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ABSTRACT: A new class of “polymultivalent” ligands combin-
ing several ligand-clusters and a water-soluble biocompatible
polymer is introduced. These original conjugates bear two levels
of multivalency. They are prepared by covalent coupling of a
controlled number of tetrameric cRGD peptide-clusters along a
well-defined copolymer synthesized by RAFT polymerization.
The presence of multiple copies of peptide-clusters on the same
polymer backbone resulted in a much higher relative potency than
the free cluster reference. Thanks to the “polymultivalency”, up to
~2 orders of magnitude potency enhancement was reached in a
competitive cell adhesion assay (nanomolar range ICs, values). In
addition, confocal microscopy and flow cytometry demonstrated
that fluorescent “polymultivalent” conjugates (emitting in the far-
red/near-infrared) were able to specifically and selectively label
cells expressing o, ;-integrin, the natural receptor of cRGD.

Biospecific molecular recognition plays a pivotal role in many life
processes and often relies on the multivalent interactions between
ligands and their target receptors.' For several years now, the
concept of multivalency has been taken over by chemists to de-
sign a wide range of multivalent ligands consisting in several
monovalent ligands grafted onto a multifunctional scaffold for
diagnostic and/or therapeutic applications.?

As reported by Kiessling et al., multivalent ligands can interact
with their target through various mechanisms, including chelating,
subsite binding, statistical rebinding, steric stabilization and clus-
tering effects.” Considering ligand systems either soluble or dis-
persible in water, two categories can be distinguished depending
on the size of the scaffold. On the one hand, a large number of
clusters of ligands have been prepared from different low molecu-
lar weight scaffolds (ca <5000 g.mol™) such as saccharides,
cyclens, linear and cyclic peptide/peptoids, porphyrins, cyclodex-
trins and calixarenes. These clusters have demonstrated an en-
hanced avidity and selectivity for their target in comparison with
the corresponding monovalent ligand. Their interaction with the
target is governed by characteristics such as valency, rigidity and
spatial organization. On the other hand, a large number of conju-
gates have been prepared by grafting multiple copies of monova-
lent ligands on larger scaffolds including polymers, dendrimers,

organic and inorganic nanoparticles as well as self-assemblies,
liposomes and viruses. Structural and physico-chemical properties
of these conjugates, such as size, shape and type of scaffold,
nature, density and accessibility of the ligands, proved to be key
parameters for their efficiency in biological media. Some of these
systems have been used to obtain so-called superselective target-
ing properties.*

To further increase biospecificity, it would be relevant to develop
bio-inspired conjugates bearing two levels of multivalency, i.e.
combining a large multifunctional scaffold (first level of multiva-
lency) and multiple clusters of ligands (second level of multiva-
lency).” To our knowledge, there have been very few systems
described in the literature. They exclusively refer to nanoparticles
or micelles, functionalized with carbohydrate ligand-dendrons.
Gillies et al.® compared nanoparticles functionalized with dendrit-
ic and non-dendritric displays of mannose. Similarly, Stenzel et
al” compared polymer micelles presenting at the surface either
glycodendrons (8 glucose residues per dendron) or linear glyco-
polymer blocks (each bearing on average 9 glucose residues).
Moreover, Davis et al® introduced glyco-dendri-protein-
nanoparticles with a so-called “nested polyvalency” that were able
to potently block viral infections. In all those cases, the two-level
multivalent glyconanoparticles demonstrated an enhanced avidity
for their targets.

In this study, we designed and evaluated a new class of macromo-
lecular conjugates that can be termed “polymultivalent” ligands.
They combine a water-soluble, multifunctional and flexible poly-
mer chain and several ligand-clusters, here peptide-clusters exhib-
iting each four cyclic RGD ligands (-Arg-Gly-Asp-DPhe-Lys-,
named cRGD) (Figure 1). As introduced by Ringsdorf,” polymer
chains represent an important scaffold family enabling the prepa-
ration of a wide array of bioactive conjugates.

RGD, and especially cRGD,' peptides are particularly attractive
since they exhibit a high affinity for integrins actively involved in
processes such as cell adhesion, physiological and tumor angio-
genesis.'' These ligands were shown to efficiently bind integrins
both in vitro and in vivo and are now being clinically evaluated.'**
RGD ligands are widely used for the targeted delivery of several
types of drugs/diagnostic agents and the impact of their multiva-
lent presentation has clearly been established.'?®
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Table 1. Characteristics and ICs, values of the various polymer/peptide-cluster conjugates (left) and characteristics of the fluores-
cent conjugates (right)

Conjugate M,? Heser”. | ICs0° (MM cluster) | ICs® (nM conjugate) Fluorescent M? net Neluster
(g.mol™) [relative potency]® | [relative potency]® conjugate (g.mol™)

Free cluster | 4 447 1 190 £30 [1] 190 £30 [1] Free cluster® 5454 1 1

Co 62100 |0 None [0] None [0] C0-Cy5.5" 63900 | 3.1 |0

C1.5 76 500 1.5 440 £70 [0.4] 290 +£50 [0.6] C0-SulfoCy5.5% 65 800 3.7 0

C4.2 77900 | 42 33 45 [5.6] 8 +1 [23] C4.2-Cy5.5" 79900 | 3.6 |42

C5.9 84 300 5.9 100 £20 [1.9] 17 +4[11] C4.8-SulfoCy5.5% | 83 800 3.7 4.8

 M,: Number-average molecular weight; ® nguer: average number of peptide-clusters per conjugate determined by "H NMR; © Values

expressed in molar concentration of peptide-cluster;

Values expressed in molar concentration of conjugate (= peptide-cluster concentra-

tion/nuger); © Relative potency is calculated by dividing the ICs, value of the free peptide-cluster by the one of the polymer/peptide-cluster
conjugate; " ng Average number of dyes per polymer chain determined by SEC/UV'?; & Labeled with SulfoCy5.5; " Labeled with CyS5.5.
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Figure 1. (A) Structure of the reactive copolymer, the tetravalent
cRGD peptide-cluster and the cyanine 5.5 dyes (B) Structure and
schematic representation of the polymultivalent conjugates.

The tetravalent cRGD-peptide-cluster used in this study (Figure
1A) was prepared from a cyclodecapeptide platform that displays,
in a spatially-controlled manner, i) a clustered ligand domain for
integrin recognition and, on the opposite side, ii) a lysine primary
amine group enabling the regioselective conjugation with differ-
ent types of entities.'*!*> Thanks to the constrained multivalency,
such peptide-cluster has already demonstrated a higher avidity for
o, Bs-integrins (increased statistical rebinding effects) than the
corresponding monovalent cRGD peptide.'*'® Negative controls
with cRAD-peptide-clusters ensured that integrin recognition was
speciﬁc.14 In addition, the benefit of the tetrameric cluster com-
pared to the monomeric ligand was confirmed on grafted surfac-
es.'4 The multivalent effect at 1 nm length-scale (provided by
the cluster) could be discriminated from the one at a larger scale
(provided by the grafted surface).!®

Several ¢cRGD-peptide-clusters were covalently bound along a
well-defined reactive copolymer. Poly(N-acryloylmorpholine-
stat-N-acryloxysuccinimide), poly(NAM-stat-NAS) (Figure 1A),
was synthesized by reversible addition-fragmentation chain trans-
fer (RAFT) controlled radical polymerization'” using a previously
optimized procedure.18 In addition to the inherent advantages of
RAFT polymerization, this copolymer exhibits several interesting
features. First, NAM units ensure a good water-solubility and
biocompatibility. Poly(N-acryloylmorpholine) indeed exhibits
similar properties to polyethyleneglycol (PEG), known to limit

non-specific bio-interactions.”” Moreover, NAS units provide
lateral reactive groups (activated esters) that are regularly-
distributed along the polymer backbone at the chosen 60/40 mol%
NAM/NAS azeotropic composition.'®*. Due to the size of the
cRGD peptide-cluster (ca 4 500 g.mol™), a 60 kg.mol™ copolymer
backbone was selected in order to bind several clusters while
limiting the effects of steric hindrance on the coupling yield. The
conjugation of a controlled number of clusters was achieved by
reacting the amine group of the lysine side chain of the peptide-
cluster with the activated ester functions of the copolymer, result-
ing in stable amide bonds. Finally, the remaining activated ester
functions were capped with a hydrophilic moiety, aminoethyl-
morpholine (AEM) (Scheme S1).

In addition to a copolymer bearing no peptide-cluster used as
control for the bioassays, three polymer/peptide-cluster conjugates
(named polymer/cluster below) were prepared with an increasing
average number of clusters per conjugate (nqger = 1.5, 4.2 and
5.9, respectively) (Table 1, left). Since all the conjugates were
highly soluble in aqueous media, they could be thoroughly puri-
fied by dialysis.

To quantify the coupling yield, s, and to check the efficiency
of the purification procedure, the purified conjugates were charac-
terized using both 'H NMR (500 MHz) and diffusion-ordered
NMR spectroscopy (‘H DOSY NMR) (see Supporting Infor-
mation). '"H DOSY NMR is indeed able to discriminate peptide-
clusters bound along the polymer chain from free peptide-clusters
(Figure 2A). The coupling was confirmed as the peptide-cluster
and the polymer signals appeared aligned at a same diffusion
coefficient (14um? s™), significantly lower than the one of the free
peptide-cluster (131pm? s”', Figure S3). Moreover, no signal
corresponding to the free cluster was detected, indicating that the
purification procedure was very efficient.

The polymultivalent polymer/cluster conjugates were then evalu-
ated in vitro in comparison with the free peptide-cluster reference.
The ability of the various conjugates to interact with a.,3;-positive
cells (HEKB3) was first investigated in a competitive cell adhe-
sion assay against vitronectin, the natural ligand of o,ps-
integrins.”® The inhibition of HEKB3 cell adhesion onto vitron-
ectin-coated plates was quantified in the presence of increasing
concentrations of conjugates from 0.1 to 10 000 nM (Figure S4,
each data point was acquired in triplicates).

These assays provided several important insights (Table 1, left
and Figure 2B). As expected, there were no non-specific interac-
tions between the polymer backbone and the integrins. The copol-
ymer C0 without peptide (7¢jus.r = 0) did not inhibit cell adhesion
(Figure S5). Inhibition of cell adhesion was exclusively observed
with the polymer/cluster conjugates. For conjugate C1.5 with
Henster—1.5 (IC50=400 nM), the relative potency was lower than for
the free cluster (IC50=200 nM) (Table 1, left). This is probably
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Figure 2. (A) Typical "H DOSY NMR spectrum of a purified polymer/peptide-cluster conjugate (D,O/CD;CN 70/30 v/v, 500 MHz, 298K)
showing aligned peptide and polymer signals at a diffusion coefficient D=14pumzs™. Peptide-cluster peaks (shift range highlighted in red)
partially overlap polymer backbone peaks (shift range highlighted in blue). (B) Relative potency (calculated by dividing the ICsy value of
the free peptide-cluster by the one of the polymer/peptide-cluster conjugate for the various conjugates) expressed either in terms of pep-
tide-cluster concentration, Cejyger (blue), or in terms of conjugate concentration, Ce,p (red), with Cepygter = Ceonj X Meusier-» S€€ also Table 1
and Supporting Information (C) Schematic representation of possible interactions between a polymultivalent polymer/peptide-cluster
conjugate and a o, 3;-integrin presenting target: i and ii illustrate the increased statistical rebinding effect and iii the ability of a polymulti-
valent conjugate to bind several integrins. Dotted boxes: Zoom on cRGD/integrin interaction (D) Cell labeling quantified by flow cytome-
try: Mean fluorescence intensity of HEK(3 (blue histograms) and HEKB1 (red histograms) cells after incubation with the free cluster, the
copolymer without cluster CO-SulfoCy5.5 and the polymer/peptide-cluster conjugate C4.8-SulfoCy5.5 at 0.1 uM (peptide-cluster concen-
tration). Ctrl = control with cells only. A.=640 nm. Inserts: Confocal microscopy images of HEKP3 cells labeled with the free cluster
(left) and the conjugate C4.2-Cy5.5 (right) at 0.1 uM (peptide-cluster concentration). Dyes (red, A= 633 nm), nuclei (blue, A= 405

nm). Scale bar =20 pm. See also Supporting Information

due to steric effects since the polymer chain may limit the acces-
sibility of the lateral peptide-cluster (Scheme S2). However,
further increasing 7., resulted in a significant decrease of the
ICsy value, thus in a much higher integrin binding efficiency and
relative potency. The polymultivalent conjugate C4.2 with n,.
4.2 offered the best compromise (C5.9 conjugate with 7jyger =
5.9 exhibited a slightly higher ICs, value probably due to crowd-
ing effects). The inhibition of cell adhesion was effective for C4.2
concentrations as low as 10 nM. Interestingly, each individual
peptide-cluster within the C4.2 conjugate exhibited a relative
potency 6-fold higher than the free peptide-cluster. Considering
the relative potency of the conjugate itself, it was 23-fold higher
compared to the same reference.

This remarkable result was attributed to several synergetic effects
originating from the polymultivalent structure of the poly-
mer/cluster conjugate. Statistical rebinding effects® increase with
the local concentration of cRGD. Rebinding may occur with
cRGD from the polymer chain (Figure 2C, i) and within the pep-
tide-cluster (Figure 2C, ii). Moreover, stabilization of the conju-
gate-cell interaction is increased by the ability of the conjugate to
bind several integrins (Figure 2C, iii). It is important to note that
this cooperative (or “zip”) effect greatly contributes to the en-

hanced avidity and may favor integrin clustering at the cell sur-
face. (see also Supporting Information)

Additional investigations using confocal fluorescence microscopy
and flow cytometry were then conducted. Polymer/cluster conju-
gates were labeled (Scheme S1) with two different amino-
modified cyanine5.5 dyes, Cy5.5 and SulfoCy5.5, following a
previously described procedure.'* SulfoCy5.5 differs from Cy5.5
by the presence of four sulfonate groups on the chromophore
(Figure 1A), but both exhibit a similar fluorescence emission in
the far-red/near-infrared (Aey max=700 nm). Two fluorescent pol-
ymer/cluster conjugates, C4.2-Cy5.5 and C4.8-SulfoCyS5.5, were
synthesized as well as two reference copolymers without peptide-
cluster C0-Cy5.5 and CO0-SulfoCy5.5 for the in cellulo studies
(Table 1, right).

To examine the specificity and the selectivity of the interaction
with o, B;-positive cells, the four fluorescent conjugates and the
free peptide-cluster (labelled with SulfoCy5.5) were incubated
with either HEKB3 or HEKB1 cells, over-expressing respectively
o,P3 and o,fB; integrins. The results obtained by both confocal
microscopy and flow cytometry experiments were in good agree-
ment (Figures 2D, S8 and S9). In addition, no significant differ-
ence was noticed between the conjugates labelled with Cy5.5 or

3
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SulfoCy5.5 dyes. First, cell labeling was highly specific. HEK[33
cells were very efficiently labeled by the polymer/cluster conju-
gates C4.2-Cy5.5 and C4.8-SulfoCy5.5 whereas no labeling was
observed with the reference conjugates without peptide-cluster
(C0-CyS5.5 and CO0-SulfoCy5.5). There were no non-specific
interactions with the fluorescent polymers whatever the dye (with
or without sulfonate negative charges). In addition, we observed
that the cells tended to detach from the microscopy coverslips
only in the presence of the polymer/cluster conjugates. Since cell-
surface integrins are actively involved in adhesion mechanisms,
this is an important proof that cRGD peptide/integrin interactions
occurred and that for each conjugate the cRGD motifs are still
functional. As seen by confocal microscopy, cell labeling was not
restricted to the cell surface but rather distributed in the cyto-
plasm. This is of particular importance for targeted delivery appli-
cations. Compared to the free peptide-cluster, the labeling intensi-
ty of the HEKP3 cells and thus the labeling sensitivity were sig-
nificantly enhanced with the polymer/cluster conjugates. This can
be ascribed to a combination of two different parameters, the
higher brightness of the polymer conjugates that bear multiple
dyes per chain compared to the free cluster (bearing only one dye)
(see Supporting Information) and the higher binding efficiency to
o, PB3-integrins of the polymer conjugates thanks to their polymul-
tivalency.

Finally, comparison of the results with HEK33 and HEKf1 cells
indicated that the labeling was also selective. Labeling intensity
was systematically higher for HEK3 cells (expressing more
o, Ps-integrins) than for HEKP1 cells. These results were con-
sistent with those obtained with other cells lines expressing vari-
ous levels of o, 3-integrins, the M21 and M21L pair of melanoma
cell lines and the integrin-positive U87MG glioblastoma cell line
(Figure S9).

In conclusion, we have designed a new class of highly potent
“polymultivalent” ligands that are very versatile. They could give
rise in the future to various engineered systems such as random
coils, single chain nanoparticles or larger assemblies. These bio-
compatible conjugates hold great promise for the vectorization of
various kinds of diagnostic and/or therapeutic entities (attachment
can be performed through a wide range of strategies) toward o, [3;-
integrin-rich environments. For instance, the conjugates can be
applied as biospecific fluorescent probes to study various biologi-
cal processes involving o, fs-integrins, both in vitro and in vivo.
Futhermore, they may be used for the early diagnosis and the
treatment of a large number of cancer tumors that overexpress
o, Ps-integrins, especially because of their associated neo-
angiogenesis.
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Detailed experimental part, complementary NMR data, structural
considerations about the polymer/peptide-cluster conjugates and
their interaction with o,f;-integrin-presenting targets, characteri-
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