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Abstract Lymphangiogenesis in tumor-draining lymph
nodes (LNs) starts before the onset of metastasis and is
associated with metastasis to distant LNs and organs. In this
study, we aimed to visualize tumor-induced lymphangio-
genesis with a tumor lymphatics-specific peptide LyP-1.
The LyP-1 peptide was labeled with a near-infrared fluo-
rophore (Cy5.5) for optical imaging. At days 3,7, 14 and 21
after subcutaneous 4T1 tumor inoculation, Cy5.5-LyP-1
was administered through the middle phalanges of the upper
extremities of the tumor-bearing mice. At 45 min and 24 h
postinjection, brachial LN fluorescence imaging was per-
formed. Ex vivo fluorescence images were acquired for
quantitative analysis of the fluorescence intensity. Tumor-
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induced lymphangiogenesis was confirmed by LYVE-1
immunostaining and increased size of tumor side brachial
LNs. Cy5.5-LyP-1 staining in LNs co-localized with
LYVE-1, suggesting lymphatics-specific binding of LyP-1
peptide. The brachial LNs were clearly visualized by optical
imaging at both time points. The tumor side LNs showed
significantly higher fluorescence intensities than the con-
tralateral brachial LNs at days 7, 14, and 21, but not day 3
after tumor inoculation. At day 21 after tumor inoculation,
the average signal of tumor-draining LNs was 78.0 + 2.44,
243 + 543, 256+ 0.25 (x10? photon/cm?/s) using
Cy5.5-LyP-1, Cy5.5-LyP-1 with blocking, and Cy5.5 only,
respectively. Tumor-draining brachial LNs showed exten-
sive growth of lymphatic sinuses throughout the cortex and
medulla. Use of LyP-1 based imaging probes with optical
imaging offers a useful tool for the study of tumor-induced
lymphangiogenesis. LyP-1 may serve as a marker of lym-
phangiogenesis useful in detecting “high risk” LNs before
tumor metastasis and after micro-metastasis, as well as for
screening potential anti-lymphatic therapies.

Keywords Lymphangiogenesis - Lymph node -
LyP-1 peptide - Optical imaging

Introduction

Regional lymph node (LNs) metastasis represents the first
step of tumor dissemination for a variety of common
human cancers, such as carcinomas of the breast, colon,
and prostate as well as melanoma (Tammela and Alitalo
2010). One mechanism that promotes metastasis to
regional LNs is tumor-induced LN lymphangiogenesis,
which usually precedes metastasis and leads to increased
tumor spread to distal LNs and further to distal organs
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(Harrell et al. 2007; Ji 2009). It has been found that tumor-
associated lymphangiogenesis correlates with metastasis to
tumor-draining LNs in several mouse models (Mandriota
et al. 2001; Stacker et al. 2001). The lymphangiogenesis of
LNs has been shown to be associated with the presence of
non-sentinel LN metastases in animal tumor models
(Harrell et al. 2007; Hirakawa et al. 2005, 2007; Qian
et al. 2006) and human breast cancer and melanoma (Van
den Eynden et al. 2007). The induction of sentinel LN
lymphangiogenesis may be driven by VEGF-A and
VEGF-C in transgenic mouse models (Hirakawa et al.
2005, 2007), which suggests that tumor-secreted factors
are also strong mediators for local LN lymphangiogenesis
(Ji 2009) and that increased sentinel LN lymphangiogen-
esis is involved in lymphatic spread of tumor cells (Ishii
et al. 2010). In mouse models of skin carcinogenesis in
which VEGF-A or VEGF-C was overexpressed in the
skin, lymphangiogenesis was found to occur not only at
the tumor site but also in the tumor-draining LNs, and to
correlate with metastasis to LNs and beyond (Hirakawa
et al. 2007).

Conventional in vivo imaging approaches for cancer
metastases in patients have focused on the detection of the
cancer cells themselves (Jaffer and Weissleder 2005;
Sharma et al. 2008). These methods have limited sensi-
tivity, because relatively large anatomical sizes are
required for reliable detection (Winnard et al. 2008). In
addition, current-imaging approaches to evaluate LN
metastasis mainly rely on the size and the shape of the
involved LN (Qian et al. 2006). However, nodal metastases
are often microscopic, so neither computed tomography
(CT) nor standard magnetic resonance (MR) imaging can
rule them out reliably (Eiber et al. 2010). Thus, the ability
to detect LN lymphangiogenesis may serve as a novel way
of predicting LN metastasis. Furthermore, imaging lym-
phangiogenesis in vivo will be of great help in under-
standing LN lymphangiogenesis, as well as in developing
therapeutics to control metastatic tumor cell dissemination
through the lymphatics.

Therefore, various groups have performed studies to
develop lymphatic imaging probes that would exceed the
capabilities of the established “blue dye” procedure, and to
improve the identification and mapping of LNs, especially
sentinel LNs during surgery (Ballou et al. 2007; Kosaka
et al. 2009; Ting et al. 2010). Targeted optical probes for
lymphatic imaging have also been developed, using a near-
infrared (NIR) fluorescent indotricarbocyanine (Cy7) dye,
that are based on monoclonal antibody recognition of
endothelial ligands for the lymphocyte homing receptor
L-selectin, MECA-79. These new probes have provided
specific LN NIR fluorescent signals detectable within
minutes after tail vein injection, and stable imaging has
persisted for more than 24 h (Licha et al. 2005). Recently,
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in mouse models of LN lymphangiogenesis, Mumprecht
et al. (2010) found that systemically injected antibodies
against lymphatic epitopes accumulated in the lymphatic
vasculature in tissues and LNs. Using an '**I-labeled
antibody against the lymphatic vessel endothelial hyalu-
ronan receptor-1 (LYVE-1), they found that anti-LY VE-1
immuno-PET enabled visualization of lymphatic vessel
expansion in LNs bearing metastases, even though the
metastases were not detected by '*F-FDG PET.

Compared with antibodies, peptide-based imaging
probes with much smaller molecular size would allow
faster clearance and lower immunogenicity. With peptidic
phage display screening on MDA-MB-435 xenografts,
Laakkonen et al. (2002) identified a cyclic 9-amino-acid
peptide (CGNKRTRGC), LyP-1. They found that LyP-1
peptide targeted to lymphatic endothelial cells instead of
blood vessel endothelial cells, suggesting that this peptide
could be used as a tumor lymphatics specific marker.
Intravenous injection of fluorescein-conjugated LyP-1 led
to good accumulation in primary MDA-MB-435 xenografts
and their metastases. In addition, systemic LyP-1 peptide
treatment of xenografted tumor mice inhibited tumor
growth (Laakkonen et al. 2004). In this study, we explored
the feasibility of LyP-1 peptide probes for LN lymphan-
giogenesis imaging.

Materials and methods
General

Cy5.5-N-hydroxysuccinimide ester (Cy5.5-NHS) was pur-
chased from GE Healthcare (Piscataway, NJ, USA). LyP-1
peptide was purchased from C.S. Bio (Menlo Park, CA,
USA). All other solvents and chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Synthesis of Cy5.5-LyP-1 conjugate

LyP-1 peptide (1 mg, 1 pmol) dissolved in 100 pL of
DMSO was mixed with Cy5.5-NHS (GE Healthcare, Pis-
cataway, NJ, USA) (1 mg, 0.89 umol) and diisopropyl-
ethylamine (DIEA, 2 pL). The reaction mixture was stirred
in darkness at room temperature for 1 h and then quenched
by 10 uL of acetic acid. The crude product was purified by
reversed-phase high-performance liquid chromatography
(RP-HPLC) on a C;g Vydac protein and peptide column
(218TP510; 5 pm, 250 x 10 mm). The fractions contain-
ing Cy5.5-LyP-1 were collected, lyophilized, and dissolved
in saline at a final concentration of 1 mg/mL. For analytical
HPLC, a Ci;3 Vydac 218TP54 column (5 um, 250 x
4.6 mm) was used and the flow was set at 1 mL/min using
a gradient system starting from 95% solvent A (0.1%
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trifluoroacetic acid (TFA)] in water) and 5% solvent B
(0.1% TFA in acetonitrile (CAN)) (0-2 min) and ramped
to 35% solvent A and 65% solvent B at 32 min. The Cy5.5-
LyP-1 peptide had a retention time of 16.05 min. The
identity of Cy5.5-LyP-1 was confirmed by MALDI-TOF
MS (m/z: observed 1,890.70 [M + H'], calculated
1,888.15) (Fig. 1a). For serum stability assay, 0.5 pg of
Cy5.5-LyP-1 peptide was added to 100 pL. mouse serums
and incubated at 37°C for various periods of time up to
24 h and aliquots were taken and quenched by adding
100 pL acetonitrile. Each aliquot was centrifuged at
5,000 rpm for 5 min. The supernatant (10 pL) was ana-
lyzed by LC-MS.

Tumor model development

The 4T1 murine breast cancer cell line was derived from a
spontaneously arising BALB/c mammary tumor (Aslakson
and Miller 1992). The rapid and efficient metastasis to
organs affected in human breast cancer makes the 4T1
model an excellent mouse model for the study of metastatic

Fig. 1 a Structure of Cy5.5- A
LyP-1. b Serum stability of
Cy5.5-LyP-1 with LC-MS
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progression of breast cancer in humans. Moreover, the
model is syngeneic in immunocompetent BALB/c mice,
which can be used to study the role of the immune system
in tumor growth and metastasis (Tao et al. 2008). The cell
line was obtained from the American Type Culture Col-
lection (ATCC) (Manassas, VA) and maintained at 37°C in
a humidified atmosphere containing 5% CO, in Dulbecco’s
Modification of Eagles Medium (DMEM) with 10% fetal
bovine serum (FBS). The tumor model was developed in
4-6 week-old female BALB/C mice (Harlan Laboratories)
by subcutaneous injection of 5 x 10° of 4T1 cells to the
right shoulder of each mouse. Tumor growth was followed
by caliper measurements made perpendicular to the tumors.
Animal procedures were performed according to a protocol
approved by the National Institutes of Health Clinical
Center Animal Care and Use Committee (NIH CC/ACUCQC).

In vivo optical imaging with Cy5.5-LyP-1

At days 3, 7, 14 and 21 after inoculation with 4Tl
cells, tumor-bearing BALB/C mice (n = 5/group), under
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isoflurane anesthesia, were injected with either Cy5.5-LyP-
1 (0.8 nmol) or Cy5.5 (0.8 nmol) via the middle phalanges
of the upper extremities of both sides. At 45 min after
injection, in vivo fluorescence imaging was performed with
a Maestro II small-animal in vivo imaging system (CRI,
Woburn, MA, USA). A filter set with 615-665 nm exci-
tation and long-pass >600 nm emission was used to detect
Cy5.5 fluorescent signal. The fluorescence images con-
sisting of Cy5.5 and autofluorescence spectra were then
unmixed, based on their spectral patterns, using the man-
ufacturer’s software (Maestro software, CRI). At 24 h post
injection, the mice were killed and a dorsal skin flap was
elevated to expose the brachial LNs on both sides for rei-
maging of fluorescence. Then the LNs were removed, and
ex vivo fluorescence images were obtained to measure the
fluorescence intensity. To study the LN specificity of
LyP-1 peptide, Cy5.5-LyP-1 was co-injected with 300 pg
of un-conjugated LyP-1 peptide as blocking agent.

Histological evaluation and immunofluorescence
staining

At 24 h after Cy5.5-LyP-1 injection, brachial LNs from
both sides were removed and embedded in optimum cut-
ting temperature (O.C.T.) formulation (Sakura Finetek,
Torrance, CA). Then the LNs were sectioned into 4 um
slices and observed with an Olympus IX81 fluorescence
microscopy (Olympus Inc., Melville, NY, USA) equipped
with an excitation band-pass filter (530-585 nm) and
emission band-pass filter (605-680 nm). The same LN
sections were also stained against lymphatic endothelial
marker LYVE-1. Rabbit anti-mouse LYVE-1 antibody
(1:100; Abcam) and FITC-conjugated goat anti-rabbit
secondary antibody (1:400; Jackson ImmunoResearch
Laboratories) were used. H&E staining was also performed
on LN sections.

Measurement and statistical analysis

Fluorescence intensity was measured by drawing regions of
interest (ROIs) over removed LNs. Quantitative data were
expressed as means £ SD. Means were compared using a
Student’s ¢ test. P < 0.05 was considered statistically
significant.

Results

Optical imaging of lymphangiogenesis

Cy5.5-LyP-1 peptide showed high serum stability. Even

after 24 h incubation, we did not observe apparent degra-
dation of the peptide as determined by LC-MS (Fig. 1b).
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Then, we established the tumor model by subcutaneous
injection of murine breast cancer 4T1 cells on the right
shoulder of BALB/C mice. In this model, the lymph flow
drains into the collateral brachial LN, i.e. tumor-draining
LN. Compared with the contralateral brachial LN, the
tumor-draining brachial LN was significantly enlarged at
days 7, 14 and 21 after inoculation (Fig. 2). At 45 min after
Cy5.5-LyP-1 injection via the middle phalanges of both
upper extremities, brachial LNs on both sides were
detectable with in vivo optical imaging. At day 3 after
tumor cell inoculation, we did not observe significant
fluorescence intensity increase in the tumor-draining LNs
over the contralateral brachial LN. From day 7, fluores-
cence intensity of the tumor-draining brachial LN was
progressively elevated. Meanwhile, there was no apparent
fluorescent signal change in the contralateral LN (Fig. 3a,
b). At the 24 h time point, the primary tumor was removed
for optimal LN visualization. The tumor-draining LN still
retained a high fluorescent signal after the removal of the
primary tumor, especially in mice at 21 days after tumor
inoculation. No apparent changes were observed in the
contralateral LNs (Fig. 3c, d).

Ex vivo optical imaging of brachial LNs is shown in
Fig. 4. Both the size and the fluorescence intensity of the
tumor-draining LNs increased along with the time after
tumor inoculation from day 7 to 21. The fluorescence
intensities were 0.024 £ 0.002, 0.038 £ 0.002, 0.048 +
0.002 and 0.106 £ 0.002 x 10° photon/cm?/s, respec-
tively, at days 3, 7, 14 and 21 after tumor cell inoculation,
which were 1.02, 1.63, 2.04, and 4.52-fold higher than in
the contralateral LNs (Fig. 4b).

In order to confirm the specificity of LyP-1 peptide for
lymphoangiogenesis imaging, optical imaging with Cy5.5
dye only was performed using the same tumor model as
described above. Cy5.5 dye also showed LN uptake and
retention at 24 h after local injection (Fig. 5). However,
Cy5.5-LyP-1 showed significantly higher LN uptake
compared with Cy5.5 (P < 0.05 at day 14 and P < 0.01 at
day 21). More importantly, average signal of Cy5.5-LyP-1
in the LNs also showed significant increase from day 14 to
21 while there was no apparent change with Cy5.5 only
along with time. We also performed optical imaging using
Cy5.5-LyP-1 with the presence of extra amount of cold
LyP-1 peptide. At day 21, the average signal in the LNs
after blocking is similar to that of Cy5.5 only, which is
significantly lower when compared with unblocked Cy5.5-
LyP-1 imaging (Fig. 5).

Histological analysis of tumor induced
lymphangiogenesis

To further demonstrate the lymphatic targeting of LyP-1
peptide, the tumor-draining brachial LNs were sectioned
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Fig. 2 a Relative position of A
primary tumor (left circle) and
tumor-draining LN (right
circle). b Photographs of three
sets of tumors (left), tumor-
draining lymph nodes (middle)
and contralateral lymph nodes
(right)

after ex vivo fluorescence imaging, and fluorescent signals
from Cy5.5-LyP-1 were observed with microscopy. As
shown in Fig. 6, Cy5.5-LyP-1 had a vessel-oriented dis-
tribution, and the abundance increased along with time
after tumor inoculation. Since LYVE-1 is one of the most
specific and widely used lymphatic endothelial markers, we
stained the LN sections with anti-LYVE-1 antibody and
visualized the staining with an FITC-conjugated secondary
antibody. At day 3 after tumor inoculation, the tumor-
draining LN showed few lymphatic sinuses. At day 7, the
tumor-draining LN showed sparse lymphatic sinuses
restricted to the cortex. Lymphangiogenesis was consis-
tently observed from day 14 to 21. At day 21, extensive
lymphangiogenesis throughout the cortex and medulla was
observed.

Interestingly, Cy5.5-LyP-1 showed a distribution pattern
in the tumor-draining LNs that was very similar to the
staining pattern of anti-LYVE-1 within these same nodes,
confirming the lymphatic endothelium’s recognition of the
LyP-1 peptide. We also noticed that Cy5.5-LyP-1 distri-
bution and anti-LYVE-1 staining did not fully overlap,
indicating that LyP-1 does not necessarily bind to LYVE-1.

Discussion

Lymphangiogenesis involves new lymphatic budding,
sprouting, and remodeling. Moreover, lymphangiogenesis

requires lymphatic endothelial cell (LEC) differentiation to
form mature lymphatic networks, and this complicated
process is regulated by multiple growth factors, cytokines
and chemokines (Ji 2009). Previous studies have demon-
strated that lymphangiogenesis in the LNs in the postnatal
period is considered to be a major contributor to tumor
metastasis (Hirakawa et al. 2009; Ji 2006). Since sentinel
LNs are the first destinations in the spreading of cancer in
many malignancies, lymphangiogenesis in the sentinel LNs
may actively promote lymphatic metastasis. In a B16F10
melanoma model, greatly increased and enlarged lympha-
tic sinuses were found to be distributed throughout the
cortex and medulla in tumor-draining LNs, preceding
tumor metastasis (Harrell et al. 2007). Consistent with their
findings, we also indentified apparent lymphangiogenesis
in tumor-draining LNs in a subcutaneous 4T1 murine
breast cancer model. The enlargement of tumor-draining
LNs, but not of the contralateral LNs, was observed at day
7 after tumor cell inoculation. LYVE-1 is a hyaluronic acid
receptor with sequence similarity to CD44 expressed on
LECs (Banerji et al. 1999). Anti-LYVE-1 immunostaining
confirmed that extensive lymphangiogenesis happened in
the tumor-draining LN. At the early stage of tumor growth,
the tumor-draining LNs showed lymphatic sinus expansion
mainly in medullary sinuses, and the LN lymphangiogen-
esis was in the cortical sinuses. Along with time, enlarged
lymphatic sinuses and lymphangiogenesis were distributed
throughout the cortex and medulla, though we did not
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Fig. 3 Optical imaging of
tumor-induced
lymphangiogenesis with Cy5.5-
LyP-1. At days 3, 7, 14 and 21
after 4T1 cell inoculation,
tumor-bearing BALB/C mice
(n = 5/group), under isoflurane
anesthesia, were injected with
Cy5.5-LyP-1 via the middle
phalanges of both upper
extremities. At 45 min after
injection, in vivo fluorescence
imaging of both tumor-draining
LNs (a) and contralateral LNs
(b) was performed with a
Maestro Il small-animal in vivo
imaging system. The
fluorescence images consisting
of Cy5.5 and autofluorescence
spectra were then unmixed
based on their spectral patterns
with the manufacturer’s
software (Maestro software,
CRI). The tumors are indicated
by circles. (¢, d) At 24 h post
injection, the mice were killed
and a dorsal skin flap was
elevated to expose the brachial
lymph nodes on both sides for a
repeat of fluorescence imaging
(¢ tumor-draining LNs;

d contralateral LNs)

A!
BI
C.

I.

D
0.00

Day 3

identify tumor metastases in the tumor-draining LNs by H
& E staining at day 21 after tumor inoculation.

In clinical practice, lymphatic mapping employs radio-
colloid solutions (Schirrmeister et al. 2004) or vital dyes
(Suzuki et al. 2009). These strategies work well to provide
information about the localization and function of LNs.
However, the signals are transient and only provide non-
specific visualization of the lymphatic system. Recent
developments in optical imaging in conjunction with var-
ious molecular markers offer help in better understanding
of the mechanisms underlying lymphangiogenesis and
lymphatic metastases of tumors. For example, fluorescently
labeled monoclonal anti-mouse LY VE-1 antibody has been
utilized to monitor cancer cell trafficking in the lymphatic
system in real time (McElroy et al. 2009). The recent
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Day 7 Day 14 Day 21
identification of relatively specific peptides for lymphatic
endothelium allowed analyses of LN lymphangiogenesis as
well as tumor lymphangiogenesis (Laakkonen et al. 2002,
2004, 2008). Intravenously injected FITC conjugated LyP-
1 peptide was observed to home to tumor-associated lym-
phatic vessels and tumor cells in MDAMB- 435 xenografts
and some other tumors (Laakkonen et al. 2002, 2004,
2008). However, due to the poor tissue penetration of
photons and high background of FITC, FITC-LyP-1 is not
an ideal probe for lymphangiogenesis imaging in vivo.
After conjugation of the tumor lymphatic endothelium
specific LyP-1 peptide with NIR fluorescent dye Cy5.5, we
successfully visualized tumor-draining LN in vivo at dif-
ferent stages of tumor growth. The optical imaging
revealed that tumor growth in the shoulder was associated
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Fig. 4 Ex vivo optical imaging of lymphangiogenesis. a Compared
with the contralateral brachial LN, the tumor-draining brachial LN
was significantly enlarged at days 7, 14 and 21 after tumor cell
inoculation. b Measurement of Cy5.5-LyP-1 fluorescence intensity in
LNs. Fluorescent signal increased dramatically from day 7 to 21 in
tumor-draining brachial LN (*P < 0.05, **P < 0.001)

with increased lymphangiogenesis in the brachial LN.
From day 7 to 21, the size of tumor-draining LNs did not
change dramatically, while the fluorescent intensity kept
increasing, indicating that the lymphatic vessel density
increased along with time. This was confirmed by immu-
nostaining with anti-LYVE-1 antibody (Fig. 6). Moreover,
at 24 h after Cy5.5-LyP-1 injection, we could still identify
much stronger fluorescent signals inside tumor-draining
LNs than Cy5.5-LyP-1 blocked with cold compound and
Cy5.5 dye only, confirming specific detection of lym-
phangiogenesis with this peptide probe. The results dem-
onstrated that targeted binding of Cy5.5-LyP-1 facilitated
visualization of the expansion of lymphatic network within
the tumor-draining sentinel LNs, even before tumor
metastasis occurred.

We also noticed that the fluorescent signal did not
homogeneously distribute within the tumor-draining LNs at
all stages. We speculated that this phenomenon resulted
from the unique structure and pattern of lymph flow in the
LNs. Within a LN, each afferent lymphatic collects lymph
from a different drainage field, and each lobule is poten-
tially exposed to different concentrations of cytokines and
stimulators. Thus, lobules within the same LN may have
different levels of immunological activity, and the cortical,
paracortical and medullary compartments composed of
these lobules will not necessarily have a uniform appear-
ance (Sainte-Marie et al. 1982; Willard-Mack 2006). In this

A
Cy5.5
Cy5.5-Lyp-1
Lyp-1
blocked
B [ Cy5.5-Lyp-1
2 4104 Hl Cy5.5
£ E3 Lyp-1blocked  #*
L
< *
o
° 0.05 -
=
o
©
e
w 0.00 -

D14 D21

Fig. 5 a Optical imaging of tumor-induced lymphangiogenesis with
Cy5.5-LyP-1 and Cy5.5. At days 14 and 21 after 4T1 cell inoculation,
tumor-bearing BALB/C mice (n = 3/group), under isoflurane anes-
thesia, were injected with either Cy5.5-LyP-1 or Cy5.5 via the middle
phalanges of both upper extremities. At 24 h post injection, the mice
were killed and a dorsal skin flap was elevated to expose the tumor-
draining brachial lymph nodes for fluorescence imaging. b Measure-
ment of fluorescence intensity in LNs (*P < 0.05, **P < 0.01)

study, variation in the stimulation received from 4T1 tumor
was likely the reason that the lymphangiogenesis within the
tumor-draining LNs varied in different lobules, as reflected
by both optical imaging and fluorescent immunostaining.

Conclusion

In summary, we successfully visualized lymphangiogenesis
in tumor-draining LNs, along with tumor growth, using
Cy5.5-1abeled LyP-1 peptide. This new technology offers
unique advantages over current technologies for in vivo
prediction and detection of LN metastasis. It enables a
strategy of demonstrating “high risk” LNs before tumor
metastasis or after micro-metastasis occurs. It should be
useful in both development of anti-lymphatic therapeutics
and advancement of our understanding of the interactions
between primary tumors and tumor-draining LNs.
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DAPI Cy5.5-Lyp-1

LYVE-1 Merge

Fig. 6 Ex vivo fluorescence staining of lymph node. At 24 h after
CyS5.5-LyP-1 injection, brachial lymph nodes from both sides were
removed and sectioned into 4 pm slices and observed with an
Olympus IX81 fluorescence microscopy. The same lymph node
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