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Abstract: This article reviews recent developments in
the design of polyvalent ligands for in vivo applications.
Topics discussed include the design of polyvalent inhibi-
tors of toxins and viruses, the use of polyvalency for tar-
geted drug delivery and imaging, and applications of
polyvalency for enhancing or suppressing immune re-
sponses.
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Introduction

Polyvalency refers to the simultaneous attachment of multi-
ple ligands on one entity to multiple complementary recep-
tors on another entity and is a concept that nature makes
extensive use of.? Examples of naturally occurring poly-
valent interactions include antigen—antibody interactions
and the binding of viruses or bacterial toxins to their cellular
receptors.!l Polyvalent interactions can not only be collec-
tively much stronger than the corresponding monovalent in-
teractions, but can also have properties that are different
from those displayed by their constituents that interact
monovalently.'™ Consequently, there has been an increas-
ing interest in recent times in both the development of theo-
retical models to analyze polyvalent interactions and in the
design of polyvalent ligands.>>*! In particular, synthetic
polyvalent ligands, consisting of scaffolds presenting multi-
ple copies of suitable molecules (e.g., peptides or sugars),
have numerous medical applications, ranging from the inhib-
ition of toxins and pathogens to drug delivery, imaging, and
influencing the function of the immune system. This review
highlights recent reports in this area, with major emphasis
on studies that have demonstrated efficacy in vivo.

Design of Polyvalent Inhibitors of Toxins and
Viruses

The design of a polyvalent inhibitor involves the attachment
of multiple copies of a suitable ligand to a scaffold such as a
polymer or a liposome. Multiple simultaneous interactions
between a polyvalent inhibitor and its polyvalent target can
result in an interaction affinity that is orders of magnitude
greater than that for the corresponding monovalent interac-
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tion. The discussion below focuses on inhibitors presenting
multiple copies of a biospecific ligand (e.g., a peptide or a
sugar that binds specifically to the target).

An important target that has been successfully neutralized
by synthetic polyvalent ligands in vivo is anthrax toxin. An-
thrax toxin, which is secreted by Bacillus anthracis, is re-
sponsible for the major symptoms and death in anthrax.t%!!
The toxin comprises a receptor-binding protein, protective
antigen (PA) and the toxic enzymes lethal factor (LF) and
edema factor (EF).'” Following attachment to its receptor
on the target cell, PA is cleaved by proteases into a 63 kDa
fragment that oligomerizes on the cell surface to form a
heptamer, [PAg;);, which binds LF and/or EF (Figure 1a)
and transports them into the cytoplasm of the host cell.'*!?
The design of molecules that recognize [PAg]; represents a
promising strategy for neutralizing anthrax toxin. To that
end, Mourez et al. used phage display to identify a peptide
that binds to [PAg],.'” Attachment of multiple copies of
this peptide to a polyacrylamide backbone resulted in a
polyvalent inhibitor that was almost four orders of magni-
tude more potent than the corresponding monovalent pep-
tide in vitro and neutralized the toxin in a rat model.'” This
work represented the first demonstration of the in vivo effi-
cacy of a synthetic, polymeric, polyvalent toxin inhibitor.
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Figure 1. Illustration of the binding of the toxic enzymes (EF or LF) to
the heptameric subunit of anthrax toxin, [PAg;]; in the absence of any in-
hibitor (a), in the presence of a polymer-based polyvalent inhibitor (b),
and in the presence of a liposome-based polyvalent inhibitor (c).

More recently, we have synthesized potent polyvalent in-
hibitors of anthrax toxin based on a variety of scaffolds!*'"]
(Figure 1b—c) and elucidated structure—activity relationships.
Studies with liposome-based inhibitors have revealed the in-
fluence of peptide density, membrane fluidity,"® and mem-
brane heterogeneity!'”! on the inhibitory potency. We func-
tionalized liposomes with the [PAg;];-binding peptide at dif-
ferent densities and observed a distinct transition in half-
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maximal inhibitory concentrations (ICs, values) from
~10°M to lower, more potent values (~10"*m) over a
narrow range of peptide densities. Moreover, the average
inter-peptide distance at this transition (35-50 A) matched
the average separation between peptide-binding sites on the
heptamer."” Previous theoretical studies had found that
random heteropolymers recognize surfaces presenting multi-
ple binding sites when the statistics characterizing the distri-
bution of heteropolymer ligands along the polymer back-
bone and the density of surface binding sites were similar or
“matched”."™ Our results suggest that the recognition of
target proteins (e.g., [PAg;];) by peptide-functionalized lipo-
somes is also facilitated by statistical pattern matching, that
is, by statistically matching the pattern of ligands on the
polyvalent liposomes to that of a polyvalent target. “Pat-
tern-matched” polyvalent liposomes inhibited anthrax toxin
in vitro at concentrations four orders of magnitude lower
than the corresponding monovalent peptide and neutralized
the toxin in vivo.'"® We also recently demonstrated that
phase separation, that is, the clustering of inhibitory pep-
tides into membrane domains, can significantly enhance the
potency of liposome-based polyvalent inhibitors.!”

We have also recently synthesized liposome-based poly-
valent inhibitors that target the cellular receptors for an-
thrax toxin.'¥! By using phage display to identify a peptide
that binds the anthrax toxin receptors and attaching multiple
copies of this peptide to liposomes, we designed inhibitors
that neutralized anthrax toxin both in vitro and in vivo. This
work was the first demonstra-
tion of a receptor-directed an-

of its carbohydrate receptor, Kitov and co-workers designed
oligovalent inhibitors consisting of receptor analogues teth-
ered to a glucose molecule as the central core. The inhibitor,
termed as “Starfish” (Figure 2), protected Vero cells against
both Stx-T and ILP “Starfish” could also inhibit Stx-I in
vivo but not Stx-II; however, a derivative of this molecule
termed “Daisy” (Figure 2) protected mice against both Stx-I
and 1L In another study, Neri et al. synthesized potent in-
hibitors of Stx by conjugating multiple copies of a derivative
of globotriaosyl ceramide (Gbs), which is a natural receptor
of Stx, to a polyacrylamide backbone. The resultant inhibi-
tor was found to inhibit both Stx-T and IT in vivo.**! Similar
inhibition of toxicity in mice was observed by Nishikawa
and co-workers, when they administered a carbosilane-
based-dendrimer presenting multiple copies of a Gb; deriva-
tive.”!! In another study, by screening a polyvalent peptide
library, Nishikawa et al. identified a tetravalent peptide that
exhibited a high affinity for the Stx-II and was able to pro-
tect mice from a lethal dose of an EHEC serotype.”!

The principle of polyvalency has also been used to synthe-
size potent inhibitors of influenza viruses that are effective
in vivo. These inhibitors target the viral proteins neuramini-
dase or hemagglutinin. Honda and co-workers have devel-
oped polyvalent inhibitors by attaching multiple copies of
the monovalent neuraminidase inhibitor Zanamivir to poly-
glutamic acid backbones. These inhibitors were more potent
in vivo than the monovalent inhibitor.?®?”! Matrosovich and
co-workers have synthesized polyacrylamide-based inhibi-
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Figure 2. Chemical structure of “Starfish”, which inhibits Stx-I in mice and “Daisy” which protects mice from
both Stx-I and II. Reproduced with permission from reference [22]. Copyright 2003, The University of Chica-
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tors of the influenza virus, presenting multiple copies of a
modified sialic acid monomer. The inhibitor was found to
increase the survival of mice infected with a mouse-adapted
variant of the H3N2 strain of the influenza virus.”® Re-
searchers have also used dendrimers for the synthesis of in-
hibitors of the influenza virus. Polyvalent sialic acid conju-
gated polyamidoamine dendrimers were effective in pre-
venting infection by a H3N2 influenza subtype.

Polyvalency in Targeted Drug Delivery and
Imaging

The attachment of multiple copies of ligands to nanoscale
scaffolds for targeted drug delivery or imaging is well estab-
lished. This section highlights recent innovation in poly-
valent targeting, the design of targeting ligands, and the en-
gineering of nanoscale scaffolds.

Polyvalent targeting: One key principle of targeted nanopar-
ticle (NP) drug delivery is that attaching multiple targeting
molecules to the surface of NPs will improve their ability to
bind to target cells and deliver the drug.’” Holl et al. dem-
onstrated that polyvalency improves the specificity of target-
ing of NPs to tumor cells that overexpress the folate recep-
tor.!l They tested the binding characteristics of a series of
dendrimers with the number of presented folic acid mole-
cules ranging from zero to 15. The experiments showed that
dendrimers bound more tightly to the cells—by as much as
170000-fold—as the number of folic acid molecules in-
creased. Calculations suggested that 5-6 folate receptors
can clump together on the surface of a cell to bind to a
single dendrimer presenting multiple folic acid moieties.

While strategies for delivering cytotoxic drugs to tumor
cells are based on targeting cell-surface receptors overex-
pressed on tumor cells, these receptors are often also pres-
ent on healthy cells, which can therefore also receive the
drug. To improve the selectivity of drug delivery to target
cells, Saul et al. took advantage of the fact that tumors usu-
ally overexpress multiple cell-surface receptors.”? Lipo-
somes loaded with a chemotherapeutic agent, doxorubicin,
and functionalized with either folic acid, a monoclonal anti-
body against the epidermal growth factor receptor (EGFR),
or both ligands, were used to deliver doxorubicin to healthy
cells and to tumor cells overexpressing both the folate re-
ceptor (FR) and EGFR.P? The singly targeted NPs were
less specific compared to the dual-labeled liposomes. The
optimal formulation contained three monoclonal antibodies
and an average of 200 folic acid molecules per liposome. In
the future it would be very interesting to explore the use of
this dual-ligand approach for targeted delivery in vivo.

Identification of ligands: Ruoslahti and co-workers screened
random peptide libraries displayed on phage for their ability
to mediate the homing of phage to tumors in vivo.* Selec-
tion of phage from the libraries yielded three peptide motifs
capable of homing to tumor vasculature: an RGD (arginine-
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glycine-aspartic acid) motif embedded in a double-cyclic
peptide (termed RGD-4C), an NGR (asparagine-glycine-ar-
ginine) motif, and a GSL (glycine-serine-leucine) motif.*!
Conjugating an anticancer drug or a proapoptotic peptide to
the RGD-4C peptide yielded compounds with increased ef-
ficacies against tumors and lowered toxicity to normal tis-
sues in mice.”

Weissleder et al. described the parallel synthesis of a li-
brary consisting of magnetofluorescent NPs functionalized
polyvalently with 146 different synthetic small molecules in
an array format.®¥ Screening this library against different
cell lines led to the discovery of a series of NPs with specif-
icity for endothelial cells, activated human macrophages, or
pancreatic cancer cells. The polyvalent attachment of small
molecules to nanoparticles also contributed to an increase in
their specific binding affinity.

DNA and RNA aptamers represent another promising
class of ligands for targeting. Langer and co-workers have
shown that aptamer-conjugated NPs enable the specific de-
livery of a cytotoxic drug, docetaxel, both in vitro and in
vivo.®*! They used an aptamer that binds to the extracellular
domain of the prostate-specific membrane antigen (PSMA)
expressed on the surface of prostate cancer cells.’ In ex-
periments with mice bearing human prostate tumors, the
tumors shrank drastically, and all treated mice survived. In
contrast, only 57 % of the animals treated with an untarget-
ed NP survived and only 14% of the animals treated with
docetaxel alone survived.

Novel polyvalent scaffolds: There are several different
classes of NPs currently in development for targeted deliv-
ery and imaging. Lewis et al. have designed polyvalent fluo-
rescently labeled NPs, based on a plant virus called the
cowpea mosaic virus (CPMYV), for non-invasive imaging and
targeting of the mammalian cardiovascular system."”)
CPMYV can be labeled with fluorophores at high densities
without quenching the fluorescence, resulting in an extreme-
ly bright, nontoxic material that is an outstanding tool for
imaging vasculature in live animals(Figure 3).°” CPMVs
have been used to effectively image the vasculature in the
embryos of several species, and were reported to be superior
to other imaging particles such as lectins, fluorescent dex-
trans, or polystyrene microspheres.””! Destito etal. have
functionalized CPMV with tumor ligands such as folic
acid.”® These novel targeted particles had a high degree of
specificity for the receptors and for uptake by tumor cells.
The unique optical properties of quantum dots (QDs)
make them ideal scaffolds for in vivo optical imaging. Aker-
man et al. explored the use of peptide-functionalized and
polyethylene glycol (PEG) coated QDs for targeting and
imaging.*”) Ex vivo histology revealed that these QDs were
directed to the tumor vasculature and organ-specific targets
by the peptides. Peptide-functionalized QDs were injected
into the tail vein of nude mice with breast carcinoma xeno-
graft tumors. The blood vessels were visualized by co-inject-
ing fluorescently-labeled tomato lectin. QD fluorescence co-
localized with blood vessel staining in the tumor tissue due

7741

www.chemeurj.org


www.chemeurj.org

R. S. Kane et al.

A EUROPEAN JOURNAL

to specific targeting. Gao et al.
used  triblock  copolymer-
coated QDs for prostate
cancer targeting and imaging
in vivo by conjugating a pros-
tate specific membrane antigen
(PSMA)-specific monoclonal
antibody to the QDs.*") Multi-
color capability of QD imaging
in live animals was also dem-
onstrated by using QD-tagged
cancer cells. Cai etal. devel-
oped RGD peptide-modified
QDs that exhibited high affini-
ty integrin o, fs-specific binding
as demonstrated by in vitro
cell labeling, ex vivo tumor
tissue staining, and in vivo
tumor vasculature imaging.*!
Rao and co-workers have
developed a QD-protein con-
jugate for in vivo imaging ap-
plications, that generates its
own light based on the princi-
ple of bioluminescence reso-
nance energy transfer
(BRET)."  They covalently
conjugated multiple molecules
of Renilla reniformis luciferase
(Luc8) to a single fluorescent
QD. The Luc8-catalyzed oxida-
tion of its substrate coelentera-
zine results in the emission of
broad-spectrum  blue light
peaking at 480 nm. Due to the
complete overlap of the luci-
ferase emission and QD ab-
sorption spectra, QDs conju-
gated to Luc8 were efficiently
excited in the absence of exter-
nal light (Figure 4a,b)."? In
vivo imaging showed greatly
enhanced signal-to-background
ratio after injection of cells la-
beled with the Luc8—-QD probe
into the blood stream (Fig-
ure 4c).” This bioluminescent
quantum dot technology has
the potential to greatly im-
prove near-infrared fluores-
cence detection in living tissue.
Bhatia et al. have developed
a new small interfering RNA
(siRNA) delivery platform
using PEG-coated, peptide-
functionalized QDs that also
double as imaging agents.

25 nm

31 nm

Figure 3. a) Subunit organization of CPMV: domain A (blue) represents the small subunit, domains B
(orange) and C (yellow) represent the two domains of the large subunit. The maximum (31 nm) and minimum
(25 nm) particle diameters according to the refined crystal structure are indicated. b) Surface model of CPMV
particle showing predicted arrangement of conjugated fluorochromes. Reproduced with permission from refer-
ence [37]. Copyright 2006, Nature Publishing Group.
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Figure 4. a) A schematic of a quantum dot that is covalently coupled to a BRET donor, Luc8. The biolumines-
cence energy of Luc8-catalyzed oxidation of coelenterazine is transferred to the quantum dots, resulting in
quantum dot emission. b) Bioluminescence emission spectra of indicated QD-Luc8 conjugates, each QD has
fluorescence emission at indicated wavelength. ¢) Representative bioluminescence images of a nude mouse in-
jected via tail vein with C6 glioma cells labeled with QD655-Luc8-R9, acquired with a filter (575-650 nm)
(left) and without any filter (right). Reproduced with permission from reference [42]. Copyright 2006, Nature
Publishing Group.
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Their studies determined that a ratio of 20 homing peptides
to one siRNA produced the optimal level of protein sup-
pression.™ Using a similar strategy, Moore et al. have de-
signed a multifunctional delivery vehicle using NPs that are
not only capable of transporting antitumor siRNA into cells
but also imaging them using magnetic resonance imaging
(MRI) and fluorescence optical imaging (FOT).[*! They at-
tached an average of three dye molecules, four membrane-
penetrating molecules, and five siRNA molecules to the iron
oxide NPs. They were able to track NP uptake by the
tumors in vivo using both MRI and FOI and showed that
large numbers of the NPs accumulated in tumors. Using
fluorescence microscopy they showed that the siRNA agent
was taken up along with the NPs and was able to silence a
known cancer gene in the tumors.

Ruoslahti and co-workers have designed dextran-coated
superparamagnetic iron oxide (SPIO) NPs that act like a de-
veloping clot in order to target tumors.”’! In vivo phage dis-
play yielded a peptide, that is, cysteine-arginine-glutamic
acid-lysine-alanine (CREKA), that homed to the vascula-
ture inside breast cancer tumors growing in mice. Using a
mouse strain that lacks fibrinogen and a control group of
normal mice they showed that the CREKA peptide recog-
nizes clotted blood, which is present in the lining of tumor
vessels but not in vessels of normal tissues. Multiple copies
of fluorescein-labeled CREKA peptide were coupled to the
SPIO particles. The peptide-NP conjugates that accumulat-
ed in the tumor enhanced blood clotting in tumor vessels
and thus created additional binding sites for the NPs. This
“self-amplification” of the tumor-homing property of the
NPs greatly enhanced the ability to image the tumors and
contributed to blocking about 20% of the blood vessels in
the tumor.

Metal nanoshells and carbon nanotubes—nanomaterials
that absorb near-infrared (NIR) radiation—constitute an-
other promising class of polyvalent scaffolds. The generation
of heat by the NIR irradiation of these nanomaterials has
been used to kill tumor cells. NIR light holds particular
promise for these applications because of the relative trans-
parency of biological systems at these wavelengths. Hirsch
et al. used silica-gold nanoshells as scaffolds for the photo-
thermal treatment of tumors both in vitro and in vivo.*
Magnetic resonance temperature imaging (MRTI) demon-
strated that tumors reached temperatures which caused irre-
versible tumor damage within a matter of minutes. Dai and
co-workers targeted single-walled carbon nanotubes
(SWNTs) to tumor cells in vitro by functionalizing them
with multiple copies of folic acid; the NIR irradiation of the
nanotubes resulted in cell death.*”] They also functionalized
SWNTs with PEG chains bearing multiple copies of an
RGD peptide and a macrocyclic chelating agent called
DOTA, which in turn was used to conjugate a positron emit-
ting radionuclide *Cu. RGD binds to integrins, which are
over-expressed on tumor cells; consequently, the researchers
were able to target the polyvalent SWNTs to cancer cells
and image their biodistribution in mice by using in vivo
positron emission tomography.*®) Recently our group has
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demonstrated the ability to remotely deactivate proteins ad-
sorbed onto carbon nanotubes by near-infrared and visible
irradiation.*) The mechanism of protein deactivation was
found to be photochemical—mediated by the photoinduced
generation of reactive oxygen species. We also designed
polyvalent peptide-functionalized nanotubes that could se-
lectively recognize and destroy a target protein (anthrax
toxin) from a mixture of proteins.'*”

Development of Molecules That Can Modulate
Immune Responses

Polyvalency plays an important role in the functioning of
the immune system. Synthetic polyvalent ligands can be de-
signed to both enhance and suppress immune responses as
summarized below.

Enhancing immunogenicity: In recent years, engineered vi-
ruses have been used as novel scaffolds for the polyvalent
display of antigens,®">¥ enabling the generation of both T-
cell and antibody based immune responses without an adju-
vant. Kaltgrad et al. arrayed tetra- and hexasaccharides on
the surface of cowpea mosaic virus.™® Chickens were then
inoculated with these viral assemblies, raising avian IgY an-
tibodies (the equivalent of human IgG) that were shown to
have high avidity and specificity when analyzed on a printed
glycan array. Liu et al. conjugated a synthetic version of the
Cap tetrasaccharide, which is displayed on the lipophospho-
glycan of leishmania parasites, to phospholipids and to the
influenza virus coat protein hemagglutinin.’* These conju-
gates were incorporated into the membrane of influenza
virus particles, which then elicited IgM and IgG anti-glycan
antibodies in mice. Moreover, these antibodies cross-reacted
with the natural carbohydrate antigens expressed by leish-
mania cells.

There has also been a fundamental interest in understand-
ing how the display of haptens on polymeric scaffolds influ-
ences their immunogenicity. In 1976, Dintzis et al. described
the synthesis of a series of linear polyacrylamides function-
alized with haptens at various densities. Polymers with
hapten substitutions of less than 12-16 groups were not im-
munogenic in mice, whereas all polymers with a higher
degree of substitution triggered an immune response. Based
on this result, the authors concluded that a minimum
number of antigens was required to cluster together to ini-
tiate a cellular immune response.”” Recently, Puffer et al.
used ring-opening metathesis polymerization (ROMP) to
synthesize a series of polymers functionalized with defined
valencies of the 2,4-dinitrophenyl (DNP) group, which can
be recognized and internalized by specific B-cells.’® These
polymers were injected into mice to activate B-cell signaling
and elicit an antibody response in vivo. Despite the fact that
no differences in BCR internalization were observed, only
the ligands of high valencies were able to promote an anti-
body response. By clustering the BCRs on the surface of the
B-cell into membrane microdomains, the ligands with high
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valencies were able to initiate a signaling response that led
to the release of Ca’* from the endoplasmic reticulum. Ca®*
release in turn induced other signaling events that eventual-
ly led to antibody production (Figure 5).

no signaling

signaling

Figure 5. Polymers presenting varying ligand densities are used to cluster
B-cell receptors on the surface of B-cells to initiate signaling and elicit an
antibody response in vivo. a) Polymers with low ligand density cannot ef-
fectively cluster cellular receptors, and do not lead to signaling. b) High
ligand density enables clustering of cellular receptors and leads to signal-
ing.

Immunogenicity can also be enhanced by designing poly-
valent ligands that interfere with a natural signal that sup-
presses the immune response. When a T-cell recognizes a
specific major histocompatibility complex (MHC)-peptide
complex on an antigen presenting cell, a co-stimulatory
signal, delivered by the B7 family of receptors to CD28, is
required for T-cell proliferation. CTLA-4 is a receptor on T-
cells that competes with CD28 for binding to B7 receptors,
keeping proliferation in check. Unfortunately, this negative
signal also interferes with the cytotoxic T-lymphocyte-
(CTL)-dependent clearance of tumor cells. To combat this
problem, Santulli-Marotto et al. used a screening process to
identify RNA aptamers that bound to CTLA-4 with high af-
finity and specificity.””! The aptamers inhibited CTLA-4
function in vitro, and when they were assembled into tet-
ramers, their ability to enhance the proliferation of anti-
tumor T-cells greatly increased both in vitro and in vivo
(Figure 6). This enhanced proliferation resulted in a signifi-
cant decrease in tumor growth rate in vivo.

Much effort has been put into developing cancer vaccines
that would direct the immune system against the antigens
that are upregulated on the surface of tumor cells. Poly-
valent formulations that contain many of these tumor-associ-
ated antigens have been synthesized and tested. However,
these approaches have been reviewed previously® and will
not be discussed in detail here.

Immunosupression: While the previous section focused on
enhancing immune responses, it can be equally important to
suppress undesirable immune system processes. For instance,
inflammation may need to be reduced in the event of aller-
gic reactions. Suppression of immune system function may
be required in the context of autoimmune disease. Success-
ful organ transplantation also requires prevention of the re-
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Figure 6. a) B7 receptors presented on a tumor cell can bind to either
CD28, causing proliferation of anti-tumor T-cells, or to CTLA-4, causing
inhibition of T-cell proliferation. b) A polyvalent aptamer binds to and
blocks CTLA-4 and disrupts the down-regulation signal, thereby leading
to enhanced proliferation of anti-tumor T-cells.

jection of transplanted organs by the immune system. The
design of synthetic polyvalent molecules provides a promis-
ing approach to immunosuppression.

Anti-inflammation: One way to reduce inflammation is to
stop immune cells from entering the site of injury or allergy.
Since these cells arrive at their site of action by rolling
along the arterial walls, inhibiting this rolling of leukocytes
is one strategy that has been pursued.*!) Recent work has
shown the utility of this approach in vivo. Ali et al. polyva-
lently presented Sialyl-Lewis(x) and related ligands on a
polylysine backbone.” The polymers, when conjugated at
high enough densities, inhibited E-selectin-dependent leuko-
cyte rolling. The degree of inhibition and the time scale
over which inhibition was seen was influenced by the identi-
ty of the ligand, the density of ligand on the backbone, and
the concentration of polyvalent ligand injected. Kretzschmar
etal. synthesized trivalent Sialyl-Lewis(x) ligands, and
showed inhibition of E-selectin and P-selectin mediated cell
adhesion both in vitro and in vivo.[*]

Autoimmunity: The immune system employs many process-
es to ensure that self-reactive B-cells and T-cells are elimi-
nated. Failure of these processes leads to autoimmunity, and
combating self-reactive immune cells can be challenging. At-
tempts to block the activity of these cells have met with
some success. Piaggio et al. have evaluated the therapeutic
efficacy of multimerized epitopes at the effector phase of a
type 1 diabetes model and assessed their mechanism of
action.™ Diabetes was induced in transgenic mice express-
ing the influenza hemagglutinin (HA) in pancreatic [-cells
by adoptive transfer of T helper 1 cells that were specific to
a peptide derived from HA. A multimerized self-peptide,
consisting of four covalently linked linear peptides derived
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from HA, was seen to protect the mice from a challenge
with diabetes-inducing T-cells specific for HA. The tetramer
was shown to bind to and cluster MHC class II molecules on
the surface of antigen presenting cells (APCs). This cluster-
ing promoted activation-induced death of the diabetogenic
T-cells, possibly by co-localizing these cells with CD4*
CD257 regulatory T-cells of the same specificity. These mice
were also resistant to a second challenge with the diabeto-
genic T-cells.[*¥

Multiple sclerosis is an autoimmune disease in which the
immune system is directed against myelin, the protein
sheath that surrounds nerve fibers to protect neurons. CD4*
T-cells that recognize complexes of MHC II with a peptide
fragment (amino acid residues 85-99) derived from the
myelin basic protein (MBP) play a key role in the develop-
ment of autoimmunity. A polymer therapeutic composed of
a random sequence of four amino acids (tyrosine, glutamic
acid, alanine, and lysine, termed YEAK) in a specific ratio
has been approved by the FDA as the therapeutic Copax-
one. This copolymer is broken down by antigen presenting
cells and fits into the MHCII used by the MBP-derived
fragment, blocking its association with the fragment.™ It
has been reported that Copaxone only reduces MS relapse
rate by ~30% in patients.*® Stern etal®®”! and Illes
et al.®® modified the composition of the copolymer, substi-
tuting different amino acids based on the size of the binding
pocket in the MHC class II protein. Two modified random
copolymers showed greater activity against experimental au-
toimmune encephalomyelitis in a mouse model. One copoly-
mer, dubbed VWAK, promoted anergy of T-cells displaying
the specific disease related MHC II molecule, while the
other, FYAK, induced the production of anti-inflammatory
T helper 2 cytokines IL.-4 and IL-10.

Hyperacute rejection: In the event of organ failure, finding a
donor is usually very difficult; the number of recipients in
need is always greater than the number of available donors.
Xenotransplantation from pigs is a way to overcome this
problem. However, most non-primate mammals have oligo-
saccharides on their cells termed aGal, the three main epi-
topes being Galal-3Galp1-4Glcf-R, Galal-3Galpl-
4GIcNAcB-R, and Galal-3Galf1-4GIcNAcB1-3Galf1-
4GlcB-R.¥! Unfortunately, humans have natural polyclonal
anti-oGal antibodies, including IgM, IgG, and IgA isotypes.
After a xenograft, hyperacute rejection (HAR) occurs when
the anti-aGal IgG binds to the aGal epitopes on the cells of
the transplanted organ, leading to antibody-dependent cell-
mediated cytotoxicity. The anti-aGal IgM also bind to the
aGal epitopes, causing complement-dependent cell lysis.

A few strategies have been pursued to overcome this dif-
ficulty, including immune suppression and the use of affinity
columns that remove circulating anti-oGal antibodies from
the recipient’s serum. Though both methods have had some
success, immune suppression can leave a patient vulnerable
to disease, and antibody removal by columns can be incom-
plete (80-100% removal).’” Soluble monomeric oGal
cannot be used as an anti-aGal blocker, since the monova-
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lent interaction is too weak. Liu and Roy have developed
methods of presenting aGal epitopes polyvalently, making
di-, tri-, tetra-, and hexameric disaccharide clusters.”""
These constructs have been successfully tested in vitro for
their ability to protect aGal presenting cells from anti-aGal
antibodies. Katopodis et al. have developed a glycoconju-
gate of aGal epitopes on a poly-L-lysine backbone.[! This
anti-aGal binding polymer had been tested in numerous in
vivo studies of baboons receiving pig organ transplants, and
has shown to be effective at preventing hyperacute rejection
of the xenotransplants.”>”® Diamond et al. have also devel-
oped a polyvalent display of Galal-3Gal conjugated poly-
ethylene glycol polymers that can bind to anti-aGal antibod-
ies in non-human primates.[””

Conclusions and Future Directions

The examples presented in this review clearly illustrate the
versatility of polyvalent interactions, and the numerous ther-
apeutic applications of this phenomenon. Promising direc-
tions for the future range from improvements in the funda-
mental understanding of polyvalent recognition, to the
design of novel ligands and polyvalent scaffolds, and the
design of polyvalent ligands for novel therapeutic targets.

Fundamental studies that relate the structure and compo-
sition of polyvalent ligands to their activity, and that provide
a better mechanistic understanding of polyvalent recognition
are critical to enable the rational design of potent polyvalent
ligands. As discussed in this review, several polyvalent li-
gands have shown efficacy in animal models, and further
pre-clinical and clinical studies with these lead compounds
would be of tremendous interest. It would also be important
to design effective polyvalent therapeutics for other disease
targets; receptor-directed inhibitors would be of particular
interest, given the growing resistance to available antimicro-
bial agents. Another promising approach involves the design
of polyvalent inhibitors based on self-assembly. Individual
molecules comprising of a ligand and a self-assembling
moiety consisting of novel dendrimers have been shown to
form noncovalent nanoparticles which function as poly-
valent ligands. These self-assembled nanoparticles, but not
the individual molecules, were shown to efficiently inhibit
polyvalent interactions such as IgM binding to the aGal epi-
tope.™ Using this design principle, it is conceivable that a
polyvalent receptor can be utilized as a template to optimize
its own polyvalent inhibitor (Figure 7).'” Another important
area involves the development of novel scaffolds for the
polyvalent display of ligands, e.g., those based on pro-
teins®* or multifunctional nanoparticles which would
carry therapeutic agents, be amenable to imaging, and have
the ability to be delivered to a specific site by surpassing
permeation barriers (Figure 8).1*

Thus, with the rapid expansion of this field, the identifica-
tion of novel ligands and scaffolds, and the development of
novel targeting principles, polyvalency can be expected to
find even more exciting applications in the future.
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Figure 8. The following features are illustrated: the ability to carry one or
more therapeutic agents; biomolecular targeting through polyvalent con-
jugation with one or more recognition ligands; imaging signal amplifica-
tion, by way of co-encapsulated contrast agents; and biobarrier avoidance
by a permeation enhancer, and by polyethylene glycol (PEG) for the
avoidance of macrophage uptake. Reproduced with permission from ref-
erence [85]. Copyright 2005, Nature Publishing Group.
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