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ABSTRACT

Naturally occurring glycans are often found in a multivalent presentation. Cell surface
receptors that recognize these displays may form clusters, which can lead to signalling or
endocytosis. One of the challenges in generating synthetic displays of multivalent
carbohydrates is providing high valency as well as access to heterofunctional conjugates to
allow attachment of multiple antigens or payloads. We designed a strategy based on a set of
bifunctional linkers to generate a heterobifunctional multivalent display of two carbohydrate
antigens to bind BCR and CD22 with four and twelve antigen copies, respectively. We
confirmed that the conjugates were able to engage both CD22 and BCR on cells by observing
receptor clustering. The strategy is modular and would allow for alternative carbohydrate
antigens to be attached bearing amine and alkyne groups and should be of interest for the

development of immunomodulators and vaccines.
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Highlights

e Synthesis of a hexadecavalent display of carbohydrate antigens
e Modular strategy to display two separate epitopes in a multivalent conjugate

e Increased valency of CD22 ligands induces receptor clustering on cells
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1. INTRODUCTION

Naturally occurring glycans are often found in multivalent and heterogenous
presentations on proteins and lipids.[1,2] The nature of this presentation allows for increased
avidity in lectin binding and may aid in discrimination between specific glycan epitopes.[3—
7] Bioconjugate chemists have developed synthetic strategies to mimic multivalent glycan
displays that have included dimers, tetramers, linear polymers, branched polymers, surfaces,
liposomes, and nanoparticles.[5,8—14] The development of discrete multivalent presentations
of glycans has expanded in recent years allowing access to supramolecular glycan displays
that mimic natural glycoconjugates.[11,15—17] One of the challenges in development of these
targets is access to heterofunctional conjugates that allow for the display of multiple epitopes
with discrete stoichiometries.

Heterofunctional multivalent displays can be used to engage multiple biological targets
simultaneously, and can be critical to the design of vaccines and reagents to modulate
receptor signaling.[10,17—-19] Heterofunctional conjugates may carry a single antigen along
with a payload or label; alternatively they may be used to engage multiple receptors
simultaneously to induce receptor clusters. An example of the latter strategy has involved the
display of a B cell receptor (BCR) antigen on a conjugate that can engage the CD22 co-
receptor.[20-23] CD22 is a Siglec which can attenuate BCR signaling, making conjugates of
this form potential immunomodulators.[24-26] Linear polymers generated by stoichiometric
control with two epitopes have been used to investigate BCR and CD22 co-
clustering.[22,23,27,28] Larger IgM, liposome, and nanoparticle complexes have been used
to target BCR and CD22,[20,21,29-33] and CD22 ligands displayed on N-glycan structures

have been used for targeted delivery of toxins to cells.[34] A heterobifunctional display of
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three copies of a nitrophenyl antigen and three copies of a high-affinity CD22 ligand has been
reported,[35] and more recently dimeric CD22 ligands have been developed.[36]

Our group has been interested in the development of heterobifunctional
glycoconjugates that allow presentation of multiple carbohydrate antigens for controlling
receptor organization. Specifically, we developed a heterobifunctional linker that allowed
elaboration of a tetravalent PEG scaffold with two carbohydrate ligands: a 6’-sialyl-lactose
(6’SL) ligand for CD22, and a human A type II (AIl) blood group antigen.[37] Using a
human B cell clone that expresses an All-specific BCR, known as A-BCL,[38] we were able
to demonstrate co-clustering of BCR with CD22 using these ligands.[37] We later modified
our strategy to improve the persistence of these glycoconjugates in vivo through the addition
of a serum-protein binding ligand and fluorophore.[39] Targeting of CD22 receptors with
multivalent displays is often observed to require high affinity or high avidity ligands to
overcome interactions of the receptor with cis sialosides.[40] As a result, we considered ways
to modify our strategy to provide increased valency of the CD22 ligand. We envisioned that
modification of our bifunctional linker to allow attachment of multiple copies of the CD22
ligand would provide access to a dodecavalent display of sialosides while providing a
tetravalent display of the BCR-specific antigen (Figure 1). Unlike our original tetravalent
design, we found that the hexadecavalent conjugates were able to independently cluster
CD22 on B cells without the requirement of a BCR-specific antigen. This expansion of our
synthetic strategy should allow for the design of improved multivalent conjugates to engage

CD22 and BCR.

https://doi.org/10.26434/chemrxiv-2023-8ctOc ORCID: https://orcid.org/0000-0003-3363-8708 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-8ct0c
https://orcid.org/0000-0003-3363-8708
https://creativecommons.org/licenses/by-nc-nd/4.0/

Daskhan, 2018 Daskhan, 2022 This work 7 ™\
4(AII)4(6'SL) 2(AID)2(6'SL/GD10) 4(AII)12(6'SL) ’

CD22 ligand
(6'SL)

&

antigen
(AILI)

@]
Cmpd MW (kDa) Cmpd MW (kDa)

* 4(Lac)4(6'SL) 16.7 11 4(Lac)12(6'SL) 24.1 serum protein
> (-ack®sL) 19 (Lac)12(O'SL) binder (GD10)

36 4(Al)4(6'SL) 18.3 12 4(Al)12(6'SL) 25.7 \ J

Figure 1: Schematic overview of glycoconjugates based on a tetravalent core.

Glycoconjugates were designed to simultaneously engage CD22 receptors and BCR (IgM) on
B cells. Conjugates with four copies of a bivalent display of the carbohydrate antigen (Lac or
All) and a CD22 ligand (6’SL) were reported previously.[37] Modified conjugates that
contained a copy of a serum protein binder were used to extend the half-life of conjugates in
vivo.[39] In this work, we generate higher valency displays of the CD22 ligand with four
copies of the carbohydrate antigen. A summary of the final conjugates discussed here is given
with the number of antigen and ligand copies and average molecular weight. *Compounds
first reported by Daskhan et al., and conjugate numbering is maintained from that work for

clarity.[37]
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2. RESULTS AND DISCUSSION

2.1 Design and synthesis of a tetrafunctional linker

We set out to synthesize a hexadecavalent heterobifunctional glycoconjugate using a
convergent approach. We required a suitable tetrafunctional linker featuring a handle for
attachment of three copies of a ligand and an orthogonal group for attachment to the scaffold.
We designed linker 4 terminated with three azido groups and an amine based on previous
work with No-Fmoc-Ne-azido-L-lysine (Fmoc-Lys(N3)-OH, 1).[37] Fmoc-Lys(N3)-OH (1)
was coupled directly to acid-labile 2-chlorotrityl chloride resin in the presence of DIPEA in
CH:Cl» followed by Fmoc deprotection with piperidine. Subsequent coupling of Fmoc-
Lys(N3)-OH 1 with HBTU provided the resin-bound form of compound 2.[41] Cleavage
from the resin with 95% trifluoroacetic acid (TFA) afforded acid 2 in quantitative yield after
purification by silica gel chromatography. Acid 2 was converted to its N-
hydroxysuccinimidyl (NHS) ester through reaction with NHS and dicyclohexylcarbodiimide
(DCC) in CH2Cl: to afford 3 in 82% yield after purification. The coupling of commercially
available 3-azido-1-propanamine with 3 in the presence of DIPEA in anhydrous DMF was
followed by removal the Fmoc-protecting group with 20% piperidine in DMF at room
temperature to afford 4 in a 75% overall yield after semi-preparative RP-HPLC purification

(Scheme 1).
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Scheme 1. Synthesis of tetrafunctional linker 4

2.2 Synthesis of a trivalent display of 6 sialyllactose

To prepare a trivalent sialoside bearing an alkyne moiety (8), we implemented a
CuAAC ligation strategy developed previously in our group.[37,39] The CuAAC ligation of
tetravalent linker 4 bearing three copies of the azide moiety with 6’-sialyllactose (6’SL, 5)
(1.25 equiv per N3) was carried out in the presence of Cu-powder (10 equiv per N3) in PBS
buffer (pH 7.4) at room temperature under an inert atmosphere. After Sep-pak C-18
purification, amine-containing trivalent sialoside 6 (2,424 Da) was isolated in 87% yield.
Formation of the desired product was confirmed by 'H NMR and HRMS. The alkyne
functionality was introduced at the free amine of sialoside 6 through coupling with 2
equivalents of propargyl-N-hydroxysuccinimidyl ester 7 in the presence of DIPEA in
anhydrous DMF at 37 °C overnight. Upon completion, the crude product was purified using
P-2 gel chromatography to afford trivalent conjugate 8 in 81% yield as an off-white powder
after lyophilisation (Scheme 2). Formation of the trivalent structure was confirmed through

analysis of ESI-HRMS and '"H NMR.
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Scheme 2. Synthesis of alkyne-bearing trivalent sialoside 8

2.3 Synthesis of Hexadecavalent glycoconjugates

A new series of synthetic hexadecavalent scaffolds (11 and 12) were selected to
evaluate the influence of valency and architecture for testing in BCR-CD22 co-clustering by
cell-imaging. Two different high valent glycoconjugates displaying 4 copies of A-type II
antigen (or a lactose control) and 12 copies of the 6’-sialyllactose (6’SL) were synthesized by
employing a highly efficient convergent strategy. The strategy required the CuAAC coupling
of the alkyne-functionalized trivalent sialoside 8 with the tetravalent structures displaying 4
copies of the azide moiety on a PEG scaffold. For this purpose, A-type 11 and lactose groups
with an amino linker were first conjugated to a trifunctional linker as previously
described.[37] Subsequent reaction of our linker with the commercially available tetravalent
NHS-activated PEG scaffold provided the tetravalent lactose conjugate 9 (14.1 kDa) and A-
type II conjugate 10 (15.7 kDa) displaying 4 copies of the azide moiety (Scheme 3).[37]
Ligation of this tetravalent azide by CuAAC to the trivalent sialoside display in compound 8
provided hexadecavalent heterobifunctional structures 11 and 12. The reaction was catalyzed

with Cu-powder (10 equiv per azide) in the presence of the trivalent sialoside 8 (1.25 equiv
9
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per N3) and tetravalent structures 9 or 10 in PBS buffer (pH 7.4) under vigorous stirring and
bubbled with N> gas. After purification with P-2 gel, conjugates 11 (24.1 kDa) and 12 (25.7
kDa) were isolated in 88% and 90% yields, respectively. The stoichiometry of the
heterobifunctional hexadecavalent glycoconjugates 11 and 12 were confirmed by 'H NMR
integration of the triazole H5 (8.0 ppm, broad singlet), lactosyl H1 (4.5, 4.3 or 5.3, 5.1 ppm),

PEG methylene (2.4 ppm), and NHAc peaks (1.99 ppm).

10
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Scheme 3. Synthesis of hexadecavalent conjugates 11 and 12 using a convergent strategy.
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2.4 Clustering of IgM and CD22 receptors by glycoconjugates

With conjugates 11 and 12 in hand, we proceeded to evaluate the ability of these
compounds to induce clustering of IgM and CD22 receptors. In our previous work we used
the A-BCL model, which expresses an All-specific BCR.[38] Using PEG conjugates we
found that the presence of both a BCR-specific antigen and a CD22 ligand (6’SL) was
required for clustering of CD22 receptors by low-valency conjugates (2 and 4 copies of
6’SL).[37,39] This is likely due to a requirement for high avidity ligands to overcome cis
interactions of CD22 on the B cell membrane.[40] For examples, high valency CD22 ligands
alone clustered CD22 receptors when using a polyacrylamide display of sialic acid.[37,42]
Thus, we expected that increasing the copy numbers of CD22 ligands on our PEG scaffold
could cluster CD22 even in the absence of BCR-specific antigens. To test this hypothesis, we
tested the ability of glycoconjugate 11 (4(Lac)12(6’SL)) with each arm of the scaffold
carrying 3 copies of 6’SL and one copy of lactose as a negative control antigen to cluster
CD22. As shown in Figure 2, CD22 receptors were dispersed on the cell membrane in
microclusters in untreated A-BCL cells. Although conjugate 33 (4(Lac)4(6’SL)) was unable
to cluster CD22, the higher copy number of the CD22 ligand in conjugate 11
(4(Lac)12(6’SL)) generated significantly increased CD22 clusters. This result confirms that
12 copies of CD22 ligand were sufficient to induce clustering in the absence of specific BCR
antigen.[42] Consistent with previous observations, the addition of a BCR-specific antigen to
the tetravalent display of CD22 ligand in conjugate 36 (4(AIl)4(6°SL)) resulted in clustering
of CD22 and BCR on cells.[37] Testing of glycoconjugate 12 (4(All)12(6°SL)) maintained or
increased clustering of CD22 and BCR on A-BCL cells (Figures 2 & 3; Table 1). Although
conjugate 12 increased CD22 cluster size relative to control treatment, these clusters were not

significantly different from those induced by conjugate 36.

12
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Our experiments confirmed that glycoconjugates bearing CD22 ligands of sufficient
valency can induce CD22 clustering, and that a BCR-specific antigen is required to induce
BCR clusters.[37,40] In the present work we find that the threshold for forming CD22
clusters on A-BCL cells was met with 12 copies of 6’SL ligand per scaffold. The
development of a synthetic strategy to generate defined supramolecular displays of CD22
ligands combined with a BCR antigen should allow future experiments to better understand

the role of receptor co-clustering and organization in immune signaling.[11,22,23]

13
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Figure 2. Clustering of CD22 receptors by glycoconjugates. A-BCL cells were treated
with PBS containing 25 ng mL™"' 33, 11, 36, or 12, then fixed and stained with anti-CD22
(mouse) and visualized using confocal microscopy. (A) Confocal fluorescence images of
representative cells are shown for each treatment. (B) Cluster sizes on 20 individual cells
were determined using particle analysis in ImageJ and plotted using the beanplot statistical
package in R.[37,39,43] Each individual white horizontal line within the beanplot represents
one single data point, the black horizontal line indicates the mean for each condition, and the
dotted line indicates the mean of all conditions within the plot. Populations which were
statistically different from control based on a Student’s t-test are indicated (**, p < 0.05;

*#%k% p <0.0001.) Data shown were pooled from three biological replicates.
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Figure 3. Clustering of IgM receptors by glycoconjugates. A-BCL cells were treated with
PBS containing 25 ng mL™!' 33, 11, 36, or 12, then fixed and stained with anti-IgM (mouse)
and visualized using confocal microscopy. (A) Confocal fluorescence images of
representative cells are shown for each treatment. (B) Cluster sizes on 20 individual cells
were determined using particle analysis in ImageJ and plotted using the beanplot statistical
package in R.[37,39,43] Each individual white horizontal line within the beanplot represents
one single data point, the black horizontal line indicates the mean for each condition, and the
dotted line indicates the mean of all conditions within the plot. Populations which were
statistically different from control based on a Student’s t-test are indicated (**** p <

0.0001.) Data shown were pooled from three biological replicates.
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Table 1: Clustering of BCR and CD22 receptors by high-valent conjugates

Compound  Name/Antigen” Igh® n_ cluster CD22" n  cluster
- control 0.18 £ 0.02 687 - 0.18+0.02 661 -
1 4(Lac)12(6°SL) | 0.17+£0.02 739 - 021003 81  +
12 AAINI2(6°SL) | 040+0.1 633  + 03801 719  +
334 4Lac)4(6’SL) | 0.15+£0.02 582 - 0.19+£0.02 851 -
36¢ 4(AID4(6°SL) 045+0.1 540  + 032+£0.1 498  +

a. Antigens on synthetic conjugates are listed in parenthesis, with the copy number

preceding. Abbreviations used are: lactose, Lac; A-type II, All; 6’-sialyllactose, 6’SL.

b. Mean cluster size [um?] of the indicated receptor was determined as described in

materials and methods.

c¢. The value of n refers to the number of individual clusters detected in the images from

20 cells for each condition. If the mean cluster size was statistically larger (p < 0.05 by the

Student’s t-test) for the indicated receptor after treatment with a protein or conjugate, it is

indicated with a “+”.

d. Compounds prepared in previous work,[37] were tested in these experiments for

comparison.
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3. CONCLUSIONS

We report a convergent synthetic strategy to access hexadecavalent displays of a CD22
ligand (6’SL) with a separate tetravalent display of a BCR-specific antigen (AIl). The
heterobifunctional conjugates were able to engage both CD22 and BCR on a B cell model.
Importantly, the increased valency of the CD22 ligand display allowed for clustering of
CD22 even in the absence of a BCR-specific antigen. The synthetic strategy used here is
modular and can be easily adapted for other bifunctional displays where the antigens have

either an amine or alkyne functionality to link to the scaffold.

4. EXPERIMENTAL PROCEDURES

4.1 General Methods

Reagents were purchased from commercial sources as noted and used without
additional purification. NHS-activated tetravalent PEG scaffolds were purchased from
Laysan Bio Inc, Arab, Alabama 35016. Fmoc-Lys-OH, Cu-powder (< 425 um), propargyl-N-
hydroxysucinimidyl ester 7, and DIPEA were purchased from Sigma-Aldrich, Canada. Fmoc-
9-amino-4,7-dioxanonanoic acid was purchased from ChemPep Inc. HBTU and 2-chlorotrityl
chloride resins were purchased from Novabiochem. Deuterated chloroform-d; and D>O were
purchased from Deutero GmbH. Other solvents (analytical and HPLC grade) and reagents
were purchased from Aldrich and were used as received. Conjugates 9, 10, 33, and 36 were
prepared as previously described; these compounds were numbered as 23, 26, 33, and 36,
respectively, in the original report.[37] Reactions were conducted under a stream of argon at
ambient temperature unless otherwise noted, and reactions were monitored by analytical TLC
on silica gel 60-F254 (0.25 nm, Silicycle, QC, Canada). Developed TLC plates were

visualized under UV lamp (Amax = 254 nm) and charred by heating plates that were dipped in
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ninhydrin solution in ethanol, and acidified anisaldehyde solution in ethanol. Reaction
products were purified by silica gel column chromatography (230-400 mesh, Silicycle, QC,
Canada) or size exclusion chromatography using Bio-Gel P-2 Gel from Bio-Rad Laboratories
(Canada) Ltd. Ontario, Canada, or C-18 Sep-pak chromatography using ethyl acetate/hexane,
or CH2Cl,/MeOH and MeOH/H>O as mobile phase, respectively. Semi-preparative RP-
HPLC was performed with a Waters Delta 600 pump and a Waters 600 controller with
Empower 2 software. Eluted peaks were detected with a Waters 2420 evaporative light
scattering (ELS) detector or a Waters 2996 photodiode array (PDA) detector (Waters Ltd.,
Mississauga, ON, Canada). Mobile phase was solvent A: 0.01% TFA in water, and solvent B:
CH3CN at a flow rate of 8.0 mL min™! using a linar gradient of 2-50% solvent B over 20 min
and UV detection at 214 nm. NMR experiments were conducted on a Varian 500 or 600 MHz
instruments in the University of Alberta Chemistry NMR Facility. Chemical shifts are
reported relative to the deuterated solvent peak or 3-(trimethylsilyl)-propionic-2,2,3,3-dy acid
sodium salt as an internal standard and are in parts per million (ppm). Coupling constants (J)
are reported in Hz and apparent multiplicities were described in standard abbreviations as
singlet (s), doublet (d), doublet of doublets (dd), triplet (t), broad singlet (bs), or multiplet
(m). Electrospray mass spectra (ESI-MS) were recorded on Agilent Technologies 6220 TOF.

4.2 General procedure for CuAAC ligation

A solution of azide-terminated PEG-conjugate (1 equiv) and propargyl sialoside (1.25
equiv per N3) in PBS buffer (5-10 mM, pH 7.4) was bubbled with N> for 30 min at room
temperature. Cu-power (12 equiv per N3) was added to the solution under an argon
atmosphere and the reaction mixture was left stirring vigorously for an additional 3 h at room
temperature. The progress of the coupling was monitored by TLC and UPLC for

disappearance of the propargyl sialoside. After completion, the solution was filtered through
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a two-micron filter and the crude product was purified by Bio-Gel P-2 gel chromatography
using H2O eluent to afford the conjugate as an off-white powder after lyophilization.

43 Solid-phase synthesis of linker 2,
(28)-6-azido-2-[(2S)-6-azido-2-({[ (9H-fluoren-9-yl)methoxy]carbonyl}amino) hexanamido] he
xanoic acid

Fmoc-Lys(N3)-OH (1) was prepared using imidazole-1-sulphonyl azide as the
diazotransfer reagent following a previously reported procedure.[44,45] The dipeptide was
prepared using solid phase peptide synthesis protocol starting from Fmoc-Lys(N3)-OH (1)
and 2-chlorotrityl chloride resin. Coupling reactions were performed using 2-chlorotrityl
chloride resin (500 mg, 0.65 mmol) and Fmoc-Lys(N3)-OH 1 (2 equiv) in the presence of
HBTU (2 equiv) and DIPEA (3 equiv) in CH>Cl, and DMF (10 mL g resin), respectively,
for 45 min. After each reaction the resin beads were repeatedly washed with DMF (10 mL, 4
times) to remove excess amino acid and coupling reagent. Progress of the coupling reaction
was monitored by the TNBS test using a solution of trinitrobenzenesulfonic acid in DMF
(1%). The N-Fmoc protecting group was removed by treatment with 20% piperidine-DMF
(10 mL 1:4, v/v, g"! resin) for 15 min. The linear dipeptide was cleaved from resin treated
with a cleavage cocktail TFA: H2O (4 x 2 mL, 9:5:0.5) for 2 h. The combined cleavage
solutions were concentrated under vacuum and the crude product was purified by silica gel
chromatography using ethyl acetate as eluent to afford peptide 2 (402 mg, 79%) as a colorless
oil. Rr=0.42 (EtOAc/MeOH = 9.5:0.5); '"H NMR (600 MHz, CDCls): § 7.78 (d, J = 7.8 Hz,
2H), 7.59 (d, J = 7.2 Hz, aromatic H, 2H), 7.42 (t, J = 7.2 Hz, aromatic H, 2H), 7.34-3.31 (m,
aromatic H, 2H), 6.83 (d, J = 6.6 Hz, CH>-, 1H), 5.63 (d, J = 9.6 Hz, 1H), 4.59 (dd, J = 15.6,
8.4 Hz, 1H), 4.46-4.37 (m, 2H), 4.27 6.83 (d, /= 7.8 Hz, 1H), 4.23-4.21 (m, 1H), 3.27 (t, J =
7.8 Hz, 2H), 3.22 (t, J= 7.8 Hz, 2H), 1.96-1.92 (m, 1H), 1.88-1.82 (m, 1H), 1.76-1.68 (m,

1H), 1.61-1.56 (m, 5H), 1.43-1.42 (m, 2H); '*C NMR (125 MHz, CDCl5): § 174.03 (2CO),
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171.80, 156.43, 143.65, 143.59, 141.32, 141.31, 127.83, 127.10, 125.03, 124.97, 120.07,
120.05, 67.37, 54.64, 52.07, 51.09, 50.97, 47.06, 32.02, 31.45, 28.39, 28.29, 22.55, 22.41;
HRMS (ESI): m/z [M+Na]" caled for C27H3 IN8OS5-H: 547.2425, found: 547.2415.

4.4 Synthesis of compound 3, 2,5-dioxopyrrolidin-1-yl

(28)-6-azido-2-[(2S)-6-azido-2-({[(9H-fluoren-9-yl)methoxy]carbonyl}amino) hexana

mido]hexanoate

N-Hydroxysuccinimide (52.5 mg, 0.45 mmol) was added to a solution of compound 2
(200 mg, 0.36 mmol) and N, N-dicyclohexylcarbodiimide (94 mg, 0.45 mmol) in CH2Cl» (8
mL) under an argon atmosphere at room temperature. After completion, the crude solution
was filtered through a celite pad, the organic layer was washed with aq. HCI (2N) solution,
then dried over sodium sulfate and evaporated to dryness. The crude product was purified by
silica gel column chromatography using an ethyl acetate-hexane mobile phase (2:3) to
provide linker 3 (405 mg, 86 %) as a colorless oil. Ry =0.31 (cyclohexane/EtOAc = 3:2); 'H
NMR (600 MHz, CDCI3): & 7.78 (d, J = 7.2 Hz, aromatic H, 2H), 7.59 (d, J = 7.2 Hz,
aromatic H, 2H), 7.42 (t, J = 7.2 Hz, aromatic H, 2H), 7.33 (t, J = 7.2 Hz, aromatic H, 2H),
7.04 (d,J=7.2 Hz, NH-, 1H), 6.59 (s, CH-, 1H), 5.43 (d, J= 7.2 Hz, CH-, 1H), 4.98-4.94 (m,
CH>-, 1H), 4.46-4.38 (m, CH-, 2H), 4.22 (t, J = 6.6 Hz, CH>-, 2H), 3.29-3.24 (m, 4H), 3.63
(bs, PEG CH>-, 4H), 3.57-3.56 (m, PEG CH>-, 2H), 3.99-3.37 (m, CH>-, 2H), 3.28 (t, /= 6.6
Hz, CH»-, 2H), 2,84 (s, NHS-CH>-, 4H), 2.04-2.00 (m, CH>-, 1H), 1.90-1.89 (m, CH>-, 1H),
1.70-1.69 (m, CH>-, 2H,), 1.64-1.59 (m, CHa>-, 2H), 1.55-1.51 (m, CH>-, 2H), 1.46-1.44 (m,
CH,-, 2H); '3C NMR (125 MHz, CDCl3): § 171.34, 168.46 (2CO), 167.55 (2CO), 143.70,
141.31, 156.53, 127.80 (2C), 127.10, 125.05, 124.98, 120.05, 120.03, 67.23, 54.59, 51.12,
50.95, 50.35, 47.11, 33.92, 31.93,31.73, 28.44, 28.20, 25.61, 25.57, 22.50, 22.20; HRMS

(ESI): m/z [M+Na]" caled for C31H35N907Na: 668.2552, found: 668.2561.
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4.5 Synthesis of tetrafunctional linker 4,

(28)-2-[(2S)-2-amino-6-azidohexanamido]-6-azido-N-(3-azidopropyl)hexanamide

NHS-activated compound 3 (75.0 mg, 11.6 pumol) and 3-azido-1-propanamine (14.5
ul, 14.5 umol) were dissolved in anhydrous DMF (200 plL) in a 5 mL RBF and to this
solution DIPEA (~18.7 uL, 17.4 umol) was added to adjust pH of the solution to 8.5. The
reaction mixture was left stirring for 6 h at room temperature under anhydrous conditions.
The solvent was evaporated to dryness and treated with a 20% solution of piperidine in DMF
(1 mL, 2:8, v/v) for 1 h at room temperature. After completion, solvent was removed under
vacuum and the crude product was purified by semi-preparative RP-HPLC to afford
compound 4 (36.3 mg, 76%) as an off-white solid after lyophilization. Analytical RP-HPLC
tg = 8.2 min (gradient 5 to 100% B in 30 min); 'H NMR (600 MHz, D,0): & 4.24 (t,J = 7.2
Hz, -COCH-, 1H), 3.98 (t, J = 6.6 Hz, -COCH-, 1H), 3.34-3.28 (m, -CH>-N3, CH>-, 6H),
1.88-1.84 (m, -CHa, 2H), 1.77-1.70 (m, -CH>, 4H), 1.62-1.55 (m, -CH, 4H), 1.43-1.33 (m, -
CHa,, 4H); *C NMR (125 MHz, D;0): § 174.17 (CO), 170.50 (CO), 53.17, 53.82, 51.81,
51.63, 49.58, 37.61, 31.46, 31.41, 28.63, 28.58, 28.53, 23.32, 22.21; HRMS (ESI): m/z
[M+H]+ caled for C15H29N1202: 409.2531, found: 409.2529; m/z [M+Na]* calcd for
C15H29N1202Na: 431.2350, found: 431.2354.

4.6 Synthesis of trivalent sialoconjugate 6

Conjugate 6 was obtained by coupling of linker 4 (10 mg, 24.49 umol) with propargyl
sialoside 5 (61.6 mg, 91.85 pumol)[37] by following a general procedure described for
CuAAC ligation, in a 84% yield (51.8 mg) as an off-white foam after P-2 gel
chromatography purification using eluent system H>O and lyophilization. Coupling efficiency
of the sialoside 6 was determined by 'H NMR integration of the underlined peaks to be

sialoside:linker = 3:1. 'H NMR (600 MHz, D,0): & 8.01 (s, 1H), 4.93 (t, J = 12.6 Hz, 1H),
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4.83-4.80 (m, 1H), 4.53-4.52 (m, 1H), 4.40-4.35 (m, 3H), 4.12 (t, J = 7.6 Hz, 1H), 3.91 (d, J
= 8.4 Hz, 1H), 3.90 (d, J = 8.4 Hz, 1H), 3.84-3.75 (m, 7H), 3.66 (d, J = 10.2 Hz, 1H), 3.62-
3.55 (band, 8H), 3.52-3.47 (m, 4H), 3.02 (board s, 11H), 3.41 (t, J = 7.6 Hz, 1H), 2.66 (dd, J
= 12.0, 4.2 Hz, 1H), 2.06-2.03 (m, 1H), 1.97 (s, 3H, NHAc), 1.90-1.86 (m, 2H), 1.77 (t, J =
12.0 Hz, 2H), 1.73-1.71 (m, 2H), 1.69-1.65 (m, 1H), 1.28-1.24 (m, 2H); 13C NMR (126 MHz,
D;0): & 175.86 (CO), 174.70 (NHCOCH3), 174.43 (CO), 140.50 (2C), 144.42, 126.33,
126.24, 126.22, 104.20, 102.21, 80.50, 75.65, 75.58, 74.64, 73.61, 73.50, 73.33, 72.76, 71.76,
69.48, 69.34, 69.32, 64.49, 63.61, 63.00, 61.21, 55.01, 55.77, 51.07, 49.84 (2C), 48.90,
41.08, 37.60, 31.45, 31.01, 28.43, 28.23, 28.12, 23.04, 22.01; HRMS (ESI): m/z [M+2H]+2
caled for C93H153N152059: 1211.9711, found: 1211.9718.

4.7 Synthesis of trivalent sialoside 8

Propargyl-N-hydroxysucinimidyl ester 7 (9.3 mg, 41.3 pmol) and compound 6 (50.0
mg, 20.6 pmol) were dissolved in anhydrous DMF (500 pL) in a 5 mL RBF and to this
solution DIPEA (~4.0 pL, 30.9 pmol) was added to adjust pH of the solution to 8. The
reaction mixture was incubated overnight at 37 °C under anhydrous conditions. The solvent
was removed to dryness followed by a P-2 gel chromatography purification using H>O as
eluent and subsequent lyophilisation furnished the desired compound 8 in 81% yield (42.5
mg) as an off-white powder. Coupling efficiency of sialoside 8 was determined by '"H NMR
integration of the underlined peaks to be sialoside:linker = 3:1. 'H NMR (600 MHz, D>0): §
8.04 (s, 1H), 4.93 (t, J = 12.6 Hz, 1H), 4.84-4.80 (m, 1H), 4.54-4.53 (m, 1H), 4.41-4.37 (m,
3H), 4.18 (t,J = 6.0 Hz, 1H), 4.14-4.10 (m, 1H), 3.93 (d, /= 8.4 Hz, 1H), 3.90 (d, /= 8.0 Hz,
1H), 3.88-3.84 (m, 1H), 3.79-3.70 (m, 6H), 3.69-3.63 (m, 1H), 3.62-3.56 (m, 12H), 3.51-3.48
(m, 4H), 3.02 (board s, 11H), 3.33-3.30 (m, 1H), 3.17-3.11 (m, 1H), 2.83 (t, /= 7.8 Hz, 1H, -
CH), 2.65 (dd, J = 12.0, 4.2 Hz, 1H), 2.53-2.50 (m, 1H), 2.07-2.05 (m, 1H), 1.98 (s, 3H,

NHAc), 1.90-1.83 (m, 2H), 1.77 (t, J = 12.0 Hz, 1H), 1.75-1.71 (m, 3H), 1.28-1.23 (m, 2H);
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13C NMR (126 MHz, D,0): § 175.85 (CO), 175.07 (NHCOCHs3), 174.95 (CO), 174.49 (CO),
172.84 (CO), 144.43 (2C), 144.42, 126.33, 126.24, 126.22, 104.22, 102.28, 80.55, 75.78,
75.61, 74.51, 73.72, 73.62, 73.35, 72.15, 71.92, 69.52, 69.44, 69.38, 68.74, 66.85, 64.42,
63.87, 62.94, 61.98, 61.04, 58.81, 54.72, 53.04, 52.69 (2C), 51.16, 48.84, 37.16, 36.54,
31.09, 31.01, 29.83, 29.69, 23.06, 22.98, 22.85; HRMS (ESI): m/z [M-2H]-2 calcd for
C99H155N152061: 1264.9749, found: 1264.9775.

4.8 Synthesis of conjugate 11

Conjugate 11 was obtained through a coupling of propargyl sialoside 8 (7.4 mg, 2.92
pmol) with compound 9 (10 mg, 0.59 pumol) by following the general procedure for CuUAAC
ligation, in 88% yield (12.8 mg) as an off-white powder after P-2 gel chromatography
purification using H>O as eluent and subsequent lyophilization. Substitution of the PEG
scaffold was determined by 'H NMR integration of the underlined peaks to be lactose-3’-
sialyllactose:PEG = 4:1. '"H NMR (600 MHz, D>0): & 8.03 (s, 5H), 4.93 (broad s, 4H), 4.82
(broad s, 4H), 4.54 (d, J = 7.8 Hz, 4H), 4.39 (d, J = 7.8 Hz, 4H), 4.19 (dd, J = 8.4, 6.0 Hz,
4H), 3.91 (dd, J = 10.8, 1.8 Hz, 4H), 3.84-3.80 (m, 4H), 3.77-3.60 (m, 6H), 3.66 (band, PEG
CHa, 278H), 3.52-3.49 (m, 8H), 3.32 (m, 8H), 3.20-3.24 (m, 2H),3.19-3.10 (m, 2H), 2.84
(broad s, 1H), 2.67 (dd, J = 3.6, 12.0 Hz, 3H), 2.60 (m, 1H), 2.51 (broad s, 4H), 2.49 (bs,

PEG-COCH,CH,CO-, 4H), 2.43(m, 1H), 2.07 (broad s, 2H), 1.98 (s, 9H, NHAc), 1.87 (broad

s, 4H), 1.75-1.73 (m, 5H), 1.69 (t, J = 12.0 Hz, 2H), 1.58-1.46 (m, 2H), 1.33-1.28 (broad,
10H); '*C NMR (126 MHz, D,0): § 174.93 (2C’s), 174.73, 174.15, 174.04, 173.97, 173.80,
173.70, 173.58, 173.48, 143.66, 125.35, 103.27, 102.98, 102.08, 101.31, 101.30, 100.36,
79.58, 78.47, 75.38, 74.79, 74.72, 74.65, 74.52, 73.71, 72.90, 72.68, 72.57, 72.40, 71.82,
71.76, 70.99, 70.83, 70.71, 70.62, 69.62 (PEG CHa-), 69.45, 68.88, 68.58, 68.54, 68.41,
68.38, 67.47, 66.67, 65.91, 63.55, 62.99, 62.68 (2C’s), 62.07, 61.05, 60.40, 60.28, 60.16,

57.87, 53.79, 51.83 (2C’s), 50.12, 47.81, 45.10, 40.14 (2C’s), 38.98 (2C’s), 38.65, 36.24,
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35.68, 35.60, 31.11 (2C’s), 30.55, 30.40, 30.15, 30.04, 28.93, 28.78 (2C’s), 28.40, 28.22,
27.91, 25.03, 24.95,22.10 (2C’s), 21.96, 21.94.

4.9 Synthesis of conjugate 12

Conjugate 12 was obtained through coupling of propargyl sialoside 8 (6.5 mg, 2.56
umol) with compound 10 (8 mg, 0.51 umol) by following the general procedure for CUAAC
ligation, in 90% yield (11.9 mg) as an off-white white powder after P-2 gel chromatography
purification using eluent system H>O and lyophilization. Substitution of the PEG scaffold
was determined by 'H NMR integration of the underlined peaks to be A-type II-3’-
sialyllactose:PEG = 4:1. 'H NMR (600 MHz, D-0): § 8.02 (s, 5H), 5.30 (d, J = 4.2 Hz, 1H),
5.14 (d, J=4.2 Hz, 1H), 4.57-4.52 (m, 2H), 4.39-4.37 (band, 4H), 4.27 (q, J = 6.6 Hz, 1H),
4.18-4.11 (m, 4H), 3.95 (t, J = 3.6 Hz, 2H), 3.93-3.92 (m, 4H), 3.87-3.84 (m, 5H), 3.66
(band, PEG CH>-, 243H), 3.35-3.32 (m, 4H), 3.18-3.10 (m, 2H), 2.84 (broad s, 1H), 2.67
(dd, J = 3.6, 12.0 Hz, 4H), 2.61-2.57 (m, 1H), 2.54-2.50 (m, 8H), 2.48 (bs, PEG-

COCH,CHyCO-, 4H), 2.06-2.03 (m, 4H), 1.98 (s, 15H, NHAc), 1.91-1.82 (m, 8H), 1.75-1.73

(m, 6H), 1.69 (t, J = 12.0 Hz, 2H), 1.56-1.44 (m, 2H), 1.33-1.28 (broad, 13H); 3C NMR (126
MHz, D;0): § 174.92 174.84, 174.72, 174.14, 173.50(2C’s), 143.58, 142.48, 139.46, 129.46,
125.38, 125.29, 125.27, 103.28, 102.98, 101.31, 101.14, 100.34, 100.1, 98.67, 91.36, 79.58
(3C’s), 78.39, 79.58, 78.39, 76.29, 76.05, 75.72, 75.38, 75.19, 74.84, 74.72, 74.40, 73.71,
72.68, 72.57, 72.40, 71.82, 71.75, 70.99, 70.83, 70.61, 69.99, 69.88, 69.70, 69.62 (PEG CHo-
), 69.49, 69.45, 63.88, 68.54, 68.41, 67.38, 66.67, 65.91, 63.55, 63.08, 62.68, 62.03, 61.34,
61.20, 61.05, 60.40, 60.29, 59.38, 57.89, 55.47, 53.79 (2C’s), 52.95, 51.83 (2C’s), 50.10,
50.07, 49.63, 49.54, 47.80, 40.15, 38.98, 36.24, 35.68, 31.10 (2C’s), 30.42, 30.14, 28.93,
28.80, 28.60, 28.40, 28.35, 27.97, 25.10, 22.34 (2C’s), 22.10, 21.99, 20.50, 16.16.

4.10 Clustering of BCR and CD22 receptors on B cells
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A-BCL cells were prepared and grown as previously described.[38] Cells were grown
in R10 media supplemented with glutamax and 1% beta-mercaptoethanol added weekly in
12-well plates (Corning, Inc.). Plates were kept in a humidified incubator at 37 °C and 5%
CO:x. For fluorescence microscopy experiments, 2 x10° cells were washed and treated with 25
ng mL™! of the indicated conjugate on ice for 1 h, then fixed using 1% PFA on ice for 20 min.
Samples were treated with 1 uL mL"' mouse anti-human IgM (clone IM260, Abcam) or
mouse anti-human CD22 (clone HIB22, BD Pharmingen) at 4 °C overnight, washed, and
stained with goat anti-mouse IgG (polyclonal, Sigma-Aldrich) conjugated with Alexa Flour
647 at room temperature for 1 h. The loading of the fluorophores was approximately 2 dye
per protein as determined by spectrophotometry. After washing, samples were transferred to
24-well plates (Corning, Inc.) with 12 mm circular cover glass slides pre-treated with 0.001%
poly-L-lysine and spun at 300 x g for 15 min. Cover glass slides with samples were washed,
mounted onto microscopy slides with Slowfade Antifade (Thermo Fisher), and sealed with
Cytoseal 60. Samples were imaged on a laser scanning confocal microscope (Olympus IX81)
at 60X. Twenty cells from each condition were chosen for analysis based on transmitted and
fluorescence images, in which each image was subjected to similar thresholding levels, and
each cluster was analyzed using the particle analysis function on ImagelJ. The area of a single
pixel in these images was 0.0173 um?. The areas of each cluster from the analyses were
plotted using bean plot in the R statistical package. Analysis of the means and Student’s t-test

were performed in GraphPad Prism.
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