognition systems. Galectins constitute a family of widely
distributed carbohydrate-binding proteins characterized by
their affinity for β-galactoside-containing glycans found on
many cell surface and extracellular matrix glycoproteins.
In mammals, 15 members of the galectin family have been
identified to date. Studies aimed at characterization of the role of
galectins in wound healing have shown that galectin-3 promotes
re-epithelialization of corneal and skin wounds, galectin-7
promotes re-epithelialization of corneal, skin and kidney
wounds, and galectins-2 and-4 promote re-epithelialization of
intestinal wounds. Molecular mechanisms by which galectins
promote wound healing have also begun to be elucidated.
Galectin-3 promotes re-epithelialization of wounds by: (i)
activating α3β1-integrin–Rac1 signaling to promote formation
of lamellipodia in epithelial cells, and (ii) interacting with
N-glycans of laminin-332. Findings that galectins stimulate
the re-epithelialization of corneal, dermal, intestinal and
kidney wounds have broad implications for developing novel
therapeutic strategies for the treatment of nonhealing wounds.

© 2012 American Chemical Society
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I. Re-Epithelialization of Wounds

Wound healing presents therapeutic challenges in a variety of clinical
scenarios. Organ systems as different as cornea, skin and gastrointestinal (GI)
may be the site of healing disorders that are related in their biological basis
(1–6). These are but three of the many human organ systems in which impaired
or delayed re-epithelialization may result in persistent epithelial defects which
define a condition with serious medical implications.

A unified hypothesis to comprehensively explain the failure of some, and not
other, wounds to heal within a normal course of time has yet to be articulated.
Meanwhile, patients with debilitations caused by a range, from relatively obscure
to unfortunately commonplace, disease-associated, accidental, surgical or inflicted
wounds (for example of combat) rely on what we know to guide their treatment.
Attempts at resolution of chronic wounds of various etiologies can be frustrating
and may not have a positive outcome. Millions of individuals are affected world-
wide. In the U.S. alone, combat-related and other traumatic wounds cause over
300,000 hospitalizations annually (7, 8) .

In the cornea, epithelial defects may persist and threaten the integrity of
the anterior stroma, causing ulceration and in the worst cases perforation of the
stromal tissue resulting in significant visual loss. Chronic wounds in the elderly,
decubitus ulcer, and venous statis ulcer of the skin also are attributable to delayed
re-epithelialization and resultant persistent epithelial defects. Damage and
impairment of the intestinal surface barrier are commonly observed in a variety
of GI diseases including inflammatory bowel diseases (IBDs). The treatment
goal is prompt re-epithelialization of the wound, essential for rapid resealing
of the epithelial surface barrier to control inflammation and to restore intestinal
homeostasis. When re-epithelialization of intestinal wounds in IBDs is delayed,
uncontrolled intestinal inflammation and general immune responses become
inevitable (9, 10).

Failure to re-epithelialize is generally caused not by inadequate cell
proliferation but is due to a reduced potential of the epithelium to migrate
across the wound bed (11–13). Cell migration involves sequential adhesion to
and release from the substrate, a complex process of cell-matrix interactions
(14–17). Results of recent studies suggest that members of the galectin class
of β-galactoside-binding proteins have a critical role in modulating cell-matrix
interactions and re-epithelialization of wounds through novel carbohydrate-based
recognition systems (18–25).

II. Galectins

Galectins constitute a family of widely distributed carbohydrate-binding
proteins characterized by their affinity for β-galactoside-containing glycans found
on many cell surface and extracellular matrix (ECM) glycoproteins (26, 27). In
mammals, there are currently 15 identified members of the galectin family. They
all range in subunit size from 14- to 39-kDa. Each galectin contains a canonical
carbohydrate recognition domain (CRD) of ~130 amino acids. Galectins can
be expressed both intracellularly and extracellularly. Galectins do not contain a
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classical signal sequence or a transmembrane domain and are secreted from the
cell via nonclassical pathways. Some galectins such as galectins-1, -3, -8 and
-9 have wide tissue distribution, whereas others, such as galectins-4, -5 and -6,
exhibit tissue specificity. There is currently intense interest in characterizing the
function of galectins because so many important cellular responses such as cell
adhesion (28–30), migration (18, 31), immune response (32, 33) and angiogenesis
(34–40) are regulated by this class of lectins.

Carbohydrate-Binding Specificity of Galectins

Although all galectins specifically recognize galactose-containing glycans,
each galectin has unique, fine specificity for more complex galactose-containing
oligosaccharides, which occurs as a consequence of variability in the CRD
sequence. Due to differences in the carbohydrate-binding specificities, each
galectin associates with certain types of glycans for signaling (41, 42). The
differences in the sugar-binding specificity of different members of the galectin
family can be profound. For example, Gal1 (Gal1) recognizes α2-3 sialylated
glycans, but not α2-6 sialylated glycans; Gal2 does not bind glycans sialylated
with either linkage; Gal3 binds internal N-acetyllactosamine (LacNAc) within
polyLacNAc (41); and depending on cellular microenvironment, sialylation may
also impact Gal3 binding and signaling (43). In summary, due to fine differences
in carbohydrate-binding specificities, each galectin may interact with a discrete
spectrum of glycoprotein receptors, with consequent specific downstream effects.
For example, (i) the affinity of Gal1 for the blood group A tetrasaccharide is
about 100-fold lower than that for Gal3 (44), and (ii) only Gal8, but not Gal1,
Gal2, Gal3, or Gal7, interact with the glycans of a well-known lymphatic vessels
glycoprotein, podoplanin (45).

Galectin-Glycan Lattices

All lectins are either dimers or oligomers. This multivalency allows the
formation of lectin-carbohydrate lattices to cross-link and clusterize cell surface
receptors including growth factor receptors and integrins. The diverse functions
of galectins are thought to result from the formation of galectin–glycan lattice
(46–48), by which the glycoprotein receptors are trapped, and thereby, precluded
from undergoing endocytosis (49). It is by this mechanism that the interactions
between galectins and N-glycans of the cell surface receptors regulate the density
and distribution of cell surface receptors as well as cell responsiveness to the
receptor ligand (46–49). For example, Gal3 interacts with the N-glycans of the
epidermal growth factor (EGF) receptor in a carbohydrate-dependent manner;
this delays its constitutive endocytic removal and promotes EGF signaling (49).
Recent studies in our laboratory have revealed that Gal3 promotes cell migration
and formation of lamellipodia by activating α3β1-integrin-Rac1 signaling in
epithelial cells, and that carbohydrate-mediated interaction between Gal3 and
complex N-glycans on the α3β1 integrin is involved in Gal3-induced lamellipodia
formation and cell migration (18).
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III. Role of Galectins in Wound Healing
A. Galectin-3

Gal3 is expressed in inflammatory cells and in epithelia and fibroblasts of
various tissues (26). It is found on the cell surface, within ECM, and in the
cytoplasm of cells, and is thought to influence cell-matrix adhesion by binding
to the ECM and cell surface-glycosylated counter receptors (e.g. growth factor
receptors, integrins, certain isoforms of laminin, fibronectin and vitronectin).
In addition, this lectin is found in the nucleus of the cells and may influence
cell-matrix interactions indirectly by influencing the expression of well-known
cell adhesion molecules (e.g.α6β1 and α4β7integrins) and cytokines (e.g. IL-1).

1. Role of Gal3 in Corneal Wound Healing

In corneas, Gal3 is located in high density at sites of corneal epithelial cell-
matrix adhesion (25), an ideal location for influencing cell-matrix interactions and
cell migration. To determine whether Gal3 plays a role in re-epithelialization of
corneal wounds, experiments were conducted to determine whether the rate of
wound closure rate is impaired in Gal3-deficient mice. In this study, two different
models of corneal wound healing were used. Corneas with excimer laser ablations
or alkali-burn wounds were allowed to partially heal in vivo or in vitro for up to 22
h. At the end of the healing period, remaining wound areas were quantitated and
compared among different groups. Regardless of whether the corneas were injured
by excimer laser or by alkali treatment and whether the corneas were allowed to
heal in vivo or in vitro, corneal epithelial wound closure rate (expressed as mm2/h)
was significantly slower in gal3−/−mice compared with gal3+/+ mice (Figure 1A-
1E) (25). In contrast, no differences were found in thewound closure rates between
Gal1+/+ and Gal1−/−groups (Figure 1F).

To determine whether delayed re-epithelialization of corneal wounds in
Gal3−/− mice was because of a deficiency in the rate of corneal epithelial cell
proliferation, normal and healing Gal3+/+ and Gal3−/− corneas were labeled with
BrdUrd to identify cells undergoing DNA synthesis. There was no significant
difference in the number BrdUrd-labeled cells between Gal3+/+ and Gal3−/−
corneas (25), suggesting that the rate of corneal epithelial cell proliferation is not
perturbed in Gal3−/− mice and that delayed re-epithelialization of corneal wounds
in Gal3−/−mice is most likely to be due to an impairment in the process of cell
migration.

The next set of experiments was conducted to determine whether exogenous
Gal3 would stimulate re-epithelialization of corneal wounds. In this study, the
corneas of Gal3+/+ mice with alkali-burn wounds were incubated in serum-free
media in the presence and absence of varying amounts of recombinant Gal3.
After a 20–22-h healing period, the remaining wound areas were quantified. The
exogenous Gal3 stimulated the rate of wound closure in a concentration-dependent
manner in Gal3+/+ mice (Figure 2). Overall, the extent of acceleration of
re-epithelialization of wounds was 43 and 71% in the presence of 10 and 20
μg/ml Gal3, respectively. It was further demonstrated that the stimulatory
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effect of Gal3 on the rate of corneal epithelial wound closure can be almost
completely abrogated by a competing disaccharide, β-lactose, but not by an
irrelevant disaccharide, sucrose. This finding suggested that the lectin CRD was
directly involved in the beneficial effect of the exogenous lectin on the wound
closure. In corresponding experiments, recombinant Gal1 did not stimulate
the corneal epithelial wound closure rate. Subsequent studies have shown that
exogenous Gal3 promotes re-epithelialization of wounds in rat corneas(Yano
C, et al. IOVS2010; 51:ARVO E-Abstract 371), monkey corneas (Fujii A, et
al. IOVS2012; 53:ARVO E-Abstract 3540) as well as in a rat model of dry
eye(Sasaki A, et al.IOVS2012; 53:ARVO E-Abstract 2359).

Figure 1. Corneal epithelial wound closure rate is significantly slower in gal3-/-
mice. Corneas of gal3+/+ and gal3-/- mice with 2-mm transepithelial excimer
laser ablations or alkali-burn wounds were allowed to partially heal in vivo for
16–18 h or in vitro for 20–22 h in serum-free media. At the end of the healing
period, wound areas were quantified. Regardless of injury by excimer laser (A
and B) or by alkali treatment (C and D) or whether corneas were allowed to heal
in vivo (A and C) or in vitro (B and D), corneal epithelial wound closure rate
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expressed in mm2/h was significantly slower in gal3-/- mice compared with that
in the gal3+/+ mice. A value of 1.0 was assigned to the healing rate of gal3+/+
corneas. The values for gal3-/- corneas are expressed as a change in healing
rate with respect to gal3+/+ corneas. Wound closure rates expressed as mm2/h
among different groups were: (a) excimer laser in vivo: gal3+/+, 0.076±0.003;
gal3-/-, 0.060±0.004; (b) excimer laser in vitro: gal3+/+, 0.051±0.003; gal3-/-,

0.035±0.005;(c) alkali injury in vivo: gal3+/+, 0.182±0.003; gal3-/-, 0.150±0.008;
and (d) alkali injury in vitro: gal3+/+, 0.106±0.005; gal3-/-, 0.081±0.004. Panel
E shows outlines of remaining wound areas from one of the experiments (group:
alkali injury, healing in vivo). There was no difference in wound closure rate
between galectin-1+/+ and galectin-1-/- mice corneas (F). Mean±S.E. of two or
more experiments are shown. *, p<0.05 compared with the respective gal3+/+

group. (Reprinted from (25)).

2. Role of Gal3 in Intestinal Wound Healing

In the GI tract, Gal3 is highly expressed in enterocytes and subepithelial
macrophages (50, 51), where it is thought to play a role in wound healing. In
scratch wound-healing assays, treatment of colonic epithelial cells (T84 cells)
with Gal3 for 24 hours promoted healing with a 60.4% ± 4.4 reduction in wound
width (20). The Gal3-induced reduction in wound width was inhibited by a pan
inhibitor of galectins, β-lactose, and an anti-Gal3 neutralizing antibody (−9.8% ±
24.8). It is noteworthy that the levels of Gal-3 are reduced in epithelia derived
from inflammatory bowel disease (IBD) tissues (52–54). Whether the reduced
levels of Gal3 is a causative factor in the complications related to wound healing
in IBD patients remains to be determined. It is known, however, that in in vitro
experiments, matrix metalloproteinase-7 (MMP7) which is highly expressed in
IBD tissues (52, 53), cleaves Gal3 and the addition of MMP7 to Gal3 abrogated
the wound healing and cell migration induced by Gal3 (20). These findings led
Puthenedam and colleagues (20) to propose that cleavage of Gal3 may be one
mechanism by which MMP7 inhibits wound healing. This study has significance
in understanding delayed wound healing in chronic intestinal diseases such as
intestinal ulcers and IBD where MMP7 protein expression is elevated with a
concomitant decrease in Gal3 protein expression.

B. Galectin-7

Gal7 is a prototype galectin that forms homodimers (55) and therefore
can cross-link cell surface receptors. It is preferentially expressed in stratified
epithelia, including epidermis, cornea, oral cavity, esophagus and anorectal
epithelium (56). Major changes in Gal7 level of expression have been observed
during re-epithelialization of corneal wounds and in some types of cancer such
as skin tumors (57). Although Gal7 is considered to be a marker for stratified
epithelia (56), it has been detected in cilia isolated from cultured human airway
as well as on most cilia of multiciliated cells in human airway epithelia primary
cultures (56, 58, 59). Gal7 is also expressed in primary cilia of Madin-Darby
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canine kidney (MDCK) cells (60), LLC-PK1 (pig kidney), and mpkCCDc14
(mouse kidney) cells as well as on cilia in the rat renal proximal tubule (19).
Indeed, it has been reported that Gal7 plays a role in wound healing of not only
stratified epithelium such as that of cornea and skin which lack cilia, but also of
simple epithelia such as that of kidney epithelium (19).

Figure 2. Exogenous Gal3 stimulates re-epithelialization of corneal wounds.
Corneas with 2-mm alkali-burn wounds were allowed to heal in organ culture
in serum-free media in the presence and absence of recombinant lectins and
saccharides for 20–22 h. At the end of the healing period, wound areas were
quantified and compared. A, galectin-3 stimulated corneal epithelial wound
closure in a dose-dependent manner.B, the stimulatory effect of exogenous
galectin-3 on corneal epithelial wound closure is inhibited by β-lactose, a

disaccharide that contains galactose but not by sucrose, which lacks galactose.
C, unlike galectin-3, galectin-1 did not accelerate corneal epithelial wound

closure in gal3+/+ mice. A value of 1.0 was assigned to the healing rate of control
corneas incubated in media alone. The value of corneas incubated in media
containing galectins and saccharides is expressed as change in the healing rate
with respect to the control corneas. Means ± S.E. of two or more experiments are
shown. *, p < 0.05 compared with the other three groups in panel A; **, p < 0.05
compared with gal3 (10 μg/ml) and gal3 + Suc groups in panel B; Lac, β-lactose

(0.1 M); Suc, sucrose (0.1 M). (Adapted from (25)).
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1. Role in Corneal Wound Healing

Studies aimed at characterization of the role of Gal7 in re-epithelialization
of corneal wounds have shown that the expression level of Gal7 is markedly
up-regulated in mouse corneas after injury and that exogenous Gal7 stimulates
re-epithelialization of corneal wounds in organ culture specimens (24). The
stimulatory effect of Gal7 on the rate of corneal epithelial wound closure is
partially abrogated by a competing disaccharide, β-lactose, but not by an irrelevant
disaccharide, sucrose; again, suggesting that the Gal7CRD is directly involved in
the beneficial effect of the exogenous lectin on wound closure.

2. Role in Skin Wound Healing

Recently, Poierer et al (23) have produced Gal7 knockout mice and have
assessed the role of this lectin in skin wound healing. To assess the extent to
which Gal7 may play a role in posttraumatic skin response, superficial scratches
were made along the sagittal axis of the tail ofGal7+/+ and Gal7−/− adult mice.
Tissue sections of injured healing tails at 24 and 48 h after injury were stained
with hematoxylin and eosin and distance between the two wound margins was
quantified. In these experiments, the process of wound closure was less efficient
in the Gal7-/- mice compared to the Gal7+/+ mice. In an ex vivo assay for wound
healing, keratinocyte outgrowth from Gal7−/− skin explants was also reduced
compared with the Gal7+/+ controls. That Gal7 plays a role in cell migration
is further supported by the findings that (i) Gal7 accumulates in podosomes,
which are specialized cell–matrix adhesion complexes connecting the ECM to
the microfilament network and (ii) distribution of cortactin, an actin-binding
protein implicated in membrane ruffle formation, is severely affected in migrating
keratinocytes lacking Gal7, suggesting that the formation and/or stabilization of
actin-based lamellipodia is abnormal. In wild type animals, Gal7 specifically
accumulated at the front of the leading edge keratinocytes where it colocalized
with cortactin. In contrast, in the absence of Gal7, diffuse cortactin signal was
observed in keratinocytes at the wound margin. In the in vivo model, the rate
of wound closure rate was slower in gal7 null mice even when proliferation
was blocked by mitomycin-C treatment leading the authors to conclude that as
observed with Gal3, Gal7 also promotes re-epithelialization of skin wounds by
influencing cell migration rather than cell proliferation.

3. Role of Gal3 in Wound Repair of Polarized Kidney Epithelial Cells

In a recent study, Rondanino et al. (19) have demonstrated that Gal7
modulates the length of the primary cilia and wound repair in polarized kidney
epithelial cells. To characterize the role of Gal-7 in the regulating the length of the
primary cilia and wound repair in kidney epithelial cells, Gal-7 expression was
knocked down using shRNA and the length of cilia and wound closure rate were
compared in the Gal7 shRNA- and control shRNA-expressing cells. Significantly
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shorter cilia were observed in Gal-7-shRNA-expressing cells compared to the
control cells. In scratch wound assays, 33% reduction in wound healing was
detected for Gal-7-shRNA-expressing cells compared to control cells (19).

C. Galectins-2 and -4

Gal-2 and Gal-4 are of special importance with respect to the GI tract. Both
are expressed in GI tissues, but not in various other tissues including brain, kidney,
skeletal muscle, liver, or lung tissues (61).

1. Role of Galectins-2 and -4 in Intestinal Epithelial Wound Healing

Exogenous Gal2 has been shown to ameliorate colitis in several models of
intestinal inflammation (62). In an effort to characterize the role of Gal2 in wound
healing, Paclik et al (21) assessed the effect of exogenous Gal2 on cell migration
using the scratch wound assays. Confluent monolayers of Caco-2 cells were
wounded with a razor blade and incubated for 24 hours in the presence or absence
of 50 μg/mL Gal2. At the end of the incubation period, the wound closure rate
was quantified. Gal-2 significantly enhanced epithelial cell migration over the
wound edge (21). In these assays, exogenous Gal4 but not Gal1 also promoted
wound closure. Unlike Gal3 and Gal7 which promoted cell migration but not
cell proliferation of corneal and skin epithelium, both Gal2 and -4 promoted cell
migration as well as proliferation of Caco-2 cells suggesting that both processes
may be involved in the beneficial effect of these galectins on resealing of disrupted
epithelial barrier in GI diseases (21).

IV. Molecular Mechanism by Which Galectins Modulate
Wound Healing

A. Gal3 Promotes Wound Healing by Activating α3β1-Integrin–Rac1
Signaling

Cell migration is a complex biological process involving (i) extension of
cellular protrusions such as lamellipodia or filopodia, (ii) interactions of the surface
molecules of the cell protrusions with the permissive ligands in the underlying
matrix to form transient cell-matrix adhesions and (iii) actomyosin-mediated cell
contraction and forward movement with a concomitant detachment of adhesions
at the rear end (63). Among the factors that regulate the process of cell migration
are transmembrane integrin receptors that mediate cell-matrix adhesions as well
asintracellular signaling pathways, leading to cytoskeletal reorganization and
cell motility (63). Almost all integrins are glycosylated proteins, and, in recent
years, a number of studies have revealed that integrin glycans can modulate
transmembrane signaling (64, 65). Specifically, it has been demonstrated
that interactions between integrin glycans and carbohydrate-binding proteins,
galectins, play an essential role in integrin-dependent cell adhesion and migration
(43, 66–72). For example, Lagana et al. (68) have shown that Gal3 interactions
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with N-acetylglucosaminyltransferase V (GnT-V)-modified N-glycans at the cell
surface of mammary carcinoma cells promote α5β1 integrin activation and cell
motility. In a recent study aimed at determining the molecular mechanism by
which Gal-3 promotes epithelial cell migration during corneal wound closure,
we have demonstrated that Gal-3, by interacting with GnT-V-modified complex
N-glycans, activates α3β1-integrin–Rac1 signaling to promote formation of
lamellipodia in epithelial cells. Based on these findings and other published
studies showing that (i) α3β1-integrin-mediated Rac1 activation is essential to
promote lamellipodia formation (73), (ii) Gal-3 cross-links cell surface receptors
(e.g. EGF and TGF-β receptors) by interacting with GnT-V -modified complex
N-glycans to promote their signal transduction (49) and (iii) clustering of integrins
leads to activation of its intracellular signaling (74–76), we have proposed a model
of Gal-3-mediated epithelial cell migration and re-epithelialization of wounds
(18) (Figure 3). According to this model, Gal-3, by virtue of its multivalency
(77), cross-links and clusters α3β1 integrin on the cell surface at the leading
edge of the migrating epithelium. The clustering of α3β1 integrin activates FAK
and Rac1 and this, in turn, promotes lamellipodia formation, cell migration, and
re-epithelialization of wounds.

B. Galectin-3 Promotes Wound Healing by Interacting with N-glycans of
Laminin-332

Laminin-332 (Lm332; also known as laminin-5) is a component of basement
membranes in the cornea, skin and other stratified squamous epithelial tissues
(78–80). It is overexpressed at the leading edge of wounds during healing
and promotes cell migration (81–83) and is thought to play a critical role in
re-epithelialization of wounds. A null mutation of Lm332 causes a lethal blistering
disease of the skin. Although a substantial portion of laminins is constituted of
N-linked glycans, the function Lm332 has been relatively under-investigated
in the context of its glycosylation pattern. The glycosyltransferase, GnT-V,
catalyzes addition of the β1,6-linked GlcNAc branch that serves as a substrate
for polylactosamine, the high affinity ligands for Gal3. By contrast, GnT-III
adds GlcNAc to the inner β-linked mannose to form bisecting GlcNAc, which
suppresses both further processing by branching enzymes, such as GnT-V, and
elongation of N-glycans (84–86), resulting in down-regulation of interaction with
Gal3 with a concomitant reduction in cell migration and cancer metastasis (87).
Therefore, the sugar chains may switch galectin binding on and off during wound
healing as alterations in glycosylation are observed during re-epithelialization
of wounds. In an elegant study, Kariya et al. (83) have shown that Gal3 bound
to Lm332 coated wells, which greatly enhanced Lm332-dependent keratinocyte
motility. However, increased cell migration on GnT-III-Lm332 substratum was
not induced by exogenous Gal3, because modification of Lm332 by GnT-III
reduced its ability to bind to Gal3. These results led authors to suggest that Gal3
may be a cofactor for Lm332-induced cell motility during wound healing and
squamous cell carcinoma tumor progression conditions that are associated with
GnT-V overexpression (83).
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Figure 3. Proposed model of Gal-3-mediated signaling in epithelial cells leading
to the formation of lamellipodial protrusions and cell migration.According to
this model, Gal-3, by virtue of its multivalency, crosslinks and clusters α3β1
integrin on the cell surface at the leading edge of the migrating epithelium.
The clustering of α3β1 integrin activates FAK and Rac1 and this, in turn,
promotes lamellipodia formation, cell migration and reepithelialization of

wounds. This model is suggested based on our findings that: (1) α3β1 integrin
is a major Gal-3-binding partner and a functionblocking anti-α3 integrin mAb
blocks the Gal-3-mediated lamellipodia formation, (2) Gal-3 interacts with

MGAT5-modified complex N-glycans on α3β1 integrin, (3) Gal-3 activates Rac1,
a member of Rho GTPases, and the published findings showing that: (i) Gal-3
cross-links cell surface receptors (e.g. EGF and TGFβ receptors) by interacting
with MGAT5-modified complex N-glycans to promote their signal transduction
(Partridge et al., 2004), and (ii) α3β1-integrin–Rac1 signaling is essential to
promote lamellipodia formation (76). Adapted from (18). (see color insert)

V. Therapeutic Implications

There is an ongoing need for effective treatment of chronic wounds in the
elderly, decubitus ulcers, and venous stasis ulcers of the skin.. At present, wound
healing related complications in various GI diseases including inflammatory bowel
diseases remain a major clinical challenge, as does the treatment of persistent
epithelial defects of the cornea.

It has been estimated that in the United States alone in a given year nearly
half a million excimer laser keratectomy procedures are performed to obviate the
need for eyeglasses and contact lenses to correct myopia (88). If conservatively
25–30% of the adult population worldwide is myopic, the potential number of
myopia surgeries is enormous. In some cases following excimer laser surgery,
there is a delay in epithelial healing, which puts the pre-surgically healthy cornea
at risk of developing postoperative haze, infectious keratitis, and ulceration.

Findings that galectins stimulate the re-epithelialization of corneal, dermal,
intestinal and kidney wounds have broad implications for developing novel
therapeutic strategies for the treatment of nonhealing wounds. The data from
various independent laboratories and multiple animal species showing that
Gal3 and Gal7 promote re-epithelialization of corneal, skin and/or intestinal
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wound provide a high level of confidence in the validity of the concept aimed at
developing galectins-based drugs to promote healing of chronic wounds.

The biological role of galactins in wound healing as well as the implicit
treatment potential become clearer in the context of studies of the effect of
growth factors on wound healing. Epidermal growth factor, transforming growth
factor-α, fibroblast growth factor, keratinocyte growth factor, and hepatocyte
growth factor, all known to stimulate cell proliferation, have been tested for
effectiveness in promoting corneal as well as cutaneous epithelial wound healing.
Generally, the results are disappointing (1, 5, 89–92). When compared with the
effects displayed with galectins, as described above, the extent of acceleration
of re-epithelialization of wounds using growth factors was, according to most
findings, far less (90, 92). Additionally it was found that treating corneas with
growth factors such as epidermal growth factor resulted in hyperplastic epithelium
(89, 93, 94), a clearly undesirable condition. On the other hand, the lectins Gal3
and Gal7 were found not to induce cell mitosis in healing corneas and skin,
respectively, so that galectin-based drugs may be without the drawback of causing
epithelial hyperplasticity.

Confirmation of the underlying biological mechanisms of wound healing
and concurrent development and trials of treatment modalities derived from these
understandings will offer relief and encouragement to myriads of patients and
caregivers.
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overview, 267
T lymphocytes dysfunction, 273
CD8 T cell clones, 273
T cell surface glycosylation changes,
275

T cell surface molecules distribution,
274

tumor-infiltrating lymphocytes, 273
tumor antigens, T lymphocytes, 268
tumor regression, 269
clinical responses, 269
immune responses, 269

tumors immune suppression, 271
Carbohydrate binding site, 65
Cardiovascular disease, 16
Cardiovascular fibrogenesis
cardiac remodeling, 398
dietary fiber intake, 404t
galectin-3, 399
heart failure, 398
myocardial fibrosis, 402f
overview, 397
Ren-2 rats, 403f

CD8+ T cells, 113, 116f, 128
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D

DAVANAT®, 30f
6DBF7, dibenzofuran moiety, 70f

E

EAE. See Experimental autoimmune
encephalomyelitis (EAE)

Endogenous galectin-1, 100
Endothelial galectins, 236
targeting, 238

Experimental autoimmune
encephalomyelitis (EAE), 346

Extracellular functions, galectin-3, 138

F

Fibrosis, galectins, 15
Fluorinated glucosamine analogs, 124
anti-carbohydrate action, 125, 127f

G

Galactomannan-derived compounds, 29
Galectin-1, 68, 69f, 82, 85. See GM1
ganglioside, galectin-1 cross-linking
acute inflammation, 329
cancer treatment, 259
cross-linking, GM1 ganglioside
dimer, 63f
drugable target, anticancer agents, 260
expression
cancer cells, 261
human carcinomas, 260

inhibition, 263
neutralization, 130f

Galectin-3M, 49f, 82, 83, 84, 85. See
Multiple myeloma
acute inflammation, 332
anti-apoptotic activities
extracellular phospho-galectin-3, 142,
143f

intracellular phospho-galectin-3, 141
barrier function, 410
biomarker, heart failure, 400
cardiac remodeling, 399
cardiovascular fibrogenesis, 397
coding single nucleotide polymorphisms,
143t

CRD interaction blocking, 254

drug target, 253
extracellular functions, 138
interactions, 250
leukemia, 251

heart failure, 399
human melanoma, 159
immunoregulation, 156
inhibition effects, 162
intracellular functions, 138, 252
leukemia cells, 249
liver fibrosis, 392, 393f
macrophage activation, 386f
malignant melanoma, 155
multiple myeloma
murine B16-F1 melanoma metastasis,
161

myofibroblast activation, 384f
phosphorylation, 140, 140f
Ser6, 140
Ser96, 140
tyrosine, 141

polymorphism, 142
post-translational modification, 145
See also post-translational modification,

galectin-3
pro-apoptotic activities, intracellular
phospho-galectin-3, 141

proteolysis, 144
biological consequences, proteolytic
cleavage, 145

truncation, 145
structure, 138, 138f
tissue fibrosis, 377, 379f
tumors, 158
wound healing, 418

Galectin-7, 84
dimer, 63f
wound healing, 420

Galectin-12, 84
Galectin-3C
cancer treatment
amino acid sequence, 198f, 200f
anticancer agent, 207
anti-metastatic agent, 209
MDA-MB-435 cells, 203f, 204f, 206f,
211f

overview, 195
vs. galectin- 3, 197, 201

multiple myeloma
pharmacodynamics, 296, 297f
pre-clinical challenges, 297
translational challenges, 298

Galectin circulation alteration, 310
Galectins
academic publications, 4f
acute inflammation, 325
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arthritis, 18
asthma, 16
biology, 173
blood circulation alteration, 310
cancer, 9, 9f
tumor angiogenesis, 10
tumor immunology, 11

cardiovascular disease, 16
DAVANAT®, 30f
diagnostics, 21
cancer, 22
heart failure, 21
liver diseases, 25

effect, 12f
expression, tumor endothelium, 235
fibrosis, 15
human diseases, 5
identified diseases, 6t
immune cell function, 14
inflammation, 13
ligands
glycosylation, 184

malignant gliomas, 171
See also malignant gliomas
overview, 3
stimulatory effects, 240t
targeting agents, 25
galactomannan-derived compounds,
29

ligands molecules, 26
pectin-based compounds, 27
peptidomeimetics, 27

targeting therapy development, 31
GCS-100, 33
GM-CT-01, 31
human data, 31

GCS-100, 33
Glycosylation, galectin-ligands, 184, 186
GM-CT-01, 29, 31, 277f
GM1 deficiency, 113, 114f
GM1 ganglioside, galectin-1 cross-linking
bacterial toxins, 112
CD8+ T cells, 113, 116f
GM1 deficiency, 113, 114f
immunosuppression, 108, 110f, 111, 111f
NOD mouse pathology, 113, 114f
overview, 415
signaling induced, 112

H

Heart failure, galectin diagnostics, 21
Heart/lung disease, 352

Hemostasis, 100
Hepatic fibrosis, 378
Human melanoma, 159

I

Immune cell function, 14
Immunoregulation, galectin-3, 156
Immunosuppression, 108, 110f, 111, 111f
Inflammation, galectins, 13
Intracellular functions, galectin-3, 138
Intracellular galectins
galectin-1, 82, 85
galectin-3, 82, 83, 84, 85
galectin-7, 84
galectin-12, 84
overview, 81
polypeptides, 88t
Ras proteins, 82
ribonucleoprotein complexes, 85

K

Kidney disease, 351

L

Leukemia cells
extracellular galectin-3, 251
extracellular galectin-3 interactions, 250
leukemia drug resistance, 251
overview, 249

Leukemia drug resistance, 251
Ligands molecules, 26
Liver disease, 349
galectin diagnostics, 25

Liver fibrosis, 391
extracellular galectin-3, 392
phagocytosis-activated HSC, 393

Low-molecular weight inhibitors
2,3-disubstituted galactosides, 56f
2,3-disubstituted talosides, 57f
2-O-benzylphosphate, 56f
overview, 47
sub-site A-B, 49, 50f
sub-site A-B & E, 52, 53f
sub-site C, 54, 55f
sub-site D, 52, 54f
sub-site E, 51, 51f
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M

Malignant gliomas, 171
Malignant melanoma, 155
Mammary tumor progression
galectins’ expression levels, 182
overview, 181

MCP. SeeModified citrus pectin (MCP)
Modified citrus pectin (MCP), 27
Mucins, 409
epithelial glycocalyx, 410

Multiple disease, galectin-deficient mice,
353f

Multiple myeloma
drug resistance, 291
galectin-3 inhibition, 292, 295f
galectin-3C
pharmacodynamics, 296, 297f
pre-clinical challenges, 297
translational challenges, 298

microenvironment, 291
optimal treatments, 290
overview, 289

Murine B16-F1 melanoma metastasis, 161

N

N-acetyllactosamine synthesis blocking,
128

NOD mouse pathology, 113, 114f
Non-carbohydrate-based inhibitors, 66

O

Ocular surface
barrier function, 412
epithelial glycocalyx, 410
overview, 409

OTX-008
anticancer drugs combination, 262
antitumor effects, 262
chemical formula, 261f
galectin-1 expression, cancer cells, 261
galectin-1 inhibition, 263
overview, 259

P

Pathophysiologic implications, platelet
signaling, 100

atherosclerosis, 101f, 102
cancer-associated thrombosis, 103
hemostasis, 100
inflammation, 100
thrombosis, 100, 101f
tumor progression, 102

Pectin-based compounds, 27
Pectins, 401
Peptidomeimetics, 27
Peptidomimetic inhibitors
β-sheet topomimetics, anginex, 71f
carbohydrate binding site, 65
6DBF7, 70f
design, 62
galectin-1, 68, 69f
galectin-1 dimer, 63f
galectin-7 dimer, 63f
galectin structure, 62
non-carbohydrate-based inhibitors, 66
overview, 61

Phosphorylation, galectin-3, 140, 140f
Ser6, 140
Ser96, 140
tyrosine, 141

Platelet adhesion, 98
Platelet aggregation, 96
Platelet-mediated responses, 97
Platelet receptors, 99
Platelet signaling
endogenous galectin-1, 100
hemostasis, 100
overview, 95
pathophysiologic implications, 100
atherosclerosis, 101f, 102
cancer-associated thrombosis, 103
hemostasis, 100
inflammation, 100
thrombosis, 100, 101f
tumor progression, 102

platelet adhesion, 98
platelet aggregation, 96
platelet receptors, 99
platelet-mediated responses, 97

Polymorphism, galectin-3, 142
Polypeptides, 88t
Post-translational modification, galectin-3,
137

Pro-apoptotic activities, intracellular
phospho-galectin-3, 141

Proteolysis, galectin-3, 144
biological consequences, proteolytic
cleavage, 145

truncation, 145
Pulmonary fibrosis, 382
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R

Ras proteins, 82
Renal fibrosis, 380
Rheumatoid arthritis, 369
Ribonucleoprotein complexes, 85

S

Single nucleotide polymorphisms,
galectin-3, 143t

SLE. See Systemic lupus erythematosus
(SLE)

Streptozotocin-induced diabetes, 366
Systemic lupus erythematosus (SLE), 346

T

T cell mediated hepatitis, 364
Thrombosis, 100, 101f
Tumor angiogenesis, 233, 234f

Tumor endothelium, galectin expression,
235

Tumor micro-emboli formation, 314
Tumor progression, 102
Tumors, galectin-3, 158

W

Wound healing, 415
carbohydrate-binding specificity, 417
corneal, 418, 419f, 421f
galectin-2, 423
galectin-3, 418
galectin-4, 423
galectin-7, 420
galectin-glycan lattices, 417
galectin-3-mediated signaling, 423, 425f
intestinal, 420
molecular mechanism, 423
polarized kidney epithelial cells, 422
re-epithelialization, 416, 421f
therapeutic implications, 425
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