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ABSTRACT
I: DELIVERY OF CARBOHYDRATE ANTIGENS BY GLYCOPOLYMERS AS
POTENTIAL ANTI-CANCER VACCINES; II: A STUDY OF THE IMPACTS OF
VALENCY AND DENSITY ON IMMUNE RESPONSE AGAINST A TUMOR
ASSOCIATED CARBOHYDRATE ANTIGEN
By
Qian Qin

Tumor associated carbohydrate antigens (TACAs) are overexpressed on tumor
cells, which renders them attractive targets for anti-cancer vaccines. To overcome the poor
immunogenecity of TACAs, a polymer platform was designed for antigen presentation by
taking advantage of the polymeric backbone to deliver TACA and helper T (Th) cell epitope
on the same chain. The block copolymer was synthesized by cyanoxyl-mediated free radical
polymerization followed by conjugation with a TACA Tn antigen and a mouse Th-cell
peptide epitope derived from poliovirus (PV) to afford the vaccine construct. The
glycopolymer vaccine elicited a robust immune response with significant titers of IgG
antibodies and the antibodies generated recognized Tn antigens on tumor cell surface.

For successful carbohydrate based anti-cancer vaccines, it is critical that B cells are
activated to secret antibodies targeting TACAs. Despite the availability of many TACA
based constructs, systematic understanding of the effects of structural features on anti-
glycan antibody responses is lacking. In this study, a series of defined synthetic
glycopolymers bearing a representative TACA, i.e., the Thomsen-nouveau (Tn) antigen,
have been prepared to probe the induction of early B cell activation and antibody production
via a T cell independent mechanism. Valency and density of the antigen in the polymers

turned out to be critical. An average of greater than 6 Tn per chain was needed to induce

antibody production. Glycopolymers with 40 antigens per chain and backbone molecular



weight of 450 kDa gave the strongest stimulation to B cells in vitro, which correlated well
with its in vivo activity. Deviations from the desired valency and density led to decreased
antibody production or even antigen specific B cell non-responsiveness. These findings
provide important insights on how to modulate anti-TACA immune responses facilitating

the development of TACA based anti-cancer vaccines using glycopolymers.
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CHAPTER 1: Synthetic linear glycopolymers and their biological applications
1.1: Introduction of glycopolymers and multivalent interactions

Carbohydrates play significant roles in a variety of biological recognition events,
which are considered as the first step in a number of phenomena based on cell-cell
interactions, including fertilization, embryogenesis, cell migration, organ formation,
immune defense, microbial and viral infection, inflammation, and cancer metastasis.'”
These recognition processes are thought to proceed by specific carbohydrate-protein
interactions.®> Synthetic polymers with pendant carbohydrates (namely glycopolymers)?
have been developed to mimic this behavior. In recent years, glycopolymers have also
been used as a tool for drug, gene and antigen delivery.>*

Monovalent protein-carbohydrate interactions typically occur with low affinity
(Kp ~ 107 M). However, it is generally known that high affinity complexation is required
for physiological recognition processes (Kp ~ 10° M).!® Multivalency is defined to be the
operation of multiple molecular recognition events of the same kind occurring
simultaneously between two entities.! Multivalency is necessary to achieve high binding
affinity (avidity). It can be categorized into three different types: (a) bivalency, with two
interactions between ligands and receptors, (b) oligovalency, with the number of
interactions i < 10, and (c) polyvalency, the number of interactions i > 10.

From a thermodynamic perspective, binding affinity between a multivalent ligand
and a multivalent receptor is much higher than that between a monovalent ligand and
receptor (Figure 1.1 showing monovalent binding and multivalent binding). A
monovalent ligand-receptor interaction occurs with free energy change AG™"°; N

monovalent receptors interact separately with N monovalent ligands with a total free



energy change of NAG™". A multivalent receptor with N binding sites interacts more
strongly than with N times of monovalent ligands, where K™t >> (KMon)N 12 According
to the van’t Hoff equation: AG=-RTIn(K), AG™" of a multivalent interaction can be more
favorable than NAG™™ (total free energy change of N monovalent interactions), AG™!t
<< NAG™"° 13 The enthalpy of binding of a multivalent system can be more favorable
than that of the monovalent species, with little or no corresponding increase in the

unfavorable translational and rotational entropy of binding.t34
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Figure 1.1: (a) monovalent ligand binds to monovalent receptor (b) multivalent ligands
bind to multivalent receptors.
1.2: Synthesis of linear glycopolymers
1.2.1: Direct polymerization of glycomonomers

Linear glycopolymers can be synthesized via two methods: (1) direct
polymerization of carbohydrate-containing monomers and (2) post-glycosylation of
preformed polymers.®® A number of polymerization methods have been used for
synthesis including atom transfer radical polymerization (ATRP), reversible addition-
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fragmentation chain transfer polymerization (RAFT), ring-opening metathesis
polymerization (ROMP), nitroxide-mediated living free-radical polymerization (NMFRP)
and cyanoxyl mediated free radical polymerization (CMFRP).

Glycopolymers have been prepared by polymerization of protected sugar
monomers with ring-opening,*® traditional free radical,}” ionic polymerization,'&22
coordination,? controlled radical polymerization®-% followed by selective deprotection.

Kiessling and coworkers synthesized glycopolymers by ROMP as shown in

Scheme 1.1 with greater control of polymer size, structure and density of carbohydrate

components.®*

RuCls

00 II;(}. 55 a(f 0 0
(HoC)2 (CHa) - (H
H D k,’? Hg \S’%DH
o2 e
HO 0" HO OH

Scheme 1.1: Synthesis of glycopolymers by ROMP.

Chaikof et al. described the preparation of a series of model N-acetyl-D-
glucosamine-containing glycomonomers. CMFRP was used to afford water-soluble
glycopolymers with low polydispersity indexes (PDIs) and high monosaccharide
contents.3 Statistical copolymers of acrylamide with either alkene- or acrylate-based

glycomonomers and homoglycopolymers with some degree of control can be generated



by this polymerization method with Scheme 1.2 showing the general mechanism of

CMFRP of acrylic glycomonomers.
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Scheme 1.2: Homopolymerization of acrylic glycomonomers.

Narain and co-workers reported the first example of low polydispersity,
controlled sugar methacrylate polymer structures prepared directly under mild conditions
with ATRP without resorting to protecting group chemistry. The sugar monomer 2-
gluconamidoethyl methacrylate (GAMA) was obtained by the ring-opening reaction of 2-
aminoethyl methacrylate with D-gluconolactone as shown in Scheme 1.3, and the
polymerization reaction (Scheme 1.4) was carried out at 20 °C in protic media (either
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methanol, water or methanol/water mixtures).® While this method utilized carbohydrate
based precursors, the pyranoside ring was opened in the polymer. Other synthetic routes
have been developed to prepare sugar polymers in which the cyclic sugar is preserved

during synthesis.

OH 5h
H2' Cl GAMA

(0]
OH 0] OH OH
A H = =
?O +HO)O5\ NE \H)KO/\/NW/Y'V_CHZOH
o jut
2 Y "OH  MeOH, 20 °C O OH OH
N

Scheme 1.3: Synthesis of monomer GAMA.

n :/Q O\L/\ 0 Br
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o ° x no
Me . 0]
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H CuBr/bpy, 20 °C H
PEG,-Br (x=7, 23, 113) 0
+''OH water, methanol or OH
HO water/methanol mixtures HO
"'OH +1OH
HO! HO!
CH,0H CH,OH

Scheme 1.4: ATRP of GAMA in protic media under mild conditions.

Maynard and coworkers synthesized glycopolymer via ATRP from biotinylated
initiators either by direct polymerization of unprotected glycomonomer or by

polymerization of protected glycomonomer as depicted in Scheme 1.5.3*
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Scheme 1.5: Synthesis of glycopolymers from biotinylated initiator by ATRP.



Hawker et al. reported the synthesis of well-defined amphiphilic lipo-
glycopolymers by NMFRP (Scheme 1.6) in which the amphiphilic character is controlled

and varied by the appropriate selection of monomers and initiating groups.?°

by B S N

O
I/_/_/ 1. (n-Bu);SnH, 110°C
2. CF3CO.H

thHon
Ho O

Scheme 1.6: Synthesis of a lipo-glycopolymer.
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McCormick et al. reported the first example of direct polymerization of a sugar
monomer (2-methacryloxyethyl glucoside (MAGIu)) without protecting group chemistry
in aqueous media via RAFT as depicted in Scheme 1.7.% 4-Cyano-4-methyl-4-
thiobenzoylsulfanyl butyric acid (CTP) was chosen as the RAFT chain transfer agent
(CTA) due to its water-solubility and applicability for methacrylic monomers. In
addition, they have shown the possibility of obtaining novel sugar-based AB-diblock

copolymers in which MAGIu may be polymerized as the first or second block.

n
f #
0" "0
H,0, V-501, 70 °C H

HO 0. 0 4-Cyanopentanoic acid
dithiobenzoate HO 0 O
HO" “OH } s
HO ‘OH

OH

Scheme 1.7: The aqueous RAFT polymerization of MAGIlu without protecting group.
(V-501 = 4,4’-azobis(4-cyanovaleric acid).)

1.2.2: Post-glycosylation of pre-formed polymers
Haddleton et al. reported the synthesis of well-defined alkyne side chain
functionalized polymers by living radical polymerization, followed by click chemistry

with carbohydrate building blocks to afford the final glycopolymers (Scheme 1.8).%¢
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Scheme 1.8: Synthesis of glycopolymers by living radical polymerization and click
chemistry. Reagents and conditions: (a) N-(n-ethyl)-2-pyridylmethanimine/CuBr, toluene,
70 °C; (b) N-(ethyl)-2-pyridylmethanimine/CuBr, methyl methacrylate (MMA) or
methoxy(poly(ethylene glycol))soo methacrylate (mPEG300MA), toluene, 70 °C; (c) Tetra-
n-butylammonium fluoride (TBAF), acetic acid, THF, -20 to +25 °C; (d) R!Nj,
(PPh3);CuBr, diisopropylethylamine (DIPEA).

Later on, they developed the first copper-catalyzed azide-alkyne cycloaddition

(CuAAC) and living radical polymerization (LRP) process to prepare glycopolymers



(Scheme 1.9). A number of parameters including solvent, catalyst concentration,
temperature and the nature of the azide were varied to tune the relative rates of CuAAC
and LRP.3” With toluene at 60 °C and for both octyl azide and triethyleneglycol azide, the
process followed path 1 as shown in Scheme 1.9. In DMSO, the two reactions proceeded
concurrently, with the rate of CuAAC much slower and rate of LRP a little higher
compared to those with toluene as the solvent. Using DMF as the solvent, CuAAC and
LRP also occurred simultaneously, with the rate of CuAAC greatly higher than in DMSO
and rate of LRP similar to in toluene. Mannose-functional polymers were prepared by
this method using DMSO as the solvent with both reactions proceeded simultaneously.
The rate of both reactions went up with increased catalyst concentration. With the
increase of CuAAC reaction rate, the amount of un-clicked alkyne groups in the final

polymer could be largely limited when relatively low concentration of catalyst was used
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Scheme 1.9: Synthesis of glycopolymers by one-pot CuAAC/LRP process with three
possible pathways (benzyl 2-bromoisobutyrate was employed as the polymerization
initiator).

1.3: Glycopolymers as probes to study biological processes
1.3.1: Interaction with plant derived lectins

Lectins are carbohydrate binding proteins which are crucial elements in lots of
biological processes.*®**4" This section will focus on glycopolymers binding to plant
lectins. The commonly used plant derived lectins include: Concanavalin A (Con A) from
the Jack bean,*' peanut Arachis hypogaea agglutinin (PNA),** leguminous lectin
Bauhinia purpurea agglutinin (BPA),* soybean agglutinin (SBA) from the G. max,** W.

floribunda lectin (WFL),* V. villosa agglutinin (VVA),*® Ricinus communis 1 (RCA 1)
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from castor beans,*’ and Aleuria aurantea lectin (AAL) from mushroom.*®

Lectins are known to be able to induce erythrocyte agglutination through
interactions with cell surface glycoproteins. When glycopolymers are used as mimics of
carbohydrate ligands, their binding to lectins would inhibit the agglutination processes.
Using the hemagglutination inhibition assay, we would have a measurement of the
binding abilities of different glycopolymers to lectins. With control of different factors
including chain length, carbohydrate density (ligand spacing) and valency, different
binding affinities were observed between glycopolymers and Con A by Kiessling and co-
workers. They generated mannose- and glucose-derived neoglycopolymers via aqueous
ROMP to inhibit Con A-facilitated agglutination.** The inhibitory properties of the
polyvalent ligands were proven to be better than those of the corresponding
monosaccharides, which supported the multivalent effect.

Then they varied the monomer to catalyst ratio to produce polymers of
increasing length, and studied the effect of chain length on the functional affinity of
saturated and unsaturated neoglycopolymers (structures shown in Figure 1.2).>° The
potencies of the unsaturated polymers increased exponentially as the average length
increased linearly for polymers up to DP (degree of polymerization) = 50 (analyzed on a
saccharide residue basis), while further increase of chain length led to approximately
equivalent inhibitory potencies. The saturated polymers showed a similar trend. The
observed dependence of the inhibitory potency on the polymer length was largely due to

a combination of statistical and chelation effects. !>
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Figure 1.2: Structures of (a) unsaturated neoglycopolymer and (b) saturated
neoglycopolymer.

Classical ROMP method to prepare defined materials with biological activities
has several disadvantages. Each new polymer class requires a new, functionalized
bicyclic substrate for ROMP. Rates of initiation, propagation, and nonproductive
termination would be affected by the physical properties of each monomer.>® Moreover,
purification of the polymer products can be complicated depending on the monomers. To
address these issues, Kiessling and co-workers developed a general synthetic route (post
synthetic modification (PSM)) for generation of libraries of oligomers and large-scale
production.>® Con A inhibitory potencies of the materials generated by PSM and standard
ROMP approaches were compared, and results indicated PSM protocol can afford
biologically active materials with adequate or better potencies.

Their study showed that carbohydrate residue density could also affect the
inhibitory activities.>* For both the glucose and mannose-bearing polymers, the polymers
with one sugar per repeat unit inhibited at an eight-fold lower saccharide concentration
compared to polymers bearing two sugars per unit. This can be explained by the fact that
the two saccharides connected to a single repeat unit are too close to bridge two binding
sites on the same protein or two protein molecules according to molecular modeling
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studies. This result unveiled the importance of carbohydrate ligand spacing in
carbohydrate protein interactions.

The unfunctionalized monomer units employed in this study were smaller and
more hydrophobic than the functionalized units, thus the glycopolymers did not present a
uniform steric and electronic environment. To overcome this, they synthesized polymers
with monomer units (mannose and galactose) that varied only in their binding activity.>
Con A binds to mannose selectively instead of galactose although they are sterically
similar.® Polymers with similar length, polarity and steric properties but different
mannose densities were made by altering the ratio of mannose- and galactose-substituted
monomers in copolymerization reactions. Con A was used as a model receptor to explore
the impact of epitope density on receptor clustering including the stoichiometry of
complexation, rate of cluster formation, and receptor proximity. It was found that
polymers displaying the greatest number of binding sites generated the largest clusters,
but those with the lowest density bound to the greatest number of receptors per residue.
The highest density polymer was able to induce fastest clustering. However, increases in
binding epitope density resulted in decreases in proximity of receptors within the clusters.

In addition, they also explored the use of glycopolymers as scaffolds to induce
concentration-dependent precipitation of Con A.°” The concentration required to induce
precipitation was lower for higher-valency polymers than that required for shorter
oligomers. Besides insoluble clusters, they also characterized the formation of soluble
aggregates of Con A in solution by fluorescence resonance energy transfer (FRET).
Similar trend was observed with varying valency. The efficiency of fluorescence

quenching was also dependent on concentration. It went up first as the scaffold
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concentration increased, but then started to drop as the concentration was increased
further, which could be explained most likely by mannose binding site saturation.
Furthermore, they studied the ability of Con A-scaffold complexes to aggregate Jurkat
cells (models for aggregation shown in Figure 1.3). Based on the fact that the average
size of a Jurkat cell is between 5,000 and 10,000 nm and the total length of the Con A-
scaffold complex is about 20 nm, there is very little chance that the complex could span
more than two cell surfaces simultaneously. They postulated that the enhancements in cell
aggregation by multivalent ligands probably resulted from the increase of avidity of the

Con A-scaffold complex for cell surface glycans.
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Figure 1.3: Models for cell aggregation by Con A. (A) Two hypothetical cell surfaces
bearing multiple mannose-terminated glycans (red circles) can be aggregated by Con A.
(B) The observed enhancements in cell aggregation in the presence of multivalent ligands
is highly likely due to the increased avidity of the Con A-scaffold complex for the cell
surface. Reproduced with permission from reference®’ Copyright 2002, Elsevier.

Stolnik and co-workers synthesized glycopolymer pGalEMA by either
polymerization of the deprotected glycomonomer GalEMA or deprotection of the
corresponding peracetylated polymer pAcGalEMA (Scheme 1.10),>® and studied the
interaction between the glycopolymers and the lectin PNA by UV-difference

spectroscopy and isothermal titration calorimetry (ITC).> This was the first time ITC was

used to investigate the interaction of a lectin with synthetic glycopolymers.
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Scheme 1.10: Polymer synthesis. Reagents and conditions: (a), NaOCH3 [cat.], dry
CH30H, room temperature (RT), under N»; (b), AIBN, CHCIl3, 65 °C, 48 h; (c), K2S,0s,
H>O: CH30H (4: 1), 65 °C, 48 h; (d), NaOCH3 [cat.], CH3OH: CHCI; (1: 1), RT, under
No.

1.3.2: Glycoarray

Glycopolymers can be integrated into microarrays for probing glycan-binding
proteins due to their similarities to natural glycoproteins. Glycopolymers could be
prepared by RAFT in a similar manner as described before, with one end bearing an
alkyne group for attachment to azide-functionalized surface and a fluorophore at the other
end (Scheme 1.11).°° Micropatterns of these polymers can be generated by covalent
microcontact printing (Scheme 1.12), and the glycopolymers displayed can bind specific
lectins (e.g., HPA). With this new microarray platform, the densities and orientations of
the glycan ligands are more controllable compared to traditional glycan arrays, which

have very little control over how glycans are presented (Figure 1.4).5!
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Scheme 1.11: Synthesis of dual-end-functionalized glycopolymers as mucin mimics by

RAFT (ACVA = 4,4°-Azobis(4-cyanovaleric acid)).
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A CONVENTIONAL ARRAY B MUCIN MIMETIC ARRAY

poorly controlled glycan polymer structure defines
presentation glycan display

Figure 1.4: Mucin mimetic glycopolymer arrays. (A) Conventional glycan arrays with
poor control over glycan spatial presentation. (B) New glycan arrays using polymeric
scaffolds are able to mimic native mucins more closely. Reproduced with permission
from reference® Copyright 2012, American Chemical Society.
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Scheme 1.12: Preparation of mucin mimic glycan array by covalent microcontact
printing (u-CP) of glycopolymer on azide-functionalized silicon oxide wafers.

Later on Bertozzi group developed a general synthetic strategy for rapid, high-
throughput generation of glycopolymer libraries for microarrays.®> The biotinylated
glycopolymers were prepared via ligation of reducing sugars to hydrazide groups on the
polymers synthesized by RAFT (Scheme 1.13). Since free reducing sugars are often
available from natural sources, this approach can avoid laborious carbohydrate
prefunctionalization, which is required for most glycopolymer synthesis. The
glycopolymer ligands in these microarrays were able to bind lectins (ConA, RCA I, and

AAL) according to the structures of their pendent glycans.
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Scheme 1.13: Synthesis of biotinylated glycopolymers by RAFT followed by ligation of
reducing sugars to hydrazide groups on the polymers.

With great control over glycan valency, density and presentation, Godula and co-
workers used mucin mimetic glycopolymer microarrays to evaluate the ability of
different Tn antigen-binding lectins (SBA, WFL, VVA and HPA) to cross-link mucin-like
glycoconjugates by varying glycopolymer surface densities.®! As illustrated in Figure
1.5, if cross-linking did not occur, the observed dissociation constant Kg should not
change much with regard to glycopolymer spacing. However, if lectins did cross-link
multiple glycopolymers, weaker binding (higher Kq) in the low-density array would be
observed. They found out that high avidity lectins (e.g., HPA), especially those that
engage their ligands in a “face-to-face” mode as shown in Figure 1.6 in which two
GalNAc residues on the same polymer bound to two adjacent binding sites were unlikely
to cross-link. On the other hand, more weakly associating lectins (e.g., SBA) whose
binding sites are likely too far apart to engage “face-to-face” interactions, would have an

20



opportunity to form well-organized cross-linked networks.

A DISCRETE COMPLEX FORMATION:

Kd,high - Kd,low

&’C

high-density array low-density array

B CROSSLINKING :
Kg high < K low

) 3V S e

high-density array low-density array

Figure 1.5: Determination of cross-linking by lectins in mucin mimic glycopolymer
microarrays. (A) When cross-linking does not occur, the observed dissociation constant
should be independent of glycopolymer surface density. (B) When cross-linking happens,
weaker binding should be observed with increasing spacing between neighboring
glycopolymers (Ka,nigh and Ka,1ow denote dissociation constants for a lectin in a high and a
low glycopolymer surface density array, respectively). Reproduced with permission from
reference® Copyright 2012, American Chemical Society.
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Figure 1.6: Models for different cross-linking activities of SBA and HPA. (A) More
weakly associating SBA engages in a reversible “bind-and-slide” mechanism with the
glycopolymers which maximizes binding interactions through cross-linking. (B) High
avidity HPA interacts with the glycopolymers in a strong “face-to-face” mode, possibly
leading to the formation of kinetically trapped species with not enough unbound GalNAc
residues available for cross-linking. Reproduced with permission from reference®!
Copyright 2012, American Chemical Society.

Xuelong Sun’s group reported immobilization of an O-cyanate chain-end
functionalized glycopolymer bearing multivalent lactose units synthesized by one-pot
CMFRP with amine functionalized glass slides via O-cyanate-based isourea bond
formation for glycoarray application (Figure 1.7).°> In a similar way, they also
immobilized sialyllactose-containing glycopolymer prepared via chemoenzymetic
synthesis for glycoarray and surface plasmon resonance (SPR)-based glyco-biosensor

applications.®*
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Figure 1.7: Preparation of glycoarray by immobilization of the O-cyanate chain-end
functionalized glycopolymer with amine functionalized glass slides via isourea bond
formation.

To better control glycan orientation and density, they designed boronic acid (BA)
ligands in different sizes as detachable “temporary molecular spacers” as illustrated in
Figure 1.8.% First, the lactose-containing glycopolymer was pre-complexed with
polyacrylamide-BA, lysozyme-BA, and bovine serum albumin (BSA)-BA conjugates
respectively, and then immobilized onto glass slide at pH 10.3. When pH changed to 7.4,

the macromolecular spacers were detached to afford the oriented and density controlled

glycopolymer microarrays.
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Figure 1.8: Orientation and density controlled glycopolymer microarray. Reaction conditions: (a) polyacrylamide-BA, NaHCOs3
buffer (pH 10.3), (b) lysozyme-BA, NaHCO3 buffer (pH 10.3), (c) BSA-BA, NaHCOj buffer (pH 10.3), (d) NaHCO3 buffer (pH 10.3),
(e) 1 mM glucose, phosphate-buffered saline (PBS) buffer (pH 7.4).
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Glycosaminoglycans (GAGs) are polysaccharide with 10-200 repeating sulfated
disaccharide units (Figure 1.9A), which play important roles in biological processes
ranging from cell division and viral invasion to cancer and neuroregeneration.®® Hsieh-
Wilson group integrated a new class of ROMP polymers that mimic chondroitin sulfate
(CS) proteoglycans with microarray (Figure 1.9B) and SPR platforms, and demonstrated
that these glycopolymers were able to retain their binding specificities to protein

receptors such as monoclonal antibodies 2D11 and 2D5.%’
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1.3.3: Mimics of cell-associated glycans

Mucins are cell-surface glycoproteins responsible for cell-cell interactions.®®
Approaches for molecular-level studies of glycan function including genetic and

metabolic engineering have been reported.®®7%"1:727 However, since both methods take

26



advantage of cells’ internal machinery, it is possible that they would perturb the cell’s
biological responses during the process. In some cases, certain cell types are not prone to
genetic or metabolic modification. For these reasons, passive insertion of chemically
modified structures into cellular membranes is considered to be an attractive alternative
approach. Bertozzi group first reported anchoring glycopolymers end-functionalized with
lipid groups as mucin mimics to a supported lipid bilayers, and they studied the ability of
these mucin mimetics to bind carbohydrate-binding proteins.”* However, with first
generation glycopolymers (structures shown in Figure 1.10) only a small amount of them
were able to be incorporated into the membrane. To address this problem, they designed
second-generation end-functionalized polymers with increased lipophilicity of the end
groups (structures shown in Figure 1.11). These polymers were incorporated into fluid
lipid bilayers, and the mobility of the mucin mimetics were investigated with the
fluorescence recovery after photobleaching (FRAP) technique, and similar results were
obtained as the intrinsic lipid mobility of the membranes suggesting that the
glycopolymers were anchored to the membrane only by its lipid moiety rather than
through lipid-sugar interactions. The abilities of polymers (Figure 1.11a and Figure
1.11b) on supported bilayers to bind carbohydrate-binding proteins were tested. HPA and
BPA were selected respectively for mucin mimetics Figure 1.11a and Figure 1.11b, and

the specificities of the lectins were accurately recapitulated in this biomimetic system.
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Figure 1.10: Structures of first generation glycopolymers with low lipophilicity of the
end groups.
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second generation glycopolymers.

The Bertozzi group further demonstrated that these glycopolymers can be
inserted into the plasma membrane of /dID CHO cells, which are devoid of endogenous
mucins.” Fluorescent correlation spectroscopy (FCS) was used to determine the density
of cell surface mucin mimics. Membrane insertion efficiency and mobility of the mucin
mimics were not affected by changes in the glycan structure. However, insertion
efficiency was dependent on hydrophobic end-functionality. Among glycopolymers with
a phospholipid tail similar to biological membrane lipids (Figure 1.11a), a straight alkyl

tail (Figure 1.10b) and a pyrene group (Figure 1.10c), glyopolymer with a phospholipid
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tail (Figure 1.11a) showed the highest insertion efficiency although their diffusion
coefficients were similar. Thus this polymer (Figure 1.11a) was used for subsequent
studies. Then they compared the mobility and cell surface density of the polymer with
those of native proteins, and in this study glycosylphosphatidyl-inositol (GPI)-anchored
proteins were used since they have similar lipid insertion behaviors as their synthetic
polymers. The polymers had slightly slower mobilities and lower densities than the GPI-
anchored proteins, but their surface densities were much more consistent from cell to cell.
They also assessed the ability of the mucin mimics (Figure 1.11a and Figure 1.11b) to
bind lectin HPA while being presented on live cell surfaces. HPA only binds a-linked
GalNAc residues instead of their B-linked isomers. Since both polymers (Figure 1.11a
and Figure 1.11b) had similar densities on cell membrane as mentioned above, the result
that HPA specifically bound to cells displaying a-linked GalNAc polymer (Figure 1.11a)
on surface but not to cells displaying B-linked GalNAc polymer (Figure 1.11b) matched
the intrinsic specificity of the lectin for the a-linked GalNAc polymer. Furthermore, they
confirmed the mucin mimics were internalized through endocytic pathways, and the
trafficking properties were similar to those of native mucins.

For this generation of the mucin mimics, the fluorescent dyes were randomly
distributed along the body of the polymer (“body-labeled”) (Figure 1.12a), and the
polymers showed a supine orientation by interferometric measurements.’® They
synthesized the polymers by RAFT to get narrow chain-length distributions, and also
modified the position and type of the polymer’s fluorescent probe to create a new
generation of mucin mimics. The “end-labeled” polymers have a single fluorescent probe

at the opposite end of a lipid anchor (Figure 1.12b). With the precise end-localization of
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the fluorophore, the height determined by fluorescence interference contrast microscopy
(FLIC) is the height of the molecule rather than being the average signals from
fluorophores distributed along the polymer backbone.”” Polymers with different
fluorescent probes, Texas Red (TR) and Alexa Fluor 488 (AF488) were synthesized. P2-
TR and P2-AF488 were incorporated into supported lipid bilayers. It was surprising to
find that the orientation of the glycopolymers was dependent on the properties of the
fluorophores. P2-AF488 projected out from the membrane surface while P2-TR lied flat.
This study showed that macromolecular orientation at membranes can be controlled by

small modifications of chemical structures.
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Figure 1.12: Structures of two types of phospholipid-terminated mucin mimetics: (a)
“body-labeled” glycopolymers with a small number (2-3) of fluorophores distributed
along the glycopolymer backbone (n ~240), and (b) “end-labeled” glycopolymers with
only one terminal fluorescent dye per polymer chain (green = AF488, red = TR).

This new generation of glycopolymers can be utilized to study a variety of cell
surface interactions. Galectins are a family of glycan-binding proteins, which can
oligomerize cell surface glycoproteins and glycolipids into higher-order aggregates in
order to mediate many cellular processes. However, due to the heterogeneous nature of
galectin’s endogenous ligands, the study of galectin ligand behaviors on live cell surfaces
had been limited. The Bertozzi group prepared glycopolymers with galectin-binding

glycans distributed along the polymer backbone, a lipid anchor at one end, and a FRET
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donor or acceptor at the other end.”® After insertion into the cell membrane, the
glycopolymers’ fluorescence lifetime (trL) and diffusion time (tp) were measured with
and without galectin-1 (Figure 1.13). They observed galectin-dependent decrease in TrL
and increase in tp, which provided the first experimental evidence for galectin-1

mediated cross-linking on a cell surface.

55 P

Galectin

.....................................................................

Excitation

W = FRET Donor
Volume

* = FRET Acceptor

Figure 1.13: A schematic model for probing galectin-mediated ligand cross-linking on
live cell surfaces. Synthetic glycopolymers bearing galectin-binding glycans (blue
hexagons) with a lipid anchor on one end and either a FRET donor or acceptor dye on the
other end were inserted into live cell membranes, and their tr1) and to were monitored.
Reproduced with permission from reference’® Copyright 2012, American Chemical
Society.

Later on, they looked into how glycopolymers affect galectin-3 binding.” The
glycocalyx in the apical membrane of epithelial cells plays a critical role in maintaining
barrier function on mucosal surfaces, but in the other way it also limits the bioavailability
of drugs and vaccines targeting epithelial cells.®® By interacting with galectin-3 on the

apical surface of epithelial cells, mucin O-glycans contribute to maintaining barrier

function in the cornea.®! In this study, cellobiose- and lactose-decorated polymers were
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used to test the effect of glycopolymer insertion on barrier function of stratified human
corneal epithelial cells. Results showed that surface insertion of cellobiose glycopolymers
interfered with surface recognition of endogenous lactosyl residues, which resulted in
disruption of the glycocalyx barrier. Unexpectedly lactose glycopolymers, which can bind
galectin-3, did not enhance barrier function possibly as a result of failing to compete for
galectin-3 binding in the presence of natural ligands or incorporation into undifferentiated
apical cells with poorly glycosylated mucins but in insufficient quantities. This study
indicated that galectin-3 multimerization and surface recognition of lactosyl residues

were required to maintain glycocalyx barrier function at the ocular surface.

1.3.4: Interaction with the immune system

Many cell surface receptors and lectins in the immune system can recognize
multivalent carbohydrate ligands, thus triggering either immune system activation or
down-regulation including suppression and inhibition. Glycopolymers can be used as
multivalent carbohydrate ligands to play a role in immune system function.
1.3.4.1: Glycopolymers for immune activation

Carbohydrate antigens can bind to B cell receptors (BCRs) and activate B cells.
Glycopolymers bearing desired carbohydrate antigens can interact with BCRs and elicit
immune responses against the carbohydrate antigens. In this way, the glycopolymers act
as vaccines to target specific carbohydrate antigens.

Bundle and co-workers synthesized polyacrylamide with f-mannan trisaccharide

hapten, and conjugated the glycopolymer to carrier protein chicken serum albumin
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(Scheme 1.14).3? The conjugate vaccine was able to induce a robust T cell dependent
immune responses with high titers of antibodies capable of recognizing native cell wall
antigen f-mannan. This is the first report of fully functional glycopolymer conjugate
vaccine with B-cell epitopes from the glycopolymer and T-cell epitopes from the carrier

protein.
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Scheme 1.14: Synthesis of glycopolymer and its conjugation to chicken serum albumin.
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Cameron and co-workers synthesized well-defined glycopolymers bearing
Thomsen-nouveau (Tn) antigens by RAFT, and then conjugated the polymers to gold
nanoparticles to afford “multicopy-multivalent’ nanoscale glycoconjugates (Figure 1.14).
These glycoconjugates were able to generate significant and long-lasting antibodies,
which can recognize natural Tn-antigens and mammalian-mucin glycoproteins. This is
the first report of fully synthetic protein- and peptide-free glycoconjugate vaccines

through layered multivalent polymer display.®’

Tn antigen glycan

mucin

ca. 10 nm

Normal cell Breast cancer cell

ca. 10 pm

Figure 1.14: Overview of approach to develop gold nanoparticle-based synthetic
glycopolymer anticancer vaccines. Breast cancer cells express aberrant mucins displaying
Core 1 glycans such as Tn-antigen. The glycopolymers bearing Tn-antigens conjugated to
gold nanoparticles can mimic the ‘multicopy-multivalent’ presentation. Reproduced with
permission from reference®® Copyright 2013, American Chemical Society.

Kunz et al. reported water soluble poly (N-(2-hydroxypropyl)methacrylamide) (P-
(HPMA)) polymers prepared via RAFT bearing a tumor-associated MUC1 tandem-repeat

glycopeptide as the B-cell epitope and a helper T cell peptide epitope (P2 peptide) as
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potential antitumor vaccines (Figure 1.15).8* The attachment of the P2 peptide onto the
polymer induced self-assembly to micelle-like nanoobjects. The vaccines were able to
elicit significant T cell dependent immune responses and IgG antibodies generated could
recognize MCF-7 breast tumor cells. It is worth to mention that polymer with additional
nanostructure-promoting domains (Figure 1.15b) induced antibodies that had even

higher affinity to MUCI1 bearing tumor cells.
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Figure 1.15: Structures of polymer glycopeptide conjugate vaccines bearing tumor-associated MUC1 glycopeptide and the T-helper-
cell epitope P2 peptide.
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1.3.4.2: Glycopolymers for immune down-regulation

Glycopolymers can bind to immune cell surface lectins, which can either inhibit
lectin binding to other ligands or suppress the immune cell activation processes.

Dendritic cell specific intracellular adhesion molecule-3 grabbing nonintegrin
(DC-SIGN) is a C-type lectin abundantly expressed on dendritic cells (DCs), which can
bind to human immunodeficiency virus (HIV)-1 envelope glycoprotein gp120 enhancing
their infection of target cells.®>%® Haddleton and co-workers created a library of
glycopolymers with identical chain length and chain length distribution but different
percentages of mannose and galactose by post-polymerization modifications.37-88:89.9091.92
They used multichannel SPR (MC-SPR) to study the binding affinity of the
glycopolymers with human DC-SIGN tetramers, and found that glycopolymers could
inhibit DC-SIGN binding to gp120. This approach may provide new therapeutics against
HIV infection.”?

To gain a better control over the relative position of the sugars on the polymer,
they used a controlled polymerization technique called single-electron transfer living
radical polymerization (SET-LRP) as shown in Figure 1.16.”* Furthermore, they
introduced a third glycomonomer fucose acrylate (FucA) to make a hexablock copolymer
of mannose acrylate (ManA), glucose acrylate (GluA) and FucA. SPR was used to
measure the interactions between the glycopolymers and DC-SIGN. Polymers with
higher mannose content had higher binding affinity, and with nanomolar concentrations

the glycopolymers could inhibit DC-SIGN binding to HIV gp120.
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Figure 1.16: Schematic representation of the sequence-controlled multi-block copolymerization of ManA (M) and GluA (G).
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CD22 (Siglec-2) is a B-cell inhibitory receptor that attenuates B cell activation,”
and it binds to cell surface sialylated glycoproteins with preference for a2,6-linked
sialylated glycans.’® Kiessling and co-workers prepared glycopolymers (Figure 1.17) that
can bind to cells through the BCR alone, CD22 alone, or both to study the roles of cell-
surface (cis) and antigen-presented (frans) CD22 ligands on B cell activation (Figure
1.18).°” Their results showed that dinitrophenyl (DNP)/CD22L copolymer 3 suppressed B
cell activation through trans interaction with CD22 as monitored by intracellular calcium
ion concentration and phosphor-tyrosine level changes, which are two critical indicators
of B cell activation (Figure 1.19). Later, they used the glycopolymers as probes of BCR

endocytosis during inhibitory signaling.”®

42



o o
> . NO; |,

HN O,N
R1/R5/R3

OH
H H CO20H
R, = - H | OH
AcHN- ) g&&/ o
OH OH

R3= HO’/\VEJ

DNP homopolymer 1 CD22L homopolymer 2 DNP/CD22L copolymer 3

e T Y

Ry y=0.33; Rz ¥=0; R3 y=0.67 R1%=0; Ry y=0.23; Ry y=0.77 R1 4=0.36; Ry y=0.24; R3 y=0.40
Figure 1.17: Structures of polymers used to investigate CD22 recognition. Polymers with
a DP of 250 (n = 250) were used. The substituents include the DNP group (R1, blue), the
CD22 ligand Neu5Aca2,6Galf1,4Glc (CD22L, Ry, red), or the spacer unit derived from
ethanolamine coupling. The level of substitution of each group (mole fraction y) is
labeled for each polymer.
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trans

.\ cis

Figure 1.18: CD22 can interact with B cell surface glycoproteins that have terminal a2,6-
linked sialic acid residues (cis interactions), which can mask CD22’s interactions with
exogenous ligands (frans interactions).

DNP polymer 1 CD22L polymer 2 DNP/CD22L copolymer 3
glycoprotein m

Activation No binding Attenuated signaling

Figure 1.19: DNP polymer can initiate activation of early B cell signaling events.
Copolymers bearing DNP and a ligand for CD22 result in the attenuation of B cell
activation.

Bertozzi group applied glycocalyx engineering approach to study how specific
sialosides mediate Siglec-based immunoevasion from natural killer (NK) cells.”® Cancer

cells engineered to display sialylated glycopolymers were able to evade NK cell killing
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among which the polymer containing the monosaccharide sialic acid alone (Sia polymer,
Figure 1.20b) offered the strongest protection against killing. It was found that NK cell
activation was suppressed by inhibiting both degranulation and interferon (IFN)-y
production by NK cells. During the process, Siglec-7 was recruited to the NK-target
immune synapse to promote a strong inhibitory signal (Figure 1.20a). Their results
showed that cell surface Siglec-7 ligands can protect cancer cells from not only innate
responses but also therapeutically relevant antibody-dependent cell cytotoxicity (ADCC).
The sialic acid polymers were also able to protect allogeneic and xenogeneic primary
cells from NK-mediated killing suggesting that Siglec-7 engagement may also inhibit NK

recognition in the context of xenogeneic transplants.
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Figure 1.20: A glycocalyx engineering approach to study sialoside-mediated
immunoevasion from NK cells. (a) NK cells can be activated after binding to activating
ligands when there are no inhibitory ligands on the target cell. When sialylated
glycopolymers are inserted onto cancer cell membrane, they can bind to the Siglec family
of inhibitory receptors and localize Siglecs to the site of activation, which results in Src
homology region 2 domain-containing phosphatase (SHP)-1 and SHP-2 recruitment to
prevent cellular activation. (b) Structure of phospholipid oxime glycopolymer.
Reproduced with permission from reference® Copyright 2013, Springer Nature.

The selectins are a family of cell-cell adhesion proteins that mediate leukocyte
attachment to endothelial cells and to platelets.!% P-selectin is one member of the selectin
family, which recognizes sulfated saccharide residues.!! In order to investigate P-selectin
carbohydrate interactions, Kiessling group developed a protocol to generate

glycopolymers with sulfated saccharide residues via ROMP.!?2 The sulfated
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neoglycopolymers could potently and specifically block P-selectin binding with cells.

1.3.5: Interaction with viral and bacterial proteins

Whitesides et al. reported a microscale strategy that allows for rapid generation
and convenient screening of libraries of poly(acrylic acid) (PAA) presenting multiple
copies of N-acetylneuraminic acid (NeuAc or sialic acid) as polyvalent inhibitors of
influenza-mediated hemagglutination in microtiter plates.!®® They also applied this
method to generate libraries of ter-polymers, pAA-(NeuAc-L; R). The R groups were
non-sialoside groups, which had no hemagglutination inhibition (HAI) activities by
themselves. However, the ter-polymers showed enhanced potency compared to
pAA(NeuAc), which are partly due to increased affinity of polymer for the viral surface
as a result of binding of non-sialoside groups to non-HA sites.

Many bacteria, in particular those of the Enterobacteriaceae family, have
multiple filamentous protein appendages called fimbriae or pili, which have lectins with
different sugar specificity.!* Seeberger et al. reported using fluorescent glycopolymers
for detection of E. coli by multivalent interactions.!® The glycopolymers were obtained
by coupling of the 2’-aminoethyl mannoside and galactoside to poly(p-phenylene
ethynylene) (PPE). The mannose specific lectin interacts with the glycopolymers
resulting in brightly fluorescent cell clusters. This method can detect the presence of a
pathogen in as little as 10 to 15 minutes, and many different carbohydrates can be
coupled to polymers for detection of multiple pathogens.

Kiessling and coworkers generated multivalent galactose-bearing polymers with
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different valencies, and examined their abilities to cluster chemoreceptors on the plasma
membranes of both E. Coli and Bacillus subtilis, and to elicit a chemotactic response.'?
They proposed a mechanism in which ligand valency increases lead to changes in

chemotactic responses by the incorporation of more receptors into clusters (Figure 1.21).

() !
'I‘ "’

Figure 1.21: Model of receptor clustering by synthetic ligands. (a) Chemoreceptors form
dimers in the plasma membrane of E. coli and each dimer appears to interact with a
single ligand. (b) Multivalent ligands that cannot span the distance needed to cluster the
receptors can only bind to individual dimers, as in (a). (¢) Multivalent ligands of
sufficient lengths are able to cluster the chemoreceptors. (d) Increasing the valency of a
multivalent ligand can engage more receptor clustering, thus enhancing the bacterial
response. Reproduced with permission from reference!'*® Copyright 2000, Elsevier.

In addition, Kiessling group reported the design, synthesis and use of
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glycopolymers bearing galactose, glucose or mannose as chemoattractants to study the
mechanism of chemotactic response amplification in different bacteria including E. coli,

S. aurantia, V. furnissii, and B. subtilis.'’

1.4: Other biological applications of glycopolymers

Besides interactions with different proteins, glycopolymers have other biological
applications as well. In this section, we will review a few other bio-applications of
glycopolymers.

Previous glycopolymers were prone to be internalized by cells within hours,
which limited their application in probing biological processes spanning longer time
scales. In order to improve the plasma membrane residence time, Bertozzi group tested a
number of glycopolymers bearing different lipid anchors that varied in length,
regiochemistry, unsaturation, or the linkage type to glycerol.!®® The polymers were
biotin-capped that could be detected with a membrane-impermeant AF488-labeled anti-
biotin antibody for the purpose of quantitating the cell surface residence time. Unlike
other lipids, the surface population of cholesterylamine (CholA)-anchored glycopolymers
stabilized and remained at much higher levels up to ten days after labeling despite an
initial drop. They built a model for the mechanism by which CholA-anchored
glycopolymers were recycled and delivered back to cell surface (Figure 1.22). Their
experiments also revealed that similar to native mucins, the long CholA-anchored
glycopolymers were excluded from the sites of adhesion formation, and were able to

drive integrin clustering by a kinetic funnel effect (Figure 1.23). It has been postulated
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that mucin overexpression would promote tumor metastasis by this mechanism, and their
experiments showed that the long CholA-anchored glycopolymers could similarly

enhance the cell survival in a zebrafish model of metastasis.

Figure 1.22: CholA-anchored glycopolymers are recycled and return back to the cell
surface. Reproduced with permission from reference'®® Copyright 2015, John Wiley and
Sons.

Extracellular Matrix

Kinetic Funnel

Figure 1.23: CholA-anchored glycopolymers are excluded from sites of adhesion
formation and drive integrin clustering by a kinetic funnel effect. Reproduced with
permission from reference!® Copyright 2015, John Wiley and Sons.
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Maynard group reported the first well-defined trehalose glycopolymer
synthesized via RAFT (Figure 1.24).' The glycopolymers of different molecular
weights (Figure 1.25 P1) were conjugated to hen egg white lysozyme and the stabilities
of the conjugates were tested. Their results showed that the trehalose polymers were more
effective than PEG for stabilization of protein to lyophilization and heat. They also
investigated three additional trehalose glycopolymers (Figure 1.25) with different
attachment sites, linkage chemistry and polymer backbones, and their application as
excipients to stabilize proteins to heat and during lyophilization. They found out that all
glycopolymers were able to stabilize the proteins better than no additive or trehalose, and
they had no cytotoxicity to four different cell lines. All the polymers performed similarly
at high concentrations. While at lower concentrations, differences in performance were
observed due to the polymer backbone rather than the site of attachment or chemistry of
the linkages. The polymethacrylate backbone polymers P2 and P4 were able to better
stabilize HRP under heat treatment, while the styrenyl polymers P1 and P3 performed
better for lyophilization of f-Gal. These trehalose glycopolymers have great potential to

be used as excipients for protein stabilization. !
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Figure 1.24: Schematic presentation of trehalose glycopolymers synthesized by RAFT.
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Besides applications in protein stabilization, by applying the polystyrene
backbone trehalose glycopolymer to protect proteins during electron-beam lithography
(EBL), surfaces with complex patterns of multiple proteins at the micrometer and
nanometer scales were generated without requiring cleanroom conditions (Figure
1.26)."!"! This glycopolymer has also been used as a resist for direct writing of interleukin-
6 (IL-6) or tumor necrosis factor alpha (TNFa) antibodies for detection of these cytokines

secreted from macrophages.''> The protein patterning technique will have important
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applications in various areas including bioanalytical assays, biosensors, microreactors,

and bioactive interfaces for cell culture.

Figure 1.26: Steps for generating multiple protein patterns. (I), spin coating with
polystyrenyl ether trehalose (poly(SET))-protein-1 solution and writing of the first layer.
(IT), rinsing of the unexposed poly(SET)-protein-1 followed by spin coating poly(SET)-
protein-2, alignment to the first layer and writing of the second layer. (III-IV), multiple
protein patterns can be obtained by repeated spin coating, alignment, writing and rinsing
steps. All of the above steps including EBL do not require cleanroom conditions.
Reproduced with permission from reference!!! Copyright 2015, Springer Nature.
1.5: Summary

Glycopolymers overcome the disadvantage of the weak interactions of
monomeric glycans with their multivalent effects. By controlled polymerization methods,
glycopolymers with well controlled chain length, monomer density and low PDI could be
prepared. They have been widely used as tools to study carbohydrate protein interactions
including binding with lectins, viral proteins and transmembrane receptors. In addition,

their applications in other biological areas such as immune modulation and protein

stabilization have also been explored.
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CHAPTER 2: Carbohydrate antigen delivery by water soluble copolymers as
potential anti-cancer vaccines

2.1: Introduction
2.1.1: Tumor associated carbohydrate antigens (TACASs)

The stimulation of immune systems through the use of a construct that can elicit a
specific immune response against cancer is the basis of anti-cancer vaccines.! Cancer
cells often bear characteristic carbohydrate structures on cell surface.>* These TACAs are
shared by a variety of cancer cell types (Table 2.1), which make them attractive for anti-
cancer vaccine development.*>-67:89:10.11

As we can see from Table 2.1, there are more than one type of TACAs on cell
surface. Due to the heterogeneity of cell surface glycan structures, it is difficult to isolate

sufficient TACAs from natural resources, while synthetic chemistry can afford large scale

of pure functionalized TACAs (representative structures shown in Figure 2.1).1?

Cancer Type Tumor Antigens
Melanoma GM2, GM3, GD2
Neuroblastoma GM2, GD2, polysialic acid
Sarcoma GM2, GD2, GD3
B cell lymphoma GM2, GD2
Small-cell lung GM2, fucosyl-GML1, polysialic acid, Globo-H
Breast GM2, Globo-H, TF(c), Tn(c), LeY
Prostate GM2, Globo-H, Tn(c), TF(c), STn(c), LeY
Lung GM2, Globo-H, LeY
Colon GM2, Tn, STn(c), TF(c), LeY
Ovary GM2, Globo-H, STn(c), TF(c), LeY
Stomach GM2, LeY, Le?, SLe?

Table 2.1: Major TACAs identified in cancer tissues
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Figure 2.1: Representative structures of TACAs.
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2.1.2: Challenges in TACA delivery and overview of different carrier platforms
When an antigen enters the body, there is an immediate response known as innate
immunity, which will be followed by a secondary response known as adaptive immunity.
Both branches of the immune system are important toward the prevention of the disease
state. However, of most interest toward the development of a successful vaccine would be
the adaptive branch. Once an antigen is presented to a naive B cell by an antigen
presenting cell (APC), the B cell matures into an activated B cell and can begin secreting
low affinity antibodies of the IgM subtype. This response will only last for a few weeks;
however, if a successful vaccine is to be developed, a long-term response is required. For
this to occur, there must be a class switch from low affinity IgM isotypes to high affinity
IgG isotypes. This can occur when both a naive B-cell and a naive T cell recognize the
same antigen and differentiate into an activated B cell and an effector CD4+ helper T
(Th) cell respectively. Once this has happened, the B cell can act as an APC and display
the antigen to the effector Th cell by means of a major histocompatibility complex
(MHC) class II. However, most carbohydrate epitopes cannot directly activate Th cells.
As a result, the immune response to most carbohydrates is an exclusively primary
immune response with low-affinity IgM production without class switch to high affinity
IgG antibodies. Therefore, it is believed that conjugating a carbohydrate antigen to a
protein containing these Th peptide epitopes should allow the dual activation and
communication of B cells and Th cells. Once this complex has formed, the effector T
cells will secrete cytokines that can induce isotype switching and cause the generation of
memory B cells. These memory B cells are desired in order to establish long-term

immunity. This is important because each additional time the body is exposed to the same
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antigen, the immune response generated will be stronger and faster.!

However, serious challenges exist in order to elicit powerful anti-TACA
immunity. As TACAs are also expressed at lower levels on normal cells, they are
perceived as “self-antigens” by the immune system.!*!> Direct vaccination with TACA
alone typically can only induce weak activation of antibody secreting B cells with no
cooperation from Th cells.'® As a result, the antibodies secreted are mainly the low
affinity IgM type. Since T cells typically recognize peptide epitopes, conjugating TACA
to a Th cell peptide epitope should allow the stimulation of both B cells and Th cells. The
matched Th cells provide stimulatory signals that can induce the B cells to undergo
isotype switching leading to high affinity IgG antibodies.!” Many innovative carriers have
been developed to co-deliver TACAs with Th epitopes. The most common type of carrier
is immunogenic proteins such as keyhole limpet haemocyanin (KLH),'#!%20:2! tetanus
toxoid (TT),?** and Bacillus Calmette-Guérin (BCG).?* Other antigen presenting

25,26

platforms include dendrimers, regioselectively  addressable  functionalized

7 30,31

templates,”” nanomaterials,?®?° liposomes and proteoliposomes polysaccharides*?

and virus-like particles (VLPs).3>

A potential approach to enhance the anti-TACA immune response is to increase
the local concentration of TACAs by clustering of the epitope in the vaccine construct.
Livingston and co-workers demonstrated the cluster effect with Tn antigen.*> Mice
immunized with Tn-KLH could only raise few antibodies against the Tn cluster (Tn(c))
conjugated to human serum albumin (HSA) or desialylated ovine submaxillary mucin

(dOSM)--a natural source of Tn, although the loading of Tn on KLH was as high as 1,330

copies of Tn per KLH. And the antiserum showed little binding to Tn-expressing tumor
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cell LSC. However, the Tn(c)-KLH (Figure 2.2) generated high IgG titers toward both
Tn(c)-HAS and dOSM with moderated recognition of LSC. In phase I clinical trials with

prostate cancer patients,>® Tn(c)-KLH elicited significant titers of IgM and IgG.
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Figure 2.2: Tn-KLH and Tn(c)-KLH vaccine.

From Table 2.1 we know that many cancer cells express more than one type of
TACAs. In order to elicit a much stronger immune response we can target several TACAs
associated with a certain type of cancer at the same time by developing a unimolecular
polyvalent vaccine containing various TACAs within one construct. Danishefsky and
coworkers designed and synthesized antigenic glyco-conjugates containing multiple
TACAs within one construct (Figure 2.3).3” Overall the antibody titers generated were
quite low; however, it is interesting that the antibodies generated were not only against
the trivalent constructs but also against each individual TACA. They predicted that the

organization of the various over-expressed carbohydrate motifs on the cancer cell surface
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is very heterogeneous like a vaccine presenting multiple TACAs. Following this research,
their group synthesized a first generation unimolecular pentavalent construct, which
consists of breast cancer associated TACAs Globo-H, GM2, STn, TF and Tn.*®
Immunization results showed that IgM and IgG antibody titers against Globo-H were
superior, but those against Tn were inferior compared with a noncovalent mixture of the
monovalent constructs and no immune response was generated against LeY. It is possible
that the position of TACAs on the construct is important in determining the
immunogenicity. So further research is needed in order to develop a more effective
construct, which can elicit significant immune responses against many TACAs at the

same time.
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Figure 2.3: Unimolecular trivalent antigen constructs.

MUCI is a membrane-bound glycoprotein.’* The “variable number of tandem

repeats (VNTR)” of MUCI, which consists of a 20-amino acid extracellular domain, can
be used as a B-cell epitope. This sequence HGVTSAPDTRPAPGSTAPPA has several
potential glycosylation sites at serine and threonine residues.*’ For many epithelial

cancers like breast, ovarian, pancreatic and prostate, the O-glycans of MUCI are limited
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to short carbohydrate chains such as Tn, TF, and corresponding sialylated STn and STF.*!
Currently MUCI1 glycopeptide has become a heated target for anti-tumor vaccine
development. The Kunz group has prepared a series of MUCI1 glycopeptide constructs for
immunological evaluations.*? In their latest work, two MUC]1 glycopeptides bearing an
STn disaccharide at separate locations were synthesized and conjugated with TT as the
carrier protein. Very strong antibody responses (mainly IgGl) were obtained upon
immunization of mice with these two constructs. The binding of the antiserum with
MCF-7 cell was very strong, which could be inhibited by competitive binding with the
free glycopeptide suggesting the specificity of the biological recognition.

Polymers are a class of synthetic carrier that has multiple potential advantages for
TACA delivery. A polymer chain can carry many TACA molecules, which can enhance
the avidities between the antigen and B cell receptors through the polyvalency effect and
lead to strong activation of B cells. Furthermore, Th epitopes can be introduced into the
glycopolymer to potentiate Th cells generating a long lasting humoral immune response.
Although synthetic glycopolymers have been utilized in a variety of applications*>**

4647 modulation of natural killer cell

including biosensing,* delivery of therapeutic,
function®® and cellular signaling,*’ it is only recently that they have been explored as a
TACA carrier.’®! Herein, we present our results on using water soluble block
copolymers as a platform to codeliver TACA and a Th epitope as a potential anti-cancer
vaccine.

2.2: Results and discussion

2.2.1: Synthesis of Tn antigen (Scheme 2.1)

Starting with the commercially available D-galactosamine hydrochloride 1, diazo
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transfer followed by global acetylation gave compound 3. Next selective deacylation to
liberate the anomeric hydroxyl group yielded 4. Trichloroacetonitrile was used to convert
4 to donor 5. Selective benzylation of the carboxylic residue of Fmoc-Serine 6 resulted in
acceptor 7. Glycosylation of donor 5 and acceptor 7 yielded glycoside 8 with an o/ ratio
of 4.7:1. One pot reduction and acetylation of a-anomer azide 8 gave acetamide 9.
Catalytic hydrogenation of benzyl ester provided carboxylic acid 10, and in this step
acetic acid was added to obtain a pH of 3~4 to prevent Fmoc cleavage. 10 was capped
with ethanolamine to get ethanolamide 11. Concentrated ammonia (7N) in methanol
solution was used to furnish fully deprotected 12. Diazo transfer of 6-amino caproic acid

13 made 6-azido caproic acid 14. Linker 14 was coupled to free amine 12 to obtain the

final Tn analog 15.
OH OH AcO OAc
0 1) NaNs, T>0, Toluene/H,0O OH,OH Acs0, Py, DMAP : 0
HO : : HO éok > AcO
HaN "oH  2) KeCOs, CuSOy, N3 OH 70% overall N3 'OAc
1 HCl H>0/Toluene/MeOH 2 - 3
) OAC Aco OAc
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— > A0 > ¢ N =
83% N3'oH 88% 3 UYLUS
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Scheme 2.1: Synthesis of azido-Tn analog.
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Scheme 2.1 (cont’d)
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2.2.2: Design, synthesis and characterization of glycopolymers

We selected the cyanoxyl-mediated free radical polymerization method>>>%* for

polymer construction due to the mild reaction condition. In order to incorporate both TACAs
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and Th epitope, the copolymer was designed to contain a block with multiple ammonium
moieties followed by a methyl ester block (see polymer 22 in Scheme 2.2). The
polymerization was initiated by the treatment of aniline 16 with sodium nitrite and
fluoroboric acid, which was followed by the addition of a mixture of sodium cyanate,
acrylamide 18 and methacrylamide amine 19 and heating at 50 °C for 40 hours leading to
intermediate polymer 20 (Scheme 2.2). Subsequently, acrylamide 18 and acrylamide methyl
ester monomer 21 were added to the reaction mixture with further heating for another 40
hours. The resulting mixture was dialyzed in water to obtain copolymer 22. Based on
integrations of 'H-nuclear magnetic resonance (NMR) peaks from the polymers using the
aromatic peaks from the terminal phenyl ring as the internal standard, there were on average
45 ammonium ions and 4 methyl esters per polymer chain of 22. Gel permeation
chromatography (GPC) showed that polymer 22 has a molecular weight (Mn) of 13,800 with

a polydispersity index of 1.14. (Polymer reaction yields are listed in Table 2.2).
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Scheme 2.2: Synthesis of polymer 22.

To test the efficiency of TACA delivery, a representative TACA, i.e., the Tn antigen
was introduced into the polymer. The Tn antigen, found over-expressed on a variety of
cancer cell surface including 90% of breast cancer carcinoma, is an appealing target for
TACA based anti-cancer vaccine development.®®>">% A flexible amide linker was designed to
conjugate Tn with the polymer to avoid potential humoral responses to the linker.>® In order
to accomplish this, Tn derivative 23 in the form of N-hydroxysuccinimide (NHS) activated
ester was synthesized®® and linked with the amines in polymer 22 promoted by DIPEA
leading to glycopolymer 24 in 65% yield (Scheme 2.3). On average, 31 copies of Tn were
introduced per chain based on 'H-NMR analysis. Polymer 24 was then treated with LiOH to

hydrolyze all the methyl esters, which was supported by '"H-NMR analysis showing the
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complete disappearance of the methyl groups. The resulting polymer was functionalized with
pyridyl disulfide 25, which then reacted with a cysteine modified oligopeptide from polio
virus (PV) to introduce the helper T cell epitope®® ®! through the formation of disulfide
bonds. The number of PV peptide per glycopolymer 28 was determined to be 2 peptides per
chain by cleaving the disulfide linkage between the peptide and the glycopolymer followed
by high-performance liquid chromatography (HPLC) quantification. As a control, polymer
29 was synthesized by capping the amine groups of polymer 22 with methoxyacetic acid,
which was followed by introduction of two PV peptides per chain utilizing a similar protocol

as in the construction of polymer 28.
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Polymer Yield
22 50%
24 65%
26 62%
28 79%

Table 2.2: Reaction yields for polymers 22, 24, 26 and 28
2.2.3: Immunological studies to evaluate vaccine efficacy

With the peptidic glyco-copolymer 28 in hand, its ability to elicit antibodies was

evaluated. Mice were injected with glycopolymer 28 (4 ug Tn per dose) subcutaneously
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with Freund's adjuvant followed by two booster injections at intervals of two weeks (days 14
and 28). Sera were drawn from mice one week after the final injection (day 35). The control
group was vaccinated with polymer 29 following an identical protocol. To test anti-Tn
antibody levels in sera, enzyme linked immunosorbent assay (ELISA) was performed using
Tn functionalized BSA immobilized on microtiter plates. Analysis showed that the main
antibodies induced by 28 were the IgG type with an IgG titer of 4,432 (Figure 2.4a. IgM
titers are shown in Figure 2.4d). In comparison, the sera from mice receiving control
polymer 29 contained extremely low titers of anti-Tn IgG antibodies (mean titer = 100)
(Figure 2.4a). The fact that high titers of IgG antibodies were induced by 28 implies the Tn-
specific B cells have undergone isotype switching. Another important characteristic of a
successful vaccine is the maintenance of immune responses. To evaluate this, mice
immunized with 28 were bled on day 89. ELISA analysis showed that the anti-Tn IgG titers
remained at a similar level (Figure 2.4a, mean titer = 4,369) suggesting long lasting humoral
immunity was generated.

For many TACA constructs with highly immunogenic protein carriers, antibodies
specific against the carrier are induced as well, the titers of which can be hundreds times
higher than that against the desired TACA.> % The strong anti-carrier responses can
potentially interfere with the generation of glycan specific antibodies due to antigen
competition.%*64%5 The antibodies generated against the polymer backbone were analyzed.
As shown in Figure 2.4b, immunization with glycopolymer 28 or control polymer 29
elicited similar amounts of anti-polymer IgG antibodies with titers around 700 as compared
to a titer of 400 pre-immunization. The relatively low anti-polymer titers induced suggest the

polymer backbone most likely does not compete significantly for B cell interactions.
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As ELISA tests antibody binding to an artificial BSA-Tn construct, it is important to
determine whether the antibodies elicited can recognize Tn expressed in its native
environment, i.e., cancer cells. Jurkat cells are known to express large amounts of Tn antigen
on their surfaces.®® The post-immune serum from mice immunized with glycopolymer 28
exhibited significant binding with Jurkat cells, while those from the control polymer did not

react with the cells (Figure 2.4c).
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Figure 2.4: (a) Anti-Tn IgG titers on days 0, 35 and 89 from mice immunized with glyco-
polymer 28 and the anti-Tn IgG titers on day 35 from mice receiving control polymer 29.
(b) Anti-polymer backbone IgG titers on days 0 and 35 from mice immunized with glyco-
polymer 28 and anti-polymer backbone IgG titers on day 35 from mice receiving control
polymer 29. (¢) Flow cytometry analysis of Jurkat cell binding by IgG antibodies in sera
from representative mice immunized with glycopolymer 28 (orange curve) and control
polymer 29 (blue curve). The shaded curve was from pre-immune serum binding with
Jurkat cells. (d) Anti-Tn IgM titers on days 0, and 35 from mice immunized with glyco-
polymer 28 and the anti-Tn IgM titers on day 35 from mice receiving control polymer 29.
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2.3: Conclusions

In conclusion, a fully synthetic glycopolymer vaccine incorporating multiple Tn
antigen and Th cell peptide epitope has been prepared, which elicited significant and
long-lasting anti-Tn IgG antibody titers. The antibodies generated recognized Tn antigens
on tumor cells. Compared with other delivery platforms such as virus like particles,33:3460
the anti-Tn antibody titers generated by the glycopolymer constructs were modest.
However, the polymer platform offers great flexibilities to adjust antigen densities and
valency as well as the ratio of TACA vs. Th epitope. In addition, the immunogenicity of
the polymer backbone is not high, which likely will not compete significantly with the
desired TACA for B cell activation. These attributes bode well for further optimization of

the glycopolymer construct to enhance the humoral responses against the TACAs.
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2.4: Experimental section
2.4.1: General experimental procedures and methods for synthesis

All reactions were carried out under nitrogen with anhydrous solvents in flame-
dried glassware, unless otherwise noted. Chemicals used were reagent grade as supplied
except where noted. Centrifugal filter units of 3,000 molecular weight cut-off (MWCO)
were purchased from EMD Millipore. Compounds were visualized by UV light (254 nm)
and by staining with a yellow solution containing Ce(NHa4)2(NOs)s (0.5 g) and
(NH4)sM070244H20 (24.0 g) in 6% H2SO4 (500mL). Flash column chromatography was
performed on silica gel 60 (230-400 Mesh). NMR spectra were referenced using residual
CHCls (8 *H-NMR 7.26 ppm), D20 (8 *H-NMR 4.79 ppm). The molecular weight and
polydispersity of the block copolymer were determined by GPC at 35 °C using two PLgel
10-um mixed-B columns with DMF as the eluting solvent. The PV Th cell epitope

peptide (CKLFAVWKITYKDT) was synthesized by RS Synthesis.

2.4.2: Synthesis of Tn antigen
Compound 3: 1,3,4,6-tetraacetyl-2-deoxy-2-azidogalactopyranose

Sodium azide (15.1 g, 232 mmol, 10 eq) was dissolved in water and cooled to 0
°C. Then toluene (37.5 mL) was added, followed by drop wise addition of triflic
anhydride (T£,0) (7.7 mL, 46.4 mmol, 2 eq). The reaction mixture was stirred at 0 °C for
2 h. Then saturated sodium bicarbonate was added till no bubbles left. The organic phase
was separated and the aqueous phase was extracted with toluene twice. The combined

organic phase was dried over anhydrous sodium sulfate, (Note: this solution should never
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be concentrated.) and used directly for the next step without further purification.
Galactosamine hydrochloride (1) (5 g, 23.2 mmol, 1 eq) was dissolved in water
(30 mL), and potassium carbonate (4.8 g, 3.8 mmol, 1.5 eq), copper sulfate pentahydrate
(57.9 mg, 0.232 mmol, 0.01 eq) and MeOH (50 mL) were added. Then the triflic azide
solution from last step was added followed by addition of more MeOH until
homogeneity. The mixture was allowed to stir at RT overnight, and the color changes
from blue to green. Evaporate and coevaporate with toluene several times until almost
dryness. Then pyridine (Py) (25 mL, 302 mmol, 13 eq) was added and the reaction was
cooled to 0 °C followed by addition of acetic anhydride (Ac,0) (50 mL, 464 mmol, 20
eq) slowly and 4-dimethylaminopyridine (DMAP) (0.718 g, 5.8 mmol, 0.25 eq). The
reaction was allowed to warm to RT slowly and continued to stir at RT for 3~5 days.
Upon completion, excess acetic anhydride was quenched by slow addition of MeOH.
Then the mixture was concentrated under vacuum, diluted with DCM and washed with
IM HCI, NaxCOs and H20. The organic phase was then dried over anhydrous Na>SOq,
filtered and concentrated. After purified by column chromatography (Hex:EtOAc, 1:1),
compound 3 was obtained as a white foam in an overall yield of 70%. Comparison with

literature data®’ confirms its identity.

Compound 4: 3,4,6-tetra-O-acetyl-2-deoxy-2-azido-D-galactopyranose

Compound 3 (5.98 g, 16 mmol) was dissolved in THF (200 mL), and hydrazine
acetate (2.15 g, 24 mmol, 1.5 eq) was added. Upon completion the reaction was diluted
with DCM and washed with water twice. The organic phase was dried, and purified by

column chromatography (Hex:EtOAc, 3:2) to obtain compound 4 as colorless oil in an
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83% yield. Comparison with literature data®® confirms its identity.

Compound 5: O-(3.4,6-tri-O-acetyl-2-azido-2-deoxy-D-galactopyranoside)
trichloroacetimidate

Compound 4 (4.7 g, 4.2 mmol) was dissolved in anhydrous DCM (63 mL), and
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) (0.22mL, 0.42 mmol, 0.1 eq) was added. To
this mixture, trichloroacetonitrile (14 mL, 42 mmol, 10 eq) was added drop wise. The
reaction was stirred at RT for ~2 h. Upon completion, the reaction was concentrated and
purified by fast column chromatography (Hex:EtOAc, 3:2). Compound 5 was obtained as

clear oil in an 88% yield. Comparison with literature data®® confirms its identity.

Compound 7: Fmoc-Ser-OBn

Fmoc protected serine (6) (1 g, 3 mmol) was dissolved in DMSO (6 mL), and
KHCOs3 (0.465 g, 4.5 mmol, 1.5 eq) and tetracthylammonium iodide (TEAI) (0.114 g, 0.3
mmol, 0.1 eq) were added. The reaction was stirred at RT for ~10 min and then benzyl
bromide (BnBr) (1.11 mL, 9 mmol, 3 eq) was added, and the reaction was stirred at RT
overnight. The reaction was quenched by addition of 50 mL of water and was extracted
with DCM three times. The combined organic phase was washed with NaHCO3, Na;S>0;
and brine, dried over anhydrous Na;SO4, and concentrated under vacuum. Then after
purification by column chromatography (Hex:EtOAc, 3:1—Hex: EtOAc, 1:1), compound
7 was obtained as a white solid in a 77% yield. Comparison with literature data®

confirms its identity.
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Compound 8: N-(9-fluorenylmethyloxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-azido-2-deoxy-
a-D-galactopyranosyl)-L-serine benzylester

Compound 5 (5.95 g, 13.1 mmol, 1.5 eq) and compound 7 (3.62 g, 8.73 mmol, 1
eq) were mixed with freshly activated molecular sieves 4A (20.8 g), and dissolved in a
mixture of anhydrous DCM:Et;O (1:1) 240 mL. The reaction was stirred for 1 h, and then
cooled to -30 °C, and trimethylsilyl trifluoromethanesulfonate (TMSOTY) (0.32 mL, 1.78
mmol, 0.205 eq) was added drop wise. The reaction was kept stirring at -30 °C for ~2 h.
Upon completion, DIPEA was added to neutralize the pH. The reaction was diluted with
DCM and washed with 0.1 M HCI and water and then dried, filtered and concentrated.
Compound 8 was obtained in a 5:1 o/f mixture with an overall yield of 61% after using
column chromatography (Hex:EtOAc, 3:1). Comparison with literature data®® confirms

its identity.

Compound 9: N-(9-fluorenylmethyloxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-
deoxy-a-D-galactopyranosyl)-L-serine benzylester

Compound 8a (2.36 g, 3.2 mmol, 1 eq), zinc dust (1 g, 64.7 mmol, 20 eq), acetic
acid (1.85 mL, 32.4 mmol, 10 eq) and acetic anhydride (3.05 mL, 32.4 mmol, 10 eq)
were added to THF (25 mL). The reaction mixture was stirred at RT overnight. Upon
completion, the reaction was filtered through celite, and extracted with DCM and
saturated NaHCOs. The organic phase was dried, filtered and concentrated. The crude
product was purified by column chromatography (Hex:EtOAc, 1:2) to obtain compound 9

with a 52% yield. Comparison with literature data** confirms its identity.
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Compound 10: N-(9-fluorenylmethyloxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-
deoxy-a-D-galactopyranosyl)-L-serine

Compound 9 (0.864 g, 1.15 mmol, 1 eq) was dissolved in MeOH (54 mL) and the
reaction flask was evacuated and flushed with nitrogen gas. Then palladium on activated
carbon (0.09 g) was added followed by drop wise addition of acetic acid until the pH was
~3-4. The reaction was stirred under a hydrogen atmosphere for ~1 h. Upon completion,
the reaction was filtered through celite, concentrated and purified by column

chromatography (MeOH:DCM, 1:30—MeOH:DCM:AcOH, 5:94.5:0.5). Compound 10

was obtained as white foam with a 58% yield. Comparison with literature data** confirms

its identity.

Compound 11: N-(9-fluorenylmethyloxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-
deoxy-a-D-galactopyranosyl)-L-serine ethanolamide

Compound 10 (0.551 g, 0.85 mmol, 1 eq), benzotriazole-1-yl-oxy-tris-
(dimethylamino)-phosphonium hexafluorophosphate (BOP) (0.744 g, 1.68 mmol, 2 eq)
and DIPEA (0.28 mL, 1.71 mmol, 2 eq) were dissolved in a 42 mL mixture of THF:DCM
(1:1), and stirred at RT for 1 h. Then ethanolamine (0.26 mL, 4.23 mmol, 5 eq) was added
drop wise and the reaction was stirred for another 5 h. Once complete, the reaction was
diluted with DCM and extracted with saturated ammonium chloride twice. The organic
phase was dried, filtered and concentrated. Column chromatography (DCM:MeOH,
19:1-DCM:MeOH, 9:1) was used to obtain compound 11 as a white solid in a 60%

yield. Comparison with literature data** confirms its identity.
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Compound 12: O-(2-Acetamido-2-deoxy-a-D-galactopyranosyl)-L-serine ethanolamide
Compound 11 (207 mg, 0.3 mmol, 1 eq) was dissolved in a 7N ammonia in
MeOH solution (10 mL) and the reaction was stitred at 0 °C for 6 h and allowed to warm
to RT overnight. The reaction was concentrated to almost dryness and was purified by
column chromatography (DCM:MeOH, 4:1 -DCM:MeOH:NH4OH, 4:4:1). Compound
12 was obtained as a white solid with a 50% yield. Comparison with literature data®*

confirms its identity.

Compound 14: 6-azido-hexanoic acid

Sodium azide (6.5 g, 100 mmol) was dissolved in water (22 mL) and DCM (44
mL) was added. The mixture was cooled to 0 °C, and triflic anhydride (Tf0) (3.32 mL,
20 mmol, 2 eq) was added drop wise followed by stirring at 0 °C for 2 h. The aqueous
phase was extracted twice with DCM and the combined organic phase was washed with
saturated NaHCOs3 and dried over anhydrous Na>SO4. This solution was used for the next
step without any further purification.

6-Amino caproic acid (13) (1.31 g, 10 mmol) was dissolved in MeOH (26 mL),
K2CO3 (2.76 g, 20 mmol, 2 eq) and copper sulfate pentahydrate (0.025 g, 0.1 mmol, 0.01
eq) dissolved in water (10 mL) were added to the mixture. Then triflic azide solution
from last step was added followed by addition of MeOH until homogeneity, and the
reaction was stirred at RT overnight. The organic solvents were then evaporated under
vacuum and the residue diluted with water and washed with DCM. 10% HCI was added
to the aqueous phase to get a pH ~2 and EtOAc was used to extract several times. The

combined organic phase was dried, filtered and concentrated followed by column
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chromatography. Compound 14 was obtained as colorless oil with an 85% yield.

Comparison with literature data’® confirms its identity.

Compound 15: 6-(azido)hexanoate-O-(2-acetamido-2-deoxy-alpha-D-galactopyranosyl)-
L-serine ethanolamide

Compound 12 (31.2 mg, 0.0887 mmol, 1 eq), compound 14 (19.5 mg, 0.124
mmol, 1.4 eq), benotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium
hexafluorophosphate (BOP) (47.7 mg, 0.108 mmol, 1.22 eq), hydroxybenzotriazole
(HOBt) (15.0 mg, 0.111 mmol, 1.24 eq) and DIPEA (30 uL, 0.177 mmol, 1.97 eq) were
dissolved in N-methyl-2-pyrrolidone (NMP). The reaction was stirred at RT overnight.
Once complete, a large excess of ice-cold ether was added to precipitate out the product.
After vacuum filtration and column chromatography (DCM:MeOH:NH4OH, 12:5:1), the
product was dissolved in water and lyophilized. Compound 15 was obtained as a white
solid with a 32% yield. 'H NMR (500 MHz, D,0): § =4.79 (d, 1H,H-1, J = 4.0 Hz), 4.48
(t, 1H, H-8, J = 5.5 Hz), 4.05 (dd, 1H, H-2, J= 3.5, 11.0 Hz), 3.86 (d, 1H, H-5, J= 3.0
Hz), 3.82-3.74 (m, 3H, H-7, H-3, H-4), 3.69 (dd, 1H, H’-7, J = 5.5, 10.5 Hz), 3.64-3.62
(m, 2H, 2H-6, H’-6), 3.54-3.51 (m, 2H, 2H-3"), 3.25-3.19 (m, 4H, 2H-2”, 2H-6"), 2.25 (t,
2H, 2H-2’, J = 6.5 Hz), 1.92 (s, 1H, 3H-10), 1.55-1.57 (m, 4H, 2H-3’, 2H-5"), 1.30-1.24
ppm (m, 2H, 2H-4"); 13C NMR (600 MHz, D,0): § = 176.8 (C-1°), 174.1 (C-9), 171.2
(C-17), 97.4(C-1), 71.0 (C-4), 68.1 (C-5), 67.3 (C-3), 66.9 (C-7), 60.7 (C-6), 59.4 (C-3"),
53.4 (C-8), 50.5 (C-6), 49.4 (C-2), 41.2 (C-27), 34.9 (C-2°), 27.3 (C-5"), 25.1 (C-4),
24.4 (C-4’), 21.6 ppm (C-3’); high resolution mass spectrometry (HRMS): m/z calculated

for C19H35N6Oo: 491.2466; found: 491.2460 [M+H]".
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2.4.3: Synthesis of block copolymer

Monomer 21 was prepared following a literature procedure.” All solutions used
for polymer synthesis were treated with three freeze-pump-thaw cycles and the reaction
was performed under nitrogen atmosphere. A solution of 4-(4-aminophenyl) butyric acid
(17.9 mg, 0.1 mmol), sodium nitrite (8.3 mg, 0.12 mmol), and a 50% aqueous fluoroboric
acid solution (18.7 uL, 0.15 mmol) in a 1:1 mixture of H,O and THF (2 mL total) was
cooled to 0 °C for 30 minutes. At this time, sodium cyanate (6.5 mg, 0.1 mmol),
monomer N-(2-aminoethyl)methacrylamide hydrochloride (984.4 mg, 6 mmol) and
acrylamide (213.2 mg, 3 mmol) dissolved in water (2 mL) were added. The reaction
mixture was heated to 50 °C for 40 hours. A small aliquot of the mixture was removed
and polymer 20 was purified and characterized. To the remaining mixture, monomer 21
(797 mg, 4 mmol) and acrylamide (213 mg, 3 mmol) were added and reaction was
allowed to proceed at 50 °C for another 40 h. The copolymer was dialyzed against water
and then lyophilized. *H-NMR: & 0.75-1.10 (br m, CH3 of amine monomer), 1.10-2.25
(br m, aliphatic H, from CH and CH: of polymer backbone), 2.75-3.40 (br m, aliphatic H,
from CH2 on the amine and ester monomer), 3.60 (s, CH3 of ester monomer), 6.75 (br s,
aromatic H), 7.00 (br s, aromatic H).

We normalized our peak integration to the small aromatic peaks at ~6.75 ppm (2
protons) and ~7.00 ppm (2 protons). For copolymer 20, the amount of amine monomer
per chain was calculated by the integration of the broad peak at ~1.0 ppm, which
corresponds to methyl group on the amine monomer 19. This matches the integration of
the broad peak at ~3.25 ppm and ~3.00 ppm, which correspond to CH> on the amine

monomer 19. The broad peak at ~1.50 ppm is responsible for CH in the polymer
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backbone (from acrylamide) and CHz in the polymer backbone (from both arylamide and
monomer 19). Subtracting the number of CH2 protons on amine monomer 19 from the
integration of this peak and then dividing by 3 gives the number of acrylamide monomer
per chain. For copolymer 22, the number of ester monomer per chain was determined
from integration of the peak at ~3.60 ppm, which corresponds to the methyl group on the
ester monomer. And the number of acrylamide was calculated in the same way as
mentioned above.

Copolymer 22 was reacted with a large excess of phenylacetic acid (8 eq) to
obtain the derivatized polymer which was soluble in DMF for GPC analysis. The Mn of
polymer 22 was calculated by subtracting the molecular weight of the modified group
from the Mn got for the derivatized polymer. We assumed all the amine groups have been
derivatized so the PDI value would stay the same.

2.4.4: Synthesis of peptidic glycopolymer

To a solution of copolymer 22 (12.6 mg) and DIPEA (16.6 pL, 0.095 mmol) in
anhydrous DMF (1 mL) was added Tn-NHS ester 23 (53 mg, 0.072 mmol)®° at RT. The
reaction mixture was stirred at RT for 2 days. The glycopolymer 24 obtained was
dialyzed against water and lyophilized. *H-NMR: & 0.75-1.10 (br m, CHs of amine
monomer), 1.50 (br s, aliphatic H from Tn linker), 1.90 (s, CHs from Tn), 1.10-2.25 (br
m, aliphatic H, from CH and CH> of polymer backbone and Tn linker), 2.10-2.30 (br m,
aliphatic H from Tn linker), 2.75-3.40 (br m, aliphatic H, from CH2 on the amine and
ester monomer and Tn linker), 3.50-3.85 (br m, H from Tn), 4.50 (s, H from Tn), 4.05 (br

m, H from Tn), 4.75 (s, anomeric H from Tn).

90



To a solution of glycopolymer 24 (14.9 mg) in water (1 mL), 0.1 M LiOH
solution was added till pH~11. The mixture was stirred overnight followed by
neutralization with hydrochloric acid to pH ~ 7. After dialysis and lyophilization, the
residue was dissolved in anhydrous DMF (1 mL), to which DIPEA (3.8 uL, 0.022 mmol),
N,N,N’,N'-tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) (1 mg,
0.003 mmol) and S-(2-pyridylthio)cysteamine hydrochloride (1.2 mg, 0.005 mmol) were
added. Stirring was continued for 2 days, and the resulting solution was dialyzed against
water and lyophilized to obtain polymer 26. *H-NMR: 0.75-1.10 (br m, CH3 of amine
monomer), 1.50 (br s, aliphatic H from Tn linker), 1.90 (s, CHs from Tn), 1.10-2.25 (br
m, aliphatic H, from CH and CH> of polymer backbone and Tn linker), 2.10-2.30 (br m,
aliphatic H from Tn linker), 2.75-3.40 (br m, aliphatic H, from CH2 on the amine and
ester monomer and Tn linker), 3.50-3.85 (br m, H from Tn), 4.50 (s, H from Tn), 4.05 (br
m, H from Tn), 4.75 (s, anomeric H from Tn), 7.25 (br s, aromatic H), 7.75 (br m,
aromatic H), 8.25 (br s, aromatic H).

Polymer 26 (7.3 mg) and PV peptide 27 (7.4 mg, 0.004 mmol) were dissolved in
water and 1M NaOH solution was added until pH~9. After incubation for 2 days, the
solution was dialyzed against water and lyophilized to obtain peptidic glycopolymer 28.
In order to quantify the average amount of PV peptide per polymer, a calibration curve
was constructed using known amounts of PV peptide by integrating the respective UV
traces on reverse phase HPLC chromatograms. The peptidic glycopolymer 28 was treated
with tris(2-carboxyethyl)phosphine hydrochloride (TCEP) to cleave the PV peptide from
28. After centrifuge filtration (3,000 MWCO) to remove TCEP, the 10,000 MWCO

centrifugal filter was used to collect the solution containing the PV peptide. The amount
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of PV peptide coupled to peptidic glycopolymer 28 was determined through HPLC

analysis by comparison with the calibration curve.

2.4.5: Synthesis of the control polymer

DIPEA (38.4 uL, 0.22 mmol), TSTU (33 mg, 0.11 mmol) and methoxyacetic acid
(8.5 uL, 0.11 mmol) were added to copolymer 22 (14.6 mg) in anhydrous DMF (1 mL)
solution. Further modification and PV peptide conjugation were performed following

similar procedures as synthesis of polymer 28.

2.4.6: Mouse immunization

Pathogen-free female mice age 6—10 weeks were obtained from Charles River
and maintained in the University Laboratory Animal Resources facility of Michigan State
University. All animal care procedures and experimental protocols have been approved
by the Institutional Animal Care and Use Committee (IACUC) of Michigan State
University. Groups of five mice were injected subcutaneously on day 0 with 0.1 mL of
the polymer as emulsions in complete Freund’s adjuvant (Fisher), according to the
manufacturer’s instructions. Boosters were given subcutaneously on days 14 and 28 with
the glycopolymer as emulsions in incomplete Freund’s adjuvant (0.1 mL). Serum

samples were collected on days 0 (before immunization), 35, and 89.
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2.4.7: ELISA assays

A 96-well microtiter plate was coated with a solution of bovine serum albumin-Tn
conjugate (BSA—Tn)® in PBS buffer (10 pg mL™?) and then incubated at 4 °C overnight.
The plate was washed four times with PBS/0.5% Tween-20 (PBST), followed by the
addition of 1% (w/v) BSA in PBS to each well and incubation at RT for one hour. The
plate was washed again with PBST and mice sera were added in 0.1% (w/v) BSA/PBS.
The plate was incubated for two hours at 37 °C and washed. A 1:2000 dilution of
horseradish peroxidase (HRP)-conjugated goat antimouse IgG (Jackson ImmunoResearch
Laboratory) in 0.1% BSA/PBS was added to each well. The plate was incubated for one
hour at 37 °C, washed and a solution of 3,3,5',5'-tetramethylbenzidine (TMB) was added.
Color was allowed to develop for 15 min, and then a solution of 0.5 M H2SO4 was added
to quench the reaction. The optical density was then measured at 450 nm. The titer was
determined by regression analysis with logio dilution plotted with optical density. The
titer was calculated as the highest dilution that gave three times the absorbance of normal
mouse sera diluted at 1:1600 (about 0.1 for all sera). The antibody titers against the
polymer backbone were determined by ELISA against polymer 7 immobilized on ELISA
plates.

2.4.8: Fluorescence-activated cell sorting (FACS)

Human lymphoma Jurkat cells (kindly provided by Profs. Barbara Kaplan and
Norbert Kaminski, Michigan State University) were cultured in Roswell Park Memorial
Institute medium (RPMI) 1640 supplemented with 10% FBS, 2 mM L-glutamine, 1 mM
sodium pyruvate, minimal essential medium nonessential amino acid, 100 units/mL each

of penicillin G and streptomycin (all from Invitrogen). Mouse sera collected on day 89
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were diluted 2-fold and incubated with 10° Jurkat cells for 30 minutes at 4 °C. The cells
were washed twice with FACS buffer (1% BSA + 0.1% NaN3/PBS) and incubated with a
1:100 diluted goat anti-mouse IgG labeled with fluorescein isothiocyanate (FITC)
(Jackson ImmunoResearch Laboratory, catalog #115-095-164) for 30 min at 4 °C. The
cells were washed again twice with FACS buffer and re-suspended in FACS buffer. Data

analysis was done with LSR Il (BD Biosciences).
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Figure 2.5: HPLC-UV spectrum of 10 ug PV peptide. Peak appears at ~24 min.
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Figure 2.6: GPC of the phenyl acetic acid derivative of copolymer 22 (eluent: DMF).
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Figure 2.7: 500 MHz (D-0), '"H NMR of 15.
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Figure 2.8: 600 MHz (D20), '3C NMR of 15.
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Figure 2.9: 600 MHz (D20), '3C NMR of 15.
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Figure 2.10: 500 MHz (D,0), '"H NMR of copolymer 20.
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Figure 2.11: 500 MHz (D>0), '"H NMR of copolymer 22.
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Figure 2.12: 500 MHz (D,0), 'H NMR of glycopolymer 24.
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Figure 2.13: 500 MHz (D,0), 'H NMR of glycopolymer 26.
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Figure 2.14: 500 MHz (D,0), '"H NMR of peptidic glycopolymer 28.
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CHAPTER 3: Valency and density matter: deciphering impacts of immunogen
structures on immune responses against a tumor associated carbohydrate antigen
using synthetic glycopolymers

3.1: Introduction

TACAs such as glycolipids and glycoproteins are over-expressed on a wide range of
cancers.}* Clinical studies have shown that patients with higher levels of naturally
generated anti-TACA antibodies are associated with better prognosis.>® Moreover, a
monoclonal antibody targeting the glycan structure of ganglioside GD2 has been approved
by Food and Drug Administration (FDA) as a first line therapy for pediatric patients with
high-risk neuroblastoma validating TACAs as targets for vaccine development.®!! With the
increasing appreciation of roles of TACAs, intensive efforts have been dedicated towards
TACA based vaccine design.'* To facilitate these efforts, a better understanding of how
structures of TACA constructs influence antibody generation is much needed.

TACA:s elicit humoral responses characteristic of T cell independent (TI) antigens, '
which primarily bind to antibody secreting B cells through BCRs. BCRs initiate signaling
across the cell membrane leading to either B cell activation or tolerance.'’> Antigen
requirements for B cell activation and differentiation are complex.'>!*1® Some monovalent
antigens such as an ovalbumin peptide and hen egg lysozyme have been shown to be able to
activate B cells.!”!” For other antigens, multivalent constructs are needed to crosslink
multiple BCRs with the number of antigens per construct (valency) needed varying
significantly. Using nitro-iodophenol (NIP) as the hapten and polypeptide as the carrier, the
Schamel group showed that constructs containing two to three NIPs per peptide could
activate NIP specific B cells.?’ The spacing between the antigen (density) was not critical as
dimers with NIP on adjacent amino acid residues activated B cells as well as a dimer

containing NIPs separated by 24 amino acids. In contrast, Dintzis and coworkers showed
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with fluorescein or dinitrophenyl haptens, the constructs must exceed molecular mass of
100 kDa and 20 haptens per chain for induction of antibody secretion.?!>* Above these
threshold values, higher valency (126 antigens per chain) led to continual increase of B cell
responses.’! Using dinitrophenyl bearing ring-opening metathesis polymers, the Kiessling
group showed that low valency polymer (10 mer) could activate B cells, although the high
valency (500 mer) construct was much more effective in antibody induction.?*
These meticulous studies suggest the valency needed for B cell activation and antibody
production is highly antigen dependent.

Compared to foreign TI antigens such as NIP and dinitrophenyl, the generation of
TACA-specific antibody responses poses additional challenges. As they are self-antigens,
most high affinity TACA specific B cells undergo cell death during conventional B cell
development,? resulting in limited frequency and functionality of these cells. Therefore, it
is desirable to increase TACA specific B cell numbers and titers of anti-TACA antibodies
through interactions with vaccine constructs.

Herein, to better understand how structures of TACA constructs impact B cell
functions, we prepared a set of systematically varied synthetic glycopolymers. The antigen
valency and density of the constructs were found to significantly influence antibody
generation. Decoding the key parameters eliciting TACA specific B cell activation vs non-
responsiveness can have important implications for the establishment of effective TACA

based anti-cancer vaccines.
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3.2: Results and discussion
3.2.1: Design, synthesis and characterization of glycopolymers

Our studies commenced from the synthesis of glycopolymers bearing the TACA Tn
antigen, which has been found over-expressed on breast and prostate cancer cells and is an
attractive target for vaccine development.?®?’ To probe the size requirement of vaccine
constructs, PAAs with various molecular weights were prepared. PAA 4 was synthesized via
CMFRP (Scheme 3.1a).2® The polymerization was initiated by the treatment of p-nitro
aniline 1 with sodium nitrite and fluoroboric acid, which was followed by the addition of a
mixture of sodium cyanate and acrylic acid 3 and heating at 70 °C. GPC analysis showed

that polymer 4 has a Mn of 13 kDa with a PDI of 1.22.
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Scheme 3.1: Synthesis of glycopolymers.

To obtain longer polymer chains, ATRP was utilized. To a mixture of the initiator

methyl 2-bromopropionate 6 and monomer ‘butyl acrylate 7 were added the catalysts CuBr,
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CuBr; and ligand N,N,N’,N’,N ”-pentamethyldiethylenetriamine (PMDETA).?° The reaction
mixture was stirred at 60 °C until the polymerization was complete. After purification
through silica gel chromatography and selective precipitation, the polymer was treated with
trifluoroacetic acid (TFA) to cleave the 'butyl esters producing polymer 8 in 85% overall
yield with an average molecular weight of 46 kDa (PDI: 1.57) (Scheme 3.1b). To obtain
longer polymers, high molecular weight PAA was carefully fractionated by size exclusion
chromatography (SEC) leading to polymers with average molecular weights of 100 kDa
(PDI: 1.62), 250 kDa (PDI: 1.64) and 450 kDa (PDI: 1.64).

To produce the glycopolymers, the amine bearing Tn antigen 5°° was covalently
linked with polymer 4 through amide bonds as promoted by TSTU and DIPEA (Scheme
3.1a). Glycan analysis showed that this glycopolymer contained on average 4 Tn molecules
per chain (designated as 13k-4) (Table 3.1). In a similar manner, Tn was introduced into
other polymer backbones. By varying the amounts of Tn utilized in the amidation reactions,
the number of Tn per polymer chain was controlled leading to a set of glycopolymers
(Table 3.1). Polymers 450k-4, 450k-6, 450k-10, 450k-40, 450k-60, 450k-80 and 450k-115
have 450 kDa backbones bearing 4, 6, 10, 40, 60, 80 and 115 Tn respectively. Polymers
46k-40, 100k-40 and 250k-40 all contain an average 40 Tn per chain with backbone
molecular weights of 46, 100 and 250 kDa. It was difficult to introduce 40 copies of Tn per
chain into the 13 kDa polymer presumably due to steric hindrance. Glycopolymers 13k-10
and 100k-10 were also synthesized using the 13 kDa and 100 kDa polymers respectively.
The polymer and glycopolymer were biocompatible with little toxicities to cells as

determined by cell viability assays (Figure 3.5).

117



Abbreviation Backbone MW | Average number
(kDa) of Tn per chain
13k 3 ;
13k-4 3 ,
13k-10 3 .
46k 46 .
46k-40 46 "
100k 100 0
100k-10 100 0
100k-40 100 m
250k 250 ;
250k-40 250 40
450k 450 0
450k-4 450 4
450k-6 450 .
450k-10 450 0
450k-40 450 20
450k-60 450 p”
450k-80 450 "
450k-115 450 s

Table 3.1: Polymers and glycopolymers synthesized for the current study.
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3.2.2: Tn specific B cell detection by enzyme-linked immunospot assay (ELISPOT)
and flow cytometry

With the glycopolymers in hand, their abilities to elicit anti-Tn antibodies were first
evaluated in vitro. The various glycopolymers as well as control polymers lacking the Tn
antigen were incubated individually with naive B cells freshly isolated from mouse spleens
at several different concentrations for four days. If the binding of glycopolymers activated
the B cells, the anti-Tn B cells would proliferate and/or differentiate to produce Tn-specific
antibodies. The increase in the number of Tn specific antibody-secreting B cells (ASC)
could be detected through an ELISPOT assay using ELISPOT plates coated with a BSA-Tn
conjugate.’!

Within the series of glycopolymers with 450kDa backbone, an interesting
dependence of the number of Tn specific ASCs generated on antigen valency was observed
(Figure 3.1). The 450k-4 and 450k-6 glycopolymers were inactive (Figures 3.1a,b) with
450k-10 being the one with the lowest copies of Tn per chain inducing significant antibody
production (Figure 3.1¢). With 450k-10, a bell-shaped dose dependent response was
detected. The number of Tn specific ASCs increased with the dose of the antigen until a
maximum of 56 cells per well was observed at 2.1 uM of Tn, which was followed by a
decrease at higher dose of Tn. In comparison, wells containing cells treated with the control
polymer at all concentrations gave no more than 2 positive spots. This suggested that the

PAA polymer itself did not non-specifically stimulate antibody production.
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Figure 3.1: ELISPOT results of anti-Tn B cells treated with the following glycopolymers
with 450kDa backbones: a) 450k-4; b) 450k-6; c) 450k-10; d) 450k-40; e) 450k-60; f)
450k-80; and g) 450k-115.

Increasing the number of Tn per 450k polymer chain from 10 to 40 led to significant
enhancement of the number of spots in ELISPOT. The highest number in ASC (109 per
well) was observed with 450k-40 polymer at 8.4 uM of Tn (Figure 3.1d), which contained
the same number of polymer chain as 450k-10 glycopolymer at Tn concentration of 2.1 pM.
Further increases of the valency to 60 or above led to declines in the number of antibody
secreting B cells with 450k-115 giving few Tn positive spots (< 3) (Figures 3.1e-g).

The percentages of Tn specific cells in the B cell pool were quantified using flow
cytometry. Following incubation with various glycopolymers, B cells were labeled with a
BSA-Tn conjugate bearing Alexa Fluor 647. Consistent with ELISPOT results, B cells
incubated with the 450k-40 glycopolymer at 8.4 uM Tn concentration gave the highest

percentage of Tn specific cells, suggesting proliferation had occurred (Table 3.2. For
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statistical analysis results, see Figure 3.2). The flow cytometry results correlated well with
the trend observed in ELISPOT, which confirms that for high B cell proliferation and ASC

differentiation, it is desirable to have valency of the glycopolymers around 40.

Percentage of Tn-
Tn concentration
Polymer M) specific B cells by ELISPOT count
1)
flow cytometry
450k 0 1.0 1
450k-6 2.1 1.2 2
1.05 3.2 30
450k-10
2.1 3.8 56
6.3 4.4 71
450k-40
8.4 54 109
450k-60 8.4 2.6 15
450k-80 4.2 1.6 7
450k-115 6.3 1.3 1

Table 3.2: Summary of ELISPOT and flow cytometry results of 450kDa glycopolymer
treated spleen cells. Flow cytometry data are the average of a minimum of three
independent experiments (n23). The statistical analysis results are presented in Figure
3.2.
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Figure 3.2: Percentage of Tn-specific splenic B cells upon incubation with 450k, 450k-6
(Tn 2.1 uM), 450k-10 (Tn 1.05 puM, 2.1 uM), 450k-40 (Tn 6.3 pM, 8.4 uM), 450k-60 (Tn
8.4 uM), 450k-80 (Tn 4.2 uM), 450k-115 (Tn 6.3 pM) as determined by FACS analysis.
Statistical analysis was performed using Student’s t test. *** p =0.0002 450k-10 Tn 1.05
UM vs. 450k; **** p < (0.0001 450k-10 Tn 1.05 uM, 450k-10 Tn 2.1 uM, 450k-40 Tn 6.3
uM, 450k-40 Tn 8.4 uM vs. 450k; ** p < 0.005 450k-60, 450k-80 vs. 450k.

To better understand the origin of differential antibody induction by the
glycopolymers, the hydrodynamic radii and zeta potential of the glycopolymers were
measured. As shown in Table 3.3a, the 450k polymer as well as all glycopolymers bearing
the 450 kDa backbone had similar hydrodynamic diameters (~ 34 nm) and zeta potential (~
-2.5 mV) in cell culture media. Furthermore, the glycopolymers with various valency were
all readily soluble in water. Similar hydrodynamic diameters of the glycopolymers were
observed at multiple concentrations (Table 3.3b). This can be explained as the 450 kDa
polymer on average contained over 6,000 carboxylic acid moieties, derivatization of a small
percentage (<2%) of those with water soluble Tn antigen did not drastically alter the

glycopolymers’ physical properties such as surface charge, size and aqueous solubility.

Thus, changes of the abilities to generate antibody responses by various 450k
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glycopolymers could most likely be attributed to the inherent requirements of Tn-BCR

interactions.
a
Polymer Hydrodynamic Zeta potential
diameter (nm) (mV)
450k 34 2.9
450k-10 34 2.5
450k-40 33 2.6
450k-60 32 -2.3
450k-80 35 -2.3
450k-115 31 -2.2
b
Tn concentration Hydrodynamic diameter (nm)
(M) 450k-80 450k-115
16.8 35 31
8.4 35 32
4.2 34 32

Table 3.3: a) Summary of hydrodynamic diameters and zeta potential of glycopolymers
bearing 450kDa backbones in cell culture media as measured by dynamic light scattering
(DLS). b) Hydrodynamic diameters of 450k-80 and 450k-115 glycopolymers at various
concentrations. These similar hydrodynamic diameter and zeta potential values suggested
that these glycopolymers had similar physical properties and there were no aggregations
under the experimental conditions.
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The antibody generation abilities of 450k glycopolymers decreased with valency
higher than 40. It is known that hypercrosslinking of BCRs can result in B cell tolerance
and apoptosis.>?* To test this possibility, the percentages of apoptotic splenic Tn-specific
B cells following incubation with 450k-40, 450k-80 and 450k-115 respectively were
analyzed. There were significantly higher proportions of cells undergoing apoptosis
following incubations with 450k-80 and 450k-115 glycopolymers compared to those with
the 450k-40 glycopolymer (Figure 3.3a). In comparison, the percentages of apoptotic
cells in overall B cell pool were similar upon treatments of the three glycopolymers
(Figure 3.3b). Therefore, the super high valency of glycopolymers leads to BCR
hypercrosslinking resulting in selective apoptosis of Tn specific B cells. This trend is in
contrast to polymers bearing dinitrophenyl haptens, where high valency polymers (100-
500 mer) have equal or higher activities in B cell activation.?!** This dichotomy is

possibly due to the different antigen structures.
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Figure 3.3: a) Percentages of Tn specific apoptotic B cells upon incubation with 450k-
40, 450k-80 or 450k-115 glycopolymers. The percentages were calculated by dividing the
numbers of Tn-specific apoptotic B cells by the total number of Tn specific B cells as
determined by flow cytometry. Statistical analysis was performed using Student’s t test
with p values obtained by comparing with cells incubated with the 450k-40
glycopolymer. Glycopolymers with valency higher than 40 induced more apoptosis of Tn
specific B cells. b) Percentages of apoptotic cells in the overall B cell pools upon
incubation with 450k-40, 450k-80 or 450k-115 glycopolymers showing no significant
differences in overall B cell apoptosis. This suggests the apoptosis induction by higher
valency glycopolymers was specific to Tn.

With the ability of 450k-40 glycopolymer to elicit B cell activation established, we
examined the effects of antigen density of glycopolymer on cellular activation. The role of
antigen density has been investigated using scaffolds such as proteins or virus like particles
by varying the average number of epitopes attached.**>> The prior approaches, however,
simultaneously alter antigen valency, which complicates analysis. The polymer platform
enables us to probe the density effect while maintaining the same valency. The abilities of
glycopolymers 450k-40, 250k-40, 100k-40 and 46k-40 to activate B cells were compared.
As the molecular weight of the glycopolymer backbone decreased, the number of Tn
specific ASCs also decreased as determined by ELISPOT (Figures 3.1d and 3.4a-c). While

46k-40 could induce anti-Tn antibodies (Figure 3.4¢), the highest average number of ASCs
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per ELISPOT well was ~20% of those induced by the 450k-40 glycopolymer.

With the lower molecular weight polymers such as 46k-40, the Tn would be more
densely packed with smaller inter-residue distances as compared to 450k-40. In a
completely extended conformation of the 46k-40 polymer, the average spacing between the
Tn antigen is around 3 nm assuming ideal sp®> hybridization of polymer backbone carbon
atoms and C-C bond length of 0.15 nm. The Y shaped BCR is approximately 10 nm wide.>®
Thus, the Tn molecules in the 46k-40 glycopolymer are presumably too close together for
effective clustering of BCRs for potent B cell activation. A similar conclusion could be
drawn from the comparison of the ELISPOT results from 13k-10 glycopolymer with those
from 100k-10 glycopolymer (Figures 3.4e vs 3.4f). These steric crowding effects have been
observed in study of self-assembled monolayer of glycans where enzymes and lectins

actually bound more weakly to surfaces with higher glycan densities.?”®
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Figure 3.4: ELISPOT of B cells incubated with a) 250k-40, b) 100k-40, c) 46k-40; d)
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13k-4; e) 13k-10; and f) 100k-10 at varying Tn concentrations.

Besides antigen density, valency is also crucial in B cell activation and antibody
induction. The 100k-40 and 13k-4 glycopolymers have similar Tn spacing. Yet the longer
100k-40 polymer was able to activate B cells with medium activities, while cells incubated
with the 13k-4 glycopolymer did not produce antibodies at all (Figures 3.4b vs 3.4d). This
indicates despite the suitable Tn density in 13k-4, its valency may be too low and
presumably could not cluster sufficient number of BCRs to activate B cells for antibody
production. The 100k-10 polymer, which elicited ASCs, has similar Tn density as 450k-40
(Figures 3.4f vs 3.1d). Coupled with the observations that 450k-10 glycopolymer but not
450k-4 and 450k-6 could induce antibodies (Figures 3.1a-c), these results suggest the

threshold valency would be more than 6 glycans per chain. The optimum antigen spacing is
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around 24 nm in an extended conformation (calculated based on 100k-10 and 450k-40
polymers).

The glycopolymer representatives 450k and 450k-40 were picked to test their cell
cytotoxicity. After incubation with different concentration of polymers, cell viability was

pretty high indicating little cytotoxicity of the glycopolymers to cells in vitro (Figure 3.5).
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Figure 3.5: Viability of EA.hy 926 cells upon incubation with various concentrations of
450k-40 polymer and 450k polymer (the same polymer concentration as 450k-40) for 48
hours. The cell viability was determined by the CytoTox 96 Non-radioactive cytotoxicity

assay.

3.2.3: Early B cell activation events induced by different glycopolymers

To better understand B cell activation by glycopolymers, confocal microscopy
studies were performed. Splenic B cells were treated with 450k-40, 450k-80 or 450k with
no Tn. Rhodamine-anti-IgM p chain specific F(ab”) and FITC-cholera toxin B subunit were

used to label BCR and GM1 (a marker for lipid microdomains) respectively. Both untreated
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cells and 450k polymer treated cells showed evenly distributed BCRs and GM1 across the
cell surface indicating the lack of BCR clustering (Figure 3.6a,b). In contrast, cells
incubated with 450k-40 and 450k-80 had a polarized distribution of BCR, which
colocalized well with GM1 (Figure 3.6¢,d). This suggests that glycopolymers could induce
aggregation of BCRs, resulting in BCR patches enriched in GMI1 rich lipid
microdomains.?*****! These events contribute to the initial signals for B cell activation. The
reduced responses at high doses of the glycopolymers observed in ELISPOT assay (Figures
3.1c-e) could be explained by the need to cluster multiple BCRs for B cell activation. Too
much glycopolymer could compete for BCR binding and decrease the number of BCRs

clustered in each complex.
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Figure 3.6: Confocal microscopy images of (a) untreated B cells; B cells incubated with
(b) the control polymer 450k; (c) 450k-40 (Tn 8.4 uM); and (d) 450k-80 (Tn 4.2 uM).
BCRs were stained red with rhodamine-anti-IgM p chain specific F (ab’) and GM1 was
stained green with FITC-cholera toxin B subunit. Yellow color in the overlay images
suggests the colocalization of BCR with GM1.

130



Ca®" flux is another early event in B cell activation.'®> The binding of antigens to
BCRs triggers phosphorylation of tyrosine kinases, ultimately resulting in production of the
second messenger 1,4,5-inositol triphosphate (IP3) and the release of Ca** to cytosol from
the endoplasmic reticulum.*>* Subsequent activation of store-operated calcium entry
supports sustained increases of intracellular calcium necessary for optimal B cell activation.
Fluo-4 NW calcium assay was performed to compare the abilities of glycopolymers 450k-
40 and the control polymer 450k to elicit calcium flux to the cytosol. Incubation with the
control polymer was not able to induce much Ca®" response while strong Ca®" flux was
observed in cells incubated with 450k-40 (Figure 3.7). When B cells were incubated with
450k-40 for 30 hours and subsequently stimulated again with the same glycopolymer, a
more pronounced Ca®" flux was observed suggesting prior exposure of B cells to the

glycopolymers could lead to stronger activation of the cells.
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Figure 3.7: Calcium flux of no cells; naive B cells incubated with 450k polymer; naive B
cells incubated with 450k-40 glycopolymer, and B cells pre-activated with 450k-40 (Tn
8.4 uM) glycopolymer incubated subsequently with 450k-40 as detected by the fluo-4
NW dye.

CD69 is known as an activation inducer molecule,** whose expression is an
indicator of leukocyte activation.*> CD86 is another cell surface marker for activated B cells
that play important signaling roles.* Naive mouse B cells were treated with either control
polymer or 450k-40 and the levels of CD69 and CD86 expression were analyzed by flow
cytometry (Figure 3.8). The 450k-40 group showed much enhanced expression of CD69
and CD86 as compared with the control group. The combined results on induction of BCR

aggregation, increase of Ca®" flux and upregulation of CD69/CD86 confirm the abilities of

450k-40 glycopolymer to activate B cells.
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Figure 3.8: Percentages of (a) CD69" or (b) CD86" B cells incubated with either control
polymer 450k or 450k-40 as determined by flow cytometry. Higher percentages of cells

treated with 450k-40 are CD69 and CD86 positive. Statistical analysis was performed
using Student’s t test.

3.2.4: In vivo studies

With B cell activation by 450k-40 glycopolymer established in vitro, abilities of this
glycopolymer to induce antibodies were evaluated in vivo. The kinetics of IgM antibody
generation and optimum dose were investigated first. Mice were immunized with
glycopolymer 450k-40 at 4 pg Tn level and sera were obtained from mice 2, 4 and 8 days
post inoculation. The amounts of anti-Tn IgM antibodies were determined via ELISA with
day 4 sera giving highest average antibody titers (Figure 3.9a). Mice were then inoculated
with 450k-40 at 1, 4 and 7 pg of Tn dose respectively. The highest IgM titers were obtained
at the 4 pug of Tn (Figure 3.9b).

The abilities of 450k polymer and various glycopolymers (all at 4 pg of Tn doses) to
induce anti-Tn antibodies were compared next in vivo. Consistent with in vitro results
(Figure 3.1), 450k-40 was able to generate significantly more anti-Tn IgM antibodies than
all other glycopolymers as well as the control polymer, and the 100k-40 glycopolymer was

more potent than 13k-4 (Figure 3.9c). Spleen cells were harvested from 450k-40
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immunized mice and analyzed by ELISPOT. Higher numbers of ASCs were detected in
immunized mice further confirming the ability of glycopolymer 450k-40 in inducing the

activation of Tn-specific B cells in vivo (Figure 3.9d).
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Figure 3.9: (a) Anti-Tn IgM titers of mice vaccinated with 450k-40 glycopolymer (Tn 4
pg), prior to immunization (day 0), 2, 4 and 8 days post immunization (Statistical
analysis was performed using Student’s t test. ns = nonsignificant; ** p < 0.01). The
average IgM titers were highest at day 4; (b) Anti-Tn IgM titers of mice vaccinated with
450k-40 glycopolymer at doses of 1, 4 and 7 pg of Tn (Statistical analysis was performed
using Student’s t test. ** < 0.01). Blood was collected on day 4 after immunization. 4
pug Tn dose gave the highest average IgM titers; (c) Anti-Tn IgM titers of mice vaccinated
with 450k polymer and various glycopolymers (Tn 4 pg) at day 4 after immunization.
Consistent with in vitro results, 100k-40 and 450k-40 gave the highest average titers
(Statistical analysis was performed using Student’s t test. The p value for 450k-40 vs day
0 is *** p = 0.0002, vs 450k-80 is ** 0.002; The p value for 100k-40 vs 13k-4 is *** p =
0.0002). (d) ELISPOT of spleen cells (8 x 10° cells per well) from non-immunized and
450k-40 immunized mice upon incubation with 450k-40 (Tn 8.4 uM) glycopolymer.
Statistical analysis was performed using Student’s t test (* p = 0.02).
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Figure 3.9 (cont’d)
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3.2.5: B cell tolerance

It is known that ligand binding to B cells can induce either activation or
tolerance.!>*’ While 13k-4 could not activate ASCs (Figures 3.4d and 3.9¢), its impact on
ASC activation and antibody generation by 450k-40 glycopolymer was examined in vitro
and in vivo. Spleen B cells were incubated with 450k-40 polymer at 84 puM Tn
concentration in the presence of vary concentrations of 13k-4 glycopolymers for 4 days and
subjected to ELISPOT assay. 13k-4 at 2.1 uM Tn reduced the number of ASCs by more
than 60% (Figure 3.10a). With increasing concentrations of 13k-4 polymer, the number of
Tn specific ASCs decreased further. In comparison, 13k-4 glycopolymer did not have any
effects on ASC generation against another antigen, wheat germ agglutinin (Figure 3.10b).
This suggests the 13k-4 glycopolymer selectively induced non-responsiveness of Tn
specific B cells. The suppressive effect of 13k-4 was confirmed in vivo. Co-administration
of 13-4 with 450-40 glycopolymer into mice reduced the titers of anti-Tn IgM antibodies at

both 4 and 8 days post immunization despite the increase in total amounts of Tn
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administered (Figure 3.10c¢).
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Figure 3.10: (a) Addition of increasing concentrations of 13k-4 to B cells incubated with
450k-40 glycopolymer (8.4 uM Tn concentration) suppressed the generation of Tn
specific ASCs; (b) Addition of 13k-4 to B cells incubated with wheat germ agglutinin (1
pg/mL) did not have any significant effects on wheat germ agglutinin specific ASCs. (c¢)
Co-administration of 450k-40 (Tn 4 pg) and 13k-4 (Tn 1 pg) to mice significantly
reduced IgM titers compared to mice receiving 450k-40 (Tn 4 pg) only. Blood was
collected on day 4 and day 8 following immunization. Statistical analysis was performed
using Student’s t test (** p <0.01). These results suggest 13k-4 glycopolymer selectively
induced non-responsiveness of Tn specific ASCs.

B cells can become non-responsive and/or tolerant towards an antigen through a

32-33

variety of mechanisms including hypercrosslinking of BCRs, clonal anergy or

deletion,**# 3051 and anti-idiotypic antibodies.’>

suppressive activities of regulatory T cells
53 In the case of 13k-4 glycopolymer, it probably competitively bound with BCRs of Tn
specific B cells and disrupted the formation of multivalent BCR complexes with the 450k-

40 glycopolymer. As Tn is a self-antigen, there are potential concerns that too strong an
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immune response elicited by vaccination could lead to auto-immune complications.
Suitably designed glycopolymers could provide a new tool to modulate activation and

tolerance of Tn specific B cells.

3.3: Conclusions

In summary, while glycopolymers have been applied in immunization studies,>*>’
this is the first time a series of synthetic glycopolymers with defined length and number of
carbohydrate antigen Tn have been utilized to decipher the codes of antigen valency and
density on T cell independent B cell activation. With the 450 kDa polymer, bell shaped ASC
responses were found depending on the number of antigen per chain. The glycopolymer
containing 40 copies of Tn per chain resulted in highest Tn specific ASC proliferation.
When the Tn valency was maintained at 40, increasing the antigen density by shortening the
polymer length led to significant reduction of antibody responses. This suggests over-
crowding of antigens is detrimental to B cell activation. The valency of the polymer is
another critical parameter with a threshold value above 6 to induce Tn specific antibodies.
In addition, our results show that fine-tuning of the glycopolymer structures can also lead to
Tn specific B cell non-responsiveness, which could be an intriguing approach to modulate
anti-glycan immune responses.

The abilities of suitable glycopolymers to activate B cells were confirmed by B cell
activation events including BCR clustering, Ca*" flux into cytoplasm and upregulation of

CD69/CD86 on B cell surface. Furthermore, their in vitro activities were extended in vivo

by inducing Tn specific antibodies in mice. The in vitro B cell assays could be a useful
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approach to triage vaccine constructs prior to the time consuming in vivo studies. The
current study focused on the production of I[gM antibodies, which are generally the first type
of antibodies secreted upon vaccination. The expansion of IgM secreting ASCs as a result of
glycopolymer inoculation could increase the frequency of Tn specific B cells to better prime
the immune system towards IgG responses.

Besides anti-cancer vaccines, glycoconjugate antigens are important in the
development of anti-HIV and anti-bacterium vaccines.’®*® While the current study only
focused on Tn, the principles established here could have implications in guiding the design

of effective glycan based vaccine constructs targeting a variety of important diseases.

3.4: Experimental section
3.4.1: General experimental procedures and methods for synthesis

All reactions were carried out under nitrogen with anhydrous solvents in flame-
dried glassware, unless otherwise noted. Chemicals used were reagent grade as supplied
except where noted. Compounds were visualized by UV light (254 nm) and by staining
with a yellow solution containing Ce(NHa4)2(NOs)s (0.5 g) and (NH4)6M070244H20 (24.0
g) in 6% H2SO4 (500mL). Flash column chromatography was performed on silica gel 60
(230-400 Mesh). NMR spectra were referenced using residual CHCl3 (5 *H-NMR 7.26
ppm), D20 (5 *H-NMR 4.79 ppm). The Mn and PDlIs of the polymers were determined
by GPC at 35 °C using two PLgel 10-um mixed-B columns with DMF as the eluting

solvent.
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3.4.2: Synthesis of glycopolymers

Synthesis of polymer 4. A solution of p-nitro aniline 1 (13.8 mg, 0.1 mmol),
sodium nitrite (8.3 mg, 0.12 mmol), and a 50% aqueous fluoroboric acid solution (18.7
uL, 0.15 mmol) in water was cooled to 0 °C for 30 minutes. At this time, sodium cyanate
(6.5 mg, 0.1 mmol), monomer acrylic acid 3 (2 mL, 0.029 mol) dissolved in water (2 mL)
were added. The reaction mixture was heated to 70 °C overnight. The polymer was
dialyzed against water and then lyophilized (90% yield). *H-NMR: & 1.25-2.00 (br m,
aliphatic H, from CH> of polymer backbone), 2.00-2.50 (br s, aliphatic H, from CH of
polymer backbone), 7.30 (br s, aromatic H), 8.10 (br s, aromatic H). Peak integration was
normalized to the small aromatic peaks at ~7.30 ppm (2 protons) and ~8.10 ppm (2
protons). Based on the integration ratio, there were an average of 180 acrylic acid units
per chain (Mn ~ 12.9 kDa). To analyze the polymer by GPC, polymer 4 was converted to
its methyl ester form by the following process. Polymer 4 (10 mg) was dissolved in
MeOH : toluene (1:1, 1 mL) followed by drop wise addition of TMSCHN2 (0.1 mL).
The reaction mixture was stirred overnight and all the solvent was evaporated. The
methylated polymer 4 was analyzed by GPC, which gave PDI of 1.22. Based on the
molecular weight determined from GPC of the methylated polymer, the Mn of polymer 4
was determined to be 13.4 kDa.

Synthesis of polymer 8. All solutions used for synthesis of polymer 8 were
deoxygenated with three freeze-pump-thaw cycles and the reaction was performed under
nitrogen atmosphere. Monomer ‘butyl acrylate 6 (10 @), initiator methyl 2-
bromopropionate 5 (0.016 mL), catalysts CuBr (0.0201 g) and CuBr. (0.78 mg) and

ligand PMDETA (0.03 mL) in THF (3 mL) were mixed in 500:1:1:0.05:1.05 ratio.
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Catalysts were measured into a dry round bottom flask, and the system was purged of O
by pumping N2 for 20 min. Distilled monomer was added by syringe and needle, and
purged with N2 for 10 min followed by addition of the ligand and the initiator. The
reaction mixture was stirred at 60 °C for 24 h. The reaction was quenched by THF, and
catalysts were removed by silica gel column using THF as solvent. 'Bu protected polymer
8 was purified by precipitating with a CH3OH:H.O (50:50) solution. The purification
process was repeated three times and the final polymer was dried under vacuum. *H-
NMR: 8 1.30-1.80 (br m, aliphatic H from CH2 of polymer backbone and CH(CHj3)3),
2.10-2.25 (br m, aliphatic H, from CH of polymer backbone). 'Bu protected polymer 8
was dissolved in DCM and treated for 4 h with trifluoroacetic acid (TFA) at 3:1 molar
ratio of TFA: monomer. The solid was separated and washed multiple times with diethyl
ether. The hydrolysis was repeated three times. The final product polymer 8 was dried
under vacuum (85% vyield). *H-NMR: § 1.45-1.80 (br m, aliphatic H from CH2 of
polymer backbone), 2.20-2.30 (br s, aliphatic H, from CH of polymer backbone). GPC
analysis gave Mn of 46 kDa with a PDI value of 1.57.

Synthesis of glycopolymer. For 450k-10, polymer 450k (10 mg) was dissolved
in 1 mL anhydrous DMF. Tn-NH2 (0.1 mg, 10 eq), DIPEA (48 uL, 2eq), TSTU (50 mg,
1.2 eq) were added. The reaction mixture was stirred overnight, and the final
glycopolymer was purified by a LH-20 column using water as the solvent. The number of
Tn/chain was determined by anthrone-sulfuric acid assay®' using GalNAc as standards.

All the other glycopolymers were synthesized and characterized in a similar way.
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3.4.3: Cell viability

CytoTox 96 Non-Radioactive Cytotoxicity Assay of Promega (Madison, WI) was
used for cell viability assay. EA.hy 926 cells were incubated with 450k-40 polymers at
Tn concentrations ranging from 0 to 84 uM. 450k polymers were also tested with the
same polymer concentration as the 450k-40. After incubation for 48 h, 50 uL of cell
culture medium from each well was transferred to a fresh 96-well flat clear bottom plate,
followed by addition of 50 uL of the Cyto Tox 96 Reagent to each well. The plate was
incubated for 30 min at room temperature. Next, 50 pL of Stop Solution was added, and
absorbance at 490 nm was measured. Each experiment was performed in triplicate. The
average values of the culture medium background were subtracted from all values of
experimental wells. For maximum lactate dehydrogenase (LDH) release control, 20 puL of
10X Lysis Solution was added 45 min before adding the CytoTox 96 Reagent.

Percentage of survival=[1-OD490(experimental)/ OD490(control)]*100%

3.4.4: Cell isolation and culture

Splenic cells were harvested from C57BL/6 mice. Red blood cells were depleted
by ACK lysing buffer (Life Technologies). Splenic B cells were isolated by negative
selection (Easysep Mouse B cell Isolation Kit, StemCell Technologies) following the
manufacturer’s protocol. Both nucleated splenic cells and isolated B cells were cultured
in RPMI 1640 supplemented with 10% FBS, 10 mM HEPES, 50 uM mercaptoethanol, 2

mM L-glutamine, 100 pg/mL penicillin G and 100 U/mL streptomycin.
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3.4.5: ELISOPT assays

Mouse splenic cells were isolated and serially diluted across the plate, which was
followed by adding the corresponding glycopolymer, control polymer or cell culture
medium and incubated at 37 °C on day 1. On day 4, a 96 well MultiScreen ELISPOT
plate (Millipore) was coated overnight at 4 °C with a solution of bovine serum albumin-
Tn conjugate (BSA—Tn)*° in PBS buffer (10 png mL™) and then incubated at 4 °C
overnight. On day 5, the ELISPOT plate was washed three times with PBST (0.1%) and
blocked with 300 uL/well 5% BSA-PBST at room temperature for 1 hour. The plate was
washed again three times with PBST 0.1% and three times with fresh 1640 culture
medium. The splenic cells were transferred to the ELISPOT plate and incubated at 37 °C
overnight. On day 6 the plate was washed nine times with PBST (0.1%) and three times
with PBS followed by adding a 1:1000 dilution of HRP-conjugated goat anti-mouse IgM
(Jackson ImmunoResearch Laboratory) in 1% BSA-PBST to each well. The plate was
incubated for one hour at 37 °C, washed three times with 0.1% PBST and three times
with PBS. Spots were developed at room temperature for about 15 min by the addition of
AEC Staining kit (Sigma-Aldrich). After optimal spot development, plates were washed
with water and dried. Data were collected and analyzed using the CTL ImmunoSpot
system (Cellular Technology Ltd., Shaker Heights, OH).

For tolerization experiments, on day 1, 13k-4 polymers at Tn concentrations at 0,
2.1,4.2,6.3, 8.4 and 16.8 uM respectively were added to wells containing fresh isolated
spleen cells (8 x 10° cells/well) incubated with polymer 450k-40 (at 8.4 uM Tn) or wheat
germ agglutinin (1 pg/mL). The numbers of Tn specific ASCs were determined using

ELISPOT as described above.
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3.4.6: Flow cytometry for Tn specific B cells

After incubation with glycopolymers for 4 days, mouse spleen cells (5 x 10° cells)
were washed twice with FACS buffer (1% BSA + 0.1% NaNs/PBS) and incubated with 2
uL of BSA-Tn-Alex Fluor 647 solution (0.5 mg/mL), which was prepared by reacting
BSA-Tn*" with Alexa Fluor 647 NHS ester (Thermo Fisher Scientific A-20006). After
incubation for 1 h on ice, cells were incubated with 2 uLL mouse Fc¢ block (0.5 mg/mL,
BD 55142) for 10 min on ice followed by staining with 2 uLL PE rat anti-mouse CD19
(0.2 mg/mL, BD 553786) for 30 min on ice. The cells were washed twice and re-
suspended in FACS buffer, and then analyzed by LSR II (BD Biosciences). 2 uL. 7-AAD
(0.05 mg/mL, BD 559925) was added to the samples to exclude dead cells before

analysis. Data was processed by FlowJo software.

3.4.7: Measurement of apoptosis

Isolated mouse spleen cells were incubated with 450k-40 (Tn 8.4 uM), 450k-80
(Tn 4.2 uM) and 450k-115 (Tn 6.3 uM) respectively for 4 days (the Tn concentrations
were chosen based on Figure 3.1 where maximum responses were observed with 450k-
40, 450k-80 and 450k-115 respectively), and then cells (5 x 10° cells) were washed twice
with FACS buffer (1% BSA + 0.1% NaNs/PBS) and incubated with 2 L. of BSA-Tn-
Alexa Fluor 647 (0.5 mg/mL) on ice. After 1 h, cells were incubated with 2 pL. mouse Fc
block (0.5 mg/mL, BD 55142) for 10 min on ice followed by staining with 2 pL. PE rat
anti-mouse CD19 (0.2 mg/mL, BD 553786) for 30 min on ice. Next, cells were stained

with 5 uL Annexin V-FITC (eBioscience) for 15 min at RT. The cells were washed twice
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and re-suspended in FACS buffer, and then analyzed by LSR II (BD Biosciences). 2 uL
7-AAD (0.05 mg/mL, BD 559925) was added to the samples to exclude dead cells before

analysis. Data was processed by FlowJo software.

3.4.8: BCR clustering and colocalization with GM1

Isolated B cells were washed three times with binding buffer (PBS supplemented
with 1% BSA). Cells (5 x 106 cells/mL) were stained with 16 pg/mL Rhodamine Red-X-
conjugated Affinipure Fab fragment goat anti-mouse IgM, p chain specific (Jackson
ImmunoResearch) for 30 min on ice and washed followed by staining with 50ug/mL
Cholera toxin B subunit from Vibrio cholera FITC conjugate (Sigma) for 30 min on ice.
After extensive washing by binding buffer, cells were incubated with buffer or different
polymers for 10 min on ice. After washing, cells were fixed with 4% paraformaldehyde
for 30 min on ice. After washing with binding buffer, cells were mounted on polylysine-
coated slides. Confocal laser microscopy images were collected on an Olympus
FluoView 1000 LSM confocal microscope. For cells incubated with 450k-40 (Tn 8.4 uM)
and 450k-80 (Tn 4.2 uM) glycopolymers, from confocal images, it was estimated that 4.3%
and 2.7% of cells appeared with punctate staining as shown in Figures 3c and 3d
respectively. These percentages were consistent with the percent of Tn specific B cells

determined by FACS (Table 3.2).
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3.4.9: Calcium flux assay

Fluo-4 NW calcium assay kit (Thermo Fisher Scientific) was used for detecting
intracellular calcium. Briefly, B cells were washed and resuspended in Hank’s balanced
salt solution (HBSS), 20 mM 4-(2-hydroxyethyl)-1-piperazinecthanesulfonic acid
(HEPES) buffer to a density of ~2.5 x 108 cells/mL, and added to 96-well microplates.
Plates were incubated at 37 °C and 5% of CO, for 60 minutes. Fluo-4 NW dye was
mixed with 100 pL probenecid stock solution and 5 mL assay buffer, and added to the
plates. Plates were then incubated at 37 °C for 30 minutes and at room temperature for an
additional 30 minutes. Fluorescence was measured by FDSS/uCELL functional drug
screening system. After collection of baseline emission for 20 seconds, control polymer
450k or glycopolymer 450k-40 (Tn 8.4 uM) were added to the cells and the cellular

fluorescence was continuously monitored.

3.4.10: Flow cytometry for cell surface markers

After incubation with the glycopolymers, mouse B cells (5 x 10° cells) were
washed twice with FACS buffer (1% BSA + 0.1% NaN3/PBS), and incubated with 2 pL
mouse Fc block (0.5 mg/mL, BD 55142) for 10 min on ice followed by staining with 2
uL PE rat anti-mouse CD19 (0.2 mg/mL, BD 553786), 2 uL FITC anti-mouse CD69 (0.5
mg/mL, Biolegend 104505) or 2 uL FITC anti-mouse CD86 (0.5 mg/mL, Biolegend
105109) for 30 min on ice. The cells were washed twice and re-suspended in FACS

buffer. Prior to analysis by LSR II (BD Biosciences), 2 uL. 7-AAD (0.05 mg/mL, BD
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559925) was added to the samples to exclude dead cells. Data was processed by FlowJo

software.

3.4.11: Mouse immunization

Pathogen-free female C57BL/6 mice age 6—10 weeks were obtained from Charles
River and maintained in the University Laboratory Animal Resources facility of
Michigan State University. All animal care procedures and experimental protocols have
been approved by IACUC of Michigan State University. Groups of five mice were
injected intravenously on day 0 with 0.1 mL of the polymer (glycopolymer concentration
was 4 pg Tn) in PBS. Serum samples were collected on days 0 (before immunization), 4
and 8.

To study the effect of 13k-4 polymer on antibody responses to 450k-40, a group
of five mice were injected intravenously on day 0 with 0.1 mL of the mixture of 450k-40
(4 ng Tn) and 13k-4 (1 pg Tn) in PBS. Serum samples were collected on days O (before

immunization), 4, and 8.

3.4.12: ELISA assays

A 96-well microtiter plate was coated with a solution of BSA—Tn*® in PBS buffer
(10 pg mL™1) and then incubated at 4 °C overnight. The plate was washed four times with
PBST, followed by addition of 1% (w/v) BSA in PBS to each well and incubation at RT

for one hour. The plate was washed again with PBST and mice sera were added in 0.1%
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(w/v) BSA/PBS. The plate was incubated for two hours at 37 °C and washed. A 1:2000
dilution of HRP-conjugated goat antimouse IgM (Jackson ImmunoResearch Laboratory)
in 0.1% BSA/PBS was added to each well. The plate was incubated for one hour at 37 °C,
washed and a solution of TMB was added. Color was allowed to develop for 15 min, and
then a solution of 0.5 M H>SO4 was added to quench the reaction. The optical density

(OD) was then measured at 450 nm.
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Figure 3.11: GPC traces of methylated polymer 4, 8, 100k, 250k and 450k. (eluent : DMF).
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Figure 3.11 (cont’d)
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Figure 3.13: 500 MHz (CDCls), 'H-NMR of ‘Bu protected polymer 8.
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Figure 3.14: 500 MHz (D,0), 'H-NMR of polymer 8.
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