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Efficient Cellular Labeling by CD44 Receptor-Mediated Uptake of Cationic
Liposomes Functionalized with Hyaluronic Acid and Loaded with MRI

Contrast Agents

Giovanna Esposito, Simonetta Geninatti Crich, and Silvio Aime*®

Cell tracking is now a well-established technique in magnetic
resonance imaging (MRI) because of its three-dimensional ca-
pabilities, its good safety profile, and the superb anatomical
resolution (near the cellular level, ~ 100 pm)."* For these appli-
cations, cells must be labeled with MRI contrast agents in
order to decrease the relaxation times of the H atoms of water
molecules. The most common contrast agents in current use
are iron oxide particles (USPIO, SPIO, MPIO) because of their
high sensitivity. They act as negative contrast agents because
of their dominant effect on the magnetic susceptibility
term.™® Typically the R, value of monocytes labeled with SPIO
at a Fe concentration of 1.0 mgmL™" is 13.1s'mm~". It has
been shown that this leads to a detection limit of 58 labeled
monocytes per voxel volume of 0.05 mL.” These magnetic par-
ticles enable the visualization of labeled cells as dark spots in
the MR images as a consequence of their largely dominant T,*
effects. However, there is some concern about their long-term
cellular toxicity related to the metabolic fate of the iron pay-
load.®? Other problems with superparamagnetic particles in-
clude difficulty in the quantification of cell number due to sus-
ceptibility artifacts and the potential transfer of contrast
among cells (macrophages) after cell death, giving false-posi-
tive results."”

The use of positive contrast agents is a viable alternative to
overcome these problems, but to attain sufficient contrast for
the MRI of the labeled cells, it is necessary to entrap a number
of Gd complexes on the order of 10-10° per cell'? Various
routes have been explored in pursuit of effecting the internali-
zation of such large quantities of paramagnetic complexes. Pi-
nocytosis is sometimes a useful route, but the cells must be
kept in the presence of high concentrations (~50 mm) of
highly stable, hydrophilic agents for many hours (12-24 h).['>'?
Rapid entrapment of the required Gd complexes may be at-
tained by electroporation of the cell suspension;™ however,
this treatment results in extensive cell death and serious
damage to surviving cells. Finally, for cells endowed with phag-
ocytic activity, it has been shown that cellular labeling can be
achieved by using particles made of insoluble Gd com-
plexes.""'* These particles are designed to be solubilized upon
release of insolubilizing moieties effected by a specific enzyme
present in the cellular compartment in which these particles
have been entrapped. This procedure is particularly efficient,
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as it allows the entrapment of a large number of Gd com-
plexes through a single internalization step.

Herein we report a cellular labeling methodology that allows
the rapid internalization of large amounts of soluble Gd com-
plexes though exploitation of the receptor-mediated endocy-
totic route. The Gd™ payload is contained in the inner cavity of
liposomes, which are appropriately functionalized at their ex-
ternal surface to bind a given receptor, thus starting the
uptake process.

As a proof of concept, hyaluronan (hyaluronic acid, HA) was
used as a vector for the targeting procedure because HA re-
ceptors (CD44) are expressed in a variety of tumors such as
breast, colon, intestinal, and brain, as well as melanoma, basal
cell carcinoma, and stem cells."®™"®

HA is a high-molecular-weight glycosaminoglycan polymer
(M,: 10°-10” Da) composed of repeating units of the disacchar-
ide P1,3-N-acetylglucosaminyl-f31,4-glucuronide. Thus each di-
saccharide moiety contains a free carboxylate group, leading
to highly negatively charged polymer. For the purpose of this
application, HA can be bound to the surface of Gd-loaded lipo-
somes in either a covalent™ or noncovalent manner.™ The
formation of a noncovalent supramolecular adduct appeared a
straightforward route, as cationic liposomes have been widely
used in transfection experiments as carriers of negatively
charged DNA macromolecules.?*2"

Cationic liposomes were prepared by using a mixture of
phospholipids (POPC 52% and DOTAP 25%) and cholesterol
(23%). The lipid film was hydrated with an aqueous solution of
Gd-HPDO3A (100 mm). The latter is a commercially available,
highly hydrophilic, neutral MRI contrast agent largely used in
clinical practice. The liposomes thus formed were extruded
through progressively smaller pore sizes to select a population
with an average diameter of 127+5 nm and a { potential of
+354+5mV. The Gd complexes not entrapped in the lipo-
somes were removed by dialysis. The supramolecular HA-func-
tionalized Gd-liposome (HA-L) adducts were obtained by
adding aliquots of a solution of HA to the liposome suspen-
sion. Interestingly, a dramatic increase in the supramolecular
adduct size takes place (Figure 1a) at the isoelectric point—
the point at which the number of positive charges on the lipo-
some equals the number of negative charges on the added
HA polymer. Light scattering measurements showed that the
particle diameter nearly triples (~350 nm) under these condi-
tions, suggesting the formation of an aggregate that consists
of three to four liposomes and several HA molecules
(Scheme 1). At higher HA/liposome stoichiometric ratios, the
prevalence of a monomeric liposome population was again de-
tected. It appears that in the presence of an excess in positive
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Figure 1. Distribution of a) size and b) relaxivity of HA-functionalized Gd-liposomes (HA-L) obtained from mixing a suspension of cationic liposomes
(50 pgmL~" lipids) with increasing amounts of HA at 25 °C for 5 min; ratio =mol negative charges over positive charges.
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Scheme 1. Schematic representation of HA-liposome interactions. Large-sized adducts are formed when the stoi-
chiometric ratio between positive (brought by liposomes) and negative (brought by HA) charges are close to

unity.

or negative charge, electrostatic repulsion prevents extensive
aggregation, thus favoring the formation of smaller adducts. In
contrast, the formation of large adducts is favored in the case
of overall charge-neutral HA-L adducts, for which electrostatic
repulsion is minimal.

The composition of the liposome membrane is highly water
permeable. In fact, the observed relaxivity (r,,) of Gd-HPDO3A
entrapped in the cationic liposome cavity is only 10% lower
than the free complex, that is, 3.8 versus 4.2 mm 's™' (20 MHz,
25°C), respectively. The addition of HA at the outer surface af-
fects water permeability only when the large-size aggregates
are formed, as shown by the marked decrease in r;, when the
positive charges of the liposome are neutralized by the nega-
tive charges of the HA polymer (Figure 1b). The formation of
the large-size aggregates likely decreases the surface area of
liposomes in contact with the aqueous phase, thus decreasing
the overall exchange of water molecules between the outer
and inner compartments of liposomes, resulting in a net de-
crease of ry, (down to 2.15mm~'s™"). At higher HA/liposome
ratios the occurrence of monomeric liposome species causes
the recovery of the initial relaxation rate. Thus, avoiding the
neutral adduct, the overall characteristics of membrane perme-
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ability of these HA-functionalized
Gd-liposomes are such that the

+ %— s »3'-_ diffusion of water molecules
——— ét occurs almost freely at the NMR

N time scale.

Bé ik The capacity of these HA-L
— adducts in targeting CD44 re-
Monomeric ceptors was explored with three

species .
1750m tumor cell types (C6 rat glioma,

B16-F10 mice melanoma, and
MCF7 human breast cancer) that
have varied CD44 receptor ex-
pression levels.'®?*% Cells (~1.5-
x10% were incubated in
medium containing HA-L (HA/
liposome =4:1, the ratio of which is defined by moles of nega-
tive/positive charge), or nonfunctionalized Gd-loaded lipo-
somes (L) for 30 min. In both experiments the Gd concentra-
tion in the incubation medium was 0.01 mm.

As shown in Figure 2b, despite the low concentration of
HA-L used, good MRI of C6 and B16-F10 cells was obtained.
The MRI signal enhancement is directly proportional to the ex-
pression level of CD44 receptors (C6>B16-F10 >MCF7), as in-
dependently measured by fluorimetric cytometry (data not
shown).

Based on these results, a more detailed study of HA-L inter-
nalization in C6 cells was carried out. Figure 3a and 3b shows
the amount of Gd entrapped in C6 cells upon incubation in
the presence of HA-L or L at various times and concentrations.
The cells were observed to rapidly internalize HA-L, and
uptake saturation is quickly reached. This behavior appears to
derive from saturation of the uptake system rather than deple-
tion of HA-L, as the liposome concentration in the medium
decreases by only 12% over the course of incubation. The
uptake of L was linear with its concentration in the incubation
medium, as expected for internalization through nonspecific
binding. To reach the same amount of Gd as in the case of
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Figure 2. a) 'H relaxation rates of C6 (1,2), B16-F10 (3,4), and MCF-7 (5,6) cellular pellets after incubation at 37 °C for 30 min in the presence of L (white bar)
and HA-L with a fourfold excess of negative charges (dark bar). In both experiments the concentration of Gd is 0.01 mm. b) Corresponding T,-weighted MR
image of a phantom containing cellular pellets after incubation in the presence of L (1,3,5) or HA-L (2,4,6); the C6 pellet from the incubation with HA-L (2)

is particularly intense.
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Figure 3. Internalization of HA-L (e) and L (o) in C6 cells. a) 1.5x 10° cells were incubated at 37°C with L and HA-L (Gd =0.02 mm) at various times.
b) 1.5x 10° cells were incubated at 37 °C for 30 min in the presence of increasing concentrations of L and HA-L.

HA-L, the concentration must be four- to fivefold greater. Con-
versely, the observed isotherm shown by HA-L clearly indicates
a specific saturation that would occur through CD44 receptor-
mediated uptake.

Moreover, upon comparison of the observed relaxation of
the cellular pellets as a function of intracellular concentration
(Figure 4), one may confirm that the Gd complexes internalized
through the CD44 receptor route follow an endosomal com-
partmentalization."® In fact, whereas the cytoplasmic distribu-
tion leads to a linear relationship between the observed relaxa-
tion rate and the intracellular Gd content, the endosomal local-
ization limits such a relationship up to only ~7x107® mol Gd
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per mg protein (i.e. ~2.5x10° Gd ions per cell). The relaxation
data obtained herein for HA-L and L (Figure 4) agree very well
with the previously reported result for Gd-HPDO3A internalized
into endosomes by pinocytosis.™”

The uptake of the supramolecular adduct HA-L prepared at
the isoelectric point (HA/liposome charge ratio=1:1) was also
investigated. C6 cells were incubated for 30 min at 37°C with
increasing concentrations of HA-L (0.01-0.07 mm), and a slight
increase in Gd uptake of ~25% was detected with respect to
the HA/liposome adduct used above, corresponding to a
system in which the negative charges are in fourfold excess
over positive charges.
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Figure 4. Water proton longitudinal relaxation rates of C6 cells labeled with
HA-L (0), L (2), and Gd-HPDO3A (o). The dashed line represents the linear
relationship previously reported for uptake by electroporation, whereas the
solid curve follows the hyperbolic behavior of pinocytotic uptake.

The viability of C6 cells incubated in the presence of L and
HA-L, as evaluated by trypan blue assay, was >98%. We there-
fore conclude that the HA-L adduct is nontoxic at all concen-
trations investigated.

Finally, the time-dependent release of Gd chelates from la-
beled C6 cells was investigated. Cultured C6 cells double their
numbers daily. Therefore the contrast attainable decreases ac-
cording to the number of cell divisions. Cells labeled with HA-
L showed a decrease in the relaxation rate from 5.2 to 0.8s™'
over the course of ~72 h, reflecting three cell divisions. This
decrease in relaxivity is determined by the decrease in the
amount of Gd per cell as a result of cell division. In determin-
ing the Gd content of each specimen, it was found that the
number of Gd ions per cell decreases from 5.3x10° to 1.2x
10°. During this time, the total amount of Gd entrapped in the
cells changed from ~4x 10" to 3x 10", corresponding to a de-
crease of 31%. Thus only about one third of the endosome-
internalized Gd, in the form of Gd-loaded liposomes, is re-
leased into the culture medium over a three-day period. This is
likely associated with an exocytosis process during cellular divi-
sion. This is an important observation in the development of
new labeling methods that are designed to detect grafted cells
many days after transplantation.

In summary, the results reported herein show that receptor-
mediated endocytosis is an efficient route for cell labeling.
HA-L shows a very good affinity for cells, such as the C6 line,
that express high levels of the CD44 receptor. Thanks to
simple electrostatic interactions, it is possible to produce an ef-
ficient and specific contrast agent for MRI that allows rapid
and reliable cell labeling with minimal toxicity. This method
represents one of the most efficient MRI labeling procedures
so far reported, in application to CD44 targeting. This tech-
nigue may be extended to several other targets through the
proper choice of liposomes and vector moieties. Moreover, lip-
osomes may be loaded with drugs, thus allowing the interest-
ing perspective of visualizing therapeutic treatments by drug
delivery through cellular carriers.
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Experimental Section

Gd-HPDO3A (Prohance) was kindly provided by Bracco Imaging
S.p.A. All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Cationic liposomes were obtained by hydrat-
ing a thin-layer mixture of phospholipids/cholesterol (POPC/DOTAP
2.26:1 molar ratio; POPC = 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine, DOTAP = 1,2-dioleoyl-3-trimethylammonium propane)
with an aqueous solution of the neutral complex Gd-HPDO3A
(100 mm; HPDO3A=1,4,7,10-tetraazacyclododecane-1-hydroxyme-
thylpropyl-4,7,10-triacetic acid). The suspension was then extruded
four times on polycarbonate filters of 400 nm and then four times
on polycarbonate filters of 200 nm (Northern Lipids, USA). The re-
sulting unilamellar vesicles were extensively purified by dialysis
against a buffer solution (HEPES 5 mm, NaCl 0.15m, pH 7.4). The
size and { potential were measured by dynamic light scattering on
a Malvern Zetasizer Nano ZS instrument (Malvern, UK). The longitu-
dinal water proton relaxation rate of cationic Liposomes was mea-
sured on a Stelar Spinmaster spectrometer (Stelar, Mede, Italy)
operating at 20 MHz.

Cell labeling was carried out on rat glioma (C6), mouse melanoma
(B16-F10) and human breast cancer cells (MCF7) obtained from the
American Type Culture Collection. Cells were grown in culture
flasks (75-cm?): C6 in DMEM-F12 supplemented with 5% fetal
bovine serum (FBS), B16-F10 in RPMI 1640 with 4.5 gL™" glucose
and 10% FBS, and MCF7 in DMEM with 10% FBS. All media were
supplemented with glutamine (2 mm), penicillin (100 UmL™"), and
streptomycin (100 pg mL™"). For in vitro uptake experiments, ~4.5x
10° cells were seeded in culture dishes ((Zf =6 cm). Two days later,
cells were incubated with L or HA-L at 37°C for 30 min in a hu-
midified atmosphere of 5% CO,, and were then washed three
times with phosphate-buffered saline and subsequently harvested
with a solution of trypsin/EDTA. The trypan blue exclusion test was
used to assess cell viability.

All MR images were acquired on a Bruker Avance 300 spectrometer
(7T) equipped with a Micro 2.5 microimaging probe (Bruker Bio-
Spin, Milan, Italy). The glass capillaries containing ~1.5x10° cells
were placed in an agar phantom, and MR imaging was performed
using a standard T,-weighted multislice multiecho sequence (TR/
TE/NEX=200:3.3:16, FOV=1.2 cm, one slice=1 mm, in-plane reso-
lution=94x94 um). The T, measurement of cell pellets was per-
formed by using a saturation recovery sequence.

Gd content in the cell pellet was determined using inductively cou-
pled plasma mass spectrometry (ICP-MS) (Element-2, Thermo-Finni-
gan, Rodano (M), Italy). Sample digestion was performed with
2 mL concentrated HNO; (70%) under microwave heating (Mile-
stone MicroSYNTH Microwave Labstation equipped with an optical
fiber temperature control and HPR-1000/6M six-position high-pres-
sure reactor, Bergamo, Italy). After digestion, the volume of each
sample was brought to 2 mL with ultrapure water, and the sample
was analyzed by ICP-MS. Three replicates of each sample solution
were analyzed. The protein concentration of each sample was de-
termined from cell lysates by the Bradford method using bovine
serum albumin as standard; 1 mg protein corresponds to ~14x10°
C6 cells.
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