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ABSTRACT: CD22 is a sialic acid-binding immunoglobulin-like lectin (Siglec) that is highly expressed on B-cells and B cell lym-
phomas, and is a validated target for antibody and nanoparticle based therapeutics. However, cell targeted therapeutics are limited
by their complexity, heterogeneity and difficulties in producing. We describe here a chemically-defined natural N-linked glycan
scaffold that displays high affinity CD22 glycan ligands and outcompetes the natural ligand for the receptor, resulting in single
molecule binding to CD22 and endocytosis into cells. Binding affinity is increased by up to 1500-fold compared to the monovalent
ligand, while maintaining the selectivity for hCD22 over other Siglecs. Conjugates of these multivalent ligands with auristatin and
saporin toxins are efficiently internalized via hCD22 resulting in killing of B-cell lymphoma cells. This single molecule ligand tar-
geting strategy represents an alternative to antibody and nanoparticle mediated approaches for delivery of agents to cells expressing

CD22 and other Siglecs.

INTRODUCTION

Human CD22 (hCD22), or Siglec-2, is a member of the sialic
acid-binding immunoglobulin-like lectin (Siglec) family and is
selectively expressed on the surface of B cells and B cell lym-
phomas.' CD22 is an inhibitory receptor of the B cell receptor
(BCR) whose activity is modulated by binding to its ligands,
comprising the sequence NeuSAca2-6Galf1-4GlcNAc that
terminate N-linked glycans on cell surface glycoproteins of B
cells and many other cells.”” In the right context, ligand bind-
ing can recruit CD22 to the BCR to suppress autoimmune B
cell responses to antigens on ‘self’ cells, or sequester CD22
from the BCR to allow appropriate B-cell activation against
pathogens that do not contain CD22 ligands.*®

Because CD22 is selectively expressed on B-cell lymphomas
and leukemias it has become an attractive target for cell di-
rected cancer therapy (Figure 1).9‘10 Humanized anti-hCD22
antibodies (conjugated with drugs/toxins) have been used in
clinical trials to treat B-cell Non-Hodgkin’s Lymphoma and
acute lymphocytic leukemia.” """ However, these antibody-
based therapies often suffer from low efficacy and serious side
effects due to the recycling of the hCD22—antibody complex
back to the cell surface, difficulties in producing antibody—
drug conjugates and heterogeneity of conjugates.'” '

oaCD22 antibody- CD22-Glycan ligand
toxin conjugates coated liposome

Chemically-defined
N-Glycan scaffold
(current work)

Figure 1. Schematic illustration of liposome'®, Antibody Drug Conju-
gate (ADC)’'? and N-glycan scaffold for targeting CD22-positive B-
lymphomas cells. Red circle with letter T represents toxin. Magenta dia-

mond represents high affinity ligands for CD22. N-Glycan structure is
displayed using the Symbol Nomenclature for Glycomics.'®

Targeting CD22 using sialic acid containing ligands provides
an alternative to antibodies (Figure 1)."'""* To overcome the
low avidity of natural sialosides, several groups have em-
ployed sialic acid analogues with substituents at the C-9
and/or C-5 positions to increase avidity and selectivity for
CD22." """ Exemplary analogs for human CD22 are 9-N-
biphenyl carboxamide-Neu5Ac (**“Neu5Ac; 1a)* and 9-N-m-
phenoxybenzamide-NeuSFAc (*"°Neu5FAc; 1¢)*' that have
affinities in the low micromolar range. Yet they do not have
enough avidity to compete with natural glycoprotein ligands
on B cells, so called cis-ligands,” requiring multivalent
presentation on polymers or nanoparticles for stable binding to
and uptake by cells."” ' ' %2 Since CD22 is an endocytic
receptor that constitutively recycles between the cell surface
and endosomes, multivalent ligands bound to CD22 are rapid-
ly endocytosed, released in the acidic endosome, and then
accumulate inside the cell over time.”’” In contrast, antibodies
are not released in the endosome, and recycle with CD22 to
the cell surface, representing an advantage of ligand-mediated
vs antibody mediated delivery of cargos.”> ' %

Attempts to create paucivalent (di- and tri-valent) ligands that
would compete with cis-ligands, bind to CD22, and carry car-
go into B cells has met with limited success.”* ***' Several
groups successfully produced paucivalent ligands using
PP*Neu5Ac as the high affinity sialic acid analog. While they
bound to CD22 with significantly higher avidity, the ligands
did not bind to B lymphoma cells without first treating cells
with sialidase to destroy endogenous cis-ligands, or alterna-
tively by further multimerization. We previously investigated
the impact of biological spacing on valency required for mul-
tivalent binding using a bi-functional CD22 ligand comprising
B“Neu5Ac coupled to a hapten, nitrophenol (NP), recognized
by anti-NP antibodies. This bi-functional ligand could medi-
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ate assembly of a multivalent complex between an anti-NP
antibody (IgM, IgA, IgG) and CD22 on cells that was then
endocytosed by CD22.** This showed that a paucivalent ligand
complex with appropriate biological spacing, in this case de-
fined by the valency and geometry of the antibody (n=2-10),
could bind to and be endocytosed by CD22.

In the search for a more chemically defined paucivalent con-
struct, we were inspired by the work of Lee et al., who showed
that a branched N-linked glycan by itself provided biological
spacing of terminal galactose residues for the asialoglycopro-
tein receptor on hepatocytes, with each branch adding 10-100
fold increased avidity.”> To explore the possibility that
branched N-linked glycans functionalized with sialic acids
might similarly increase affinity for CD22 Siglec ligands (Fig-
ure 1), we chemoenzymatically synthesized a library of N-
glycan scaffolds bearing hCD22 ligands at their non-reducing
end and screened their relative inhibitory potency. Remarka-
bly, we find that di- and tri-branched ligands based on natural
N-linked glycan scaffolds provide biological spacing that
dramatically increases affinity for CD22 from micromolar to
low nanomolar/high picomolar avidity, allowing competition
with cis-ligands on B cells, and binding to and endocytosis by
CD22. Conjugates of these ligands with two toxins, saporin
and auristatin exhibit high cytotoxicity against hCD22-positive
B-cell lymphoma cells.

RESULTS AND DISCUSSION

Synthesis of di- and trivalent substituted sialosides on
branched natural glycan scaffolds. A panel of branched
CD22 ligands were synthesized chemoenzymatically by chem-
ical synthesis of 9-C and 5-C substituted sialic acids followed
by enzymatic transfer to glycan scaffolds (Figure 2B and Ta-
ble S1). The 9-C and 5-C sialic acids were prepared similarly
to our published methods” with some modifications as de-
scribed in Experimental Procedures and Supplementary In-
formation. These sialic acid analogs, 1a-c are readily prepared
to gram scale.
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Figure 2. A library of glycan scaffolds bearing hCD22 synthetic lig-
ands via chemoenzymatic synthesis. A) Chemical structures of sialic
acid analog ligands of CD22 (1a-c). BPC: biphenyl carbonyl; MPB: m-
phenoxybenzamide. B) Synthetic ligands of hCD22 based on linear, or
branched O- or N-glycan scaffolds. Glycan structures are displayed using
the Symbol Nomenclature for Glycomics.'®

To assess the ability of enzymatic transfer of the modified
sialic acids to linear and branched scaffolds in a one-pot reac-
tion we mixed LacNAc (2a), a sialic acid analog (1a-¢) and
CTP with the CMP-sialic acid synthetase (NmCSS) and a si-
alyltransferase (hST6Gal-1 or Pd2-6ST). Strikingly we found
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that NmCSS and both sialyltransferases tolerated modification
of Neu5Ac at C-9 with BPC or MPB resulting in synthesis of
the linear analog 3a or 3h, respectively, in excellent yield (Ta-
ble S1). We then applied the same strategy to other galactose
terminated N-glycan scaffolds on 5-40 mg scale and obtained
a library of high affinity ligands for hCD22 (Figure 2B; Table
S1). After purification by gel filtration chromatography or
reverse phase HPLC, the final products were lyophilized and
the target ligands were obtained in excellent yield (88-96%,
Table S1). Among the targets, analogues 3a and 3h are mono-
valent ligands, while branched glycans include an O-linked
glycan (3d), biantennary (3b-¢, 3g, 3i) and triantennary (3e-f,
3j) N-linked glycans. Analogues 3k and 31 are multi-sialylated
di-LacNAc products, which were prepared with bacterial si-
alyltransferase.”>* Notably, the N-glycans are derived from a
natural glycan isolated from eggs, (SGP, Figure 3A) which is
attached to asparagine, facilitating subsequent conjugation
strategies.”

For preparation of high affinity ligands for mCD22 and mSn,
the one-pot reactions using the sialic acid analogs ®"*Neu5Gc
or "“Neu5Ac were not successful. We found that the NmCSS
was unable to convert the ®™Neu5Ge or "““Neu5Ac to the
corresponding CMP-sialic acid derivative. Thus, we instead
transferred 9-NH,-Neu5Gc/NeuSAc to galactose acceptors by
combination of NmCSS and sialyltransferase (hST6Gal-I for
mCD22 ligands and rST3Gal-III for mSn ligands) as previous-
ly reported,”® *® followed by acylation of amine with BPA-
NHS or TCC-NHS to form BPA or TCC ligands, respectively,
in excellent yield (Scheme S3).

Avidity and specificity for CD22. To assess the relative af-
finities of the panel of CD22 ligands in Figure 2B we em-
ployed a competition assay using Chinese hamster ovary
(CHO) cells expressing hCD22 (hCD22-CHO), and a multiva-
lent polymeric ligand, Neu5Gc-PAA, comprising a low affini-
ty ligand (Neu5Gco2-6GalB1-4GIlcNAc) coupled to poly-
acrylamide (PAA) with a biotin tag. Sialoside ligands quanti-
fied using the periodate-resorcinol assay,” were serially dilut-
ed and added with Neu5Gc-PAA to the cells for 40 min at 4°
C, a temperature that prevents endocytosis. After washing the
cells, bound Neu5Gc-PAA is detected using fluorescent la-
beled streptavidin. Affinities of the ligands (3a-h) are com-
pared by their ability to prevent binding of the Neu5SGc-PAA
to cells (Figure 3).

Shown as examples are titrations for 6’SLN (6’-sialyl-N-
acetyl-lactosamine; Neu5SAca2-6GalB1-4GlcNAc), a fragment
of the natural ligand for hCD22, the biantennary N-glycan
with the same terminal sequence SGP, and the corresponding
analogs of these glycans terminated with ®*“Neu5Ac instead
of Neu5Ac, 3a and 3b are shown in Figure 3A. The ICs, val-
ues for these compounds are summarized in Figure 3B. As a
reference, 6’SLN gave an ICs, of 62 pM, which is close to the
K4 value of 32 uM determined for binding to 6’SLN hCD22 at
4° C by equilibrium dialysis.” Thus we can presume that the
ICs, values represent a close approximation of their affinities.
The corresponding biantennary N-glycan SGP shows a three-
fold higher binding affinity for hCD22 compared to the mono-
valent ligand. In contrast, the scaffolds with **“Neu5Ac were
330 nM and 1.8 nM for the monovalent 3a and divalent 3b N-
glycan, respectively. The results were further validated by
using an independent analogous assay involving competition
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of polymer ligand binding to beads coated with hCD22-Fc
chimera (Figure S1).*° In both assays, ligand 3b shows over
100-fold higher binding affinity for hCD22 than 3a. For the
assay employing hCD22-CHO cells, we reason that the two
PPNeu5Ac residues of 3b simultaneously bind two hCD22
monomers resulting in a dramatic increase in binding affinity.

The ICs, values for all the sialosides (3a-l) are also summa-
rized in Figure 3B. Also shown is the relative inhibitory po-
tency (rIP) as a fold increase in potency over the reference
compound 3a. All branched analogue ligands (3b-g, 3i-31)
demonstrated much higher binding affinity for hCD22 than
monovalent analogue ligand 3a with rIP values between 66
and 1500. Triantennary analogues 3e, 3f and 3j (ICs, = 0.22,
0.23 and 0.5 nM, respectively) exhibit better inhibitory poten-
cy than biantennary analogues. The length of the branches
from the mannose core does not appear to influence signifi-
cantly the binding affinity in 3b vs 3¢ and 3e vs 3f. Moreover,
further substitution of the internal LacNAc repeat units with
additional *"“Neu5Ac moieties actually reduces binding affini-
ty (e.g. 3¢ vs 31).
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Figure 3. Determination of the binding affinity and selectivity of syn-
thetic ligands for hCD22. A) Assessment of the ability of the hCD22
ligands to block binding of a multivalent ligand to hCD22-CHO cells
using a flow cytometry-based competitive binding assay. B) Summary of
ICso and relative inhibitory potency (rIP) values of ligands in Figure 2B
assessed in the same assay described in panel A. Triantennary analogue
ligands are highlighted in red. C) Selective binding of monovalent ligand
3a and triantennary N-glycan 3j for hCD22 assessed on a panel of Siglec-
expressing CHO cells. Binding affinities were determined by flow

cytometry.

Previously we reported that the “®"Neu5FAc ligand exhibited
high specificity for hCD22.*' To evaluate the selectivity of the
multivalent ligand for hCD22, we assessed binding to a panel
of recombinant Siglec-expressing CHO cells as described pre-
viously.”"** Accordingly, we prepared probes by conjugating
3a and 3j to fluorescein (FITC) (See Scheme S2A; 3a-FITC,
3j-FITC). These were evaluated for binding to CHO cells
expressing no Siglec (WT-CHO) or CHO cells expressing
various human and murine Siglecs by flow cytometry (Figure
3C). Relative to WT-CHO cells, 3a and 3j bound only to
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hCD22-CHO cells and not cells expressing other siglecs,
showing that selectivity for hCD22 is maintained even for the
high affinity multivalent ligand 3j.

Endocytosis of N-glycan ligands. We next investigated the
ability of the ligands to be endocytosed by hCD22. Four lig-
ands (SGP, 3a, 3b and 3j) conjugated with FITC were added
to the media of WT-CHO or hCD22-CHO cells at various
concentrations for 60-minutes at 37 °C. Cells were washed and
assessed for the amount of ligand taken up by flow cytometry.
As shown in Figure 4A, hCD22-CHO cells showed no signifi-
cant uptake of the monovalent ligand 3a-FITC and the natural
(low affinity) biantennary ligand SGP-FITC at concentrations
of up to 400 nM. In contrast, hCD22-CHO cells exhibited
dramatic uptake of 3j-FITC, the triantennary N-glycan capped
with MPNeu5FAcs, at concentrations as low as 1.6 nM, and
approaching near maximal at 10-20 nM. This is consistent
with a receptor-mediated process by CD22 saturated at low
nM concentrations. The corresponding biantennary analog 3b-
FITC was also taken up by hCD22-CHO cells but saturated at
higher concentrations than 3j-FITC, in keeping with its lower
affinity. The time course for uptake was rapid when measur-
ing uptake of 50 nM 3b- and 3j-FITC over time (Figure 4B).
The fact that hCD22 is indeed mediating uptake is confirmed
by complete lack of uptake of 3b- and 3j-FITC by wild type
WT-CHO cells (Figure 4A and 4B).

We had previously demonstrated that CD22 mediates endocy-

tosis through a clathrin dependent mechanism, and delivers
A

cargo to endosomal compartments.”> >’ To further establish

that the 3j-FITC was undergoing endocytosis we conducted
confocal imaging studies (Figure 4C). hCD22-CHO and WT-
CHO cells grown on glass cover slips were overlaid with me-
dia containing the tri-antennary ligand 3j-FITC and incubated
for 3h at 37 °C. To determine the endocytosis mechanism of
ligand the endosomal marker transferrin-AlexaFluor555 was
also added to the media concurrently with ligand. Following
incubation cells were fixed and permeabilized. Cells were then
stained with anti-hCD22-APC, with anti-FITC-AlexaFluor488
for enhancement of FITC signal, with anti-LAMP-biotin
(CD107a) for localization of lysosomes, and finally with
Hoechst dye to stain nuclei.

We found that 3j-FITC was indeed endocytosed by hCD22-
CHO cells and co-localized in cells with hCD22 and with
transferrin-AlexaFluor555 (Figure 4C, top) in a peri-nuclear
location consistent with the clathrin mediated endocytosis of
CD22 and transferrin to trans-Golgi endosomal compartments
as documented previously.” *** Conversely, there was no co-
localization with lysosomes (LAMP staining; Figure 4C, mid-
dle). As expected, there was no 3j-FITC staining of wild type
WT-CHO cells (Figure 4C, bottom). Monovalent ligand 3a-
FITC was not internalized by hCD22-CHO cells (Figure S2).
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Figure 4. Bi- and tri-antennary ligands of hCD22 are endocytosed by CD22-CHO cells. A) Serial dilutions (400-0.4 nM) of ligand—FITC (SGP-, 3a-,
3b-, and 3j-FITC) conjugates were incubated with hCD22-CHO or WT-CHO cells at 37 °C for 60 min. Cells were washed and endocytosed ligand was
assessed by flow cytometry. B) Ligand-FITC conjugates (50 nM) were incubated with hCD22-CHO or WT-CHO cells at 37 °C for various times. Conju-
gates 3b- and 3j-FITC were efficiently endocytosed by hCD22-CHO cells, but not WT-CHO cells. C) Endocytosis of the triantennary hCD22 N-glycan
ligand by hCD22-CHO cells. hCD22-CHO cells (top and middle) or WT-CHO (bottom) cells on coverslips were overlayed with the hCD22 ligand 3j-FITC
in culture media for 3 h at 37°C. Cells were then washed, fixed, and counterstained with nuclei (blue), ligand (green), hCD22 (yellow) and Tf receptor or
lysosome (red) followed by confocal fluorescence microscopy. DIC: differential interference contrast. Scale bar is 10 pm.
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We also assessed the uptake of the FITC conjugates of SPG-,
3a-, 3b- and 3j by Daudi, cells which highly express natural
a2-6-sialosides as cis ligands that can compete with exoge-
nous ligands for binding to CD22 (Figure 5A). The ligands
were incubated with Daudi cells in pure mouse serum at vari-
ous concentrations for 60-minutes at 37 °C. After washing, the
amount of ligand taken up was assessed by flow cytometry. As
illustrated in Figure 5A, the triantennary N-glycan ligand 3j-
FITC bound to and was internalized by Daudi cells. As ex-
pected the lower affinity bi-antennary ligand 3b was less effi-
ciently taken up, and the monovalent analogue (3a) and the
natural ligand (SGP) had weak or no binding/uptake.

Cytotoxicity of N-glycan ligand conjugates

With a goal of targeting hCD22-expressing cells for immuno-
therapy, we designed conjugates of ligands with the saporin
and auristatin toxins and evaluated their ability to kill Daudi
lymphoma B cells. Saporin is a ribosome inactivating protein
and commercially available as a conjugate to streptavidin.
Thus, we prepared biotinylated ligands by treatment 2a, 3h
and 3j with NHS activated biotin reagent (Scheme S2B). All
the products were subjected to semi-preparative RP-HPLC
separation and the purities were further determined by analyti-
cal HPLC (See supplementary HPLC Spectra). By mixing the
biotinylated ligands (2a-, 3h- and 3j-Biotin) with the streptav-
idin-saporin by 1:1 molar ratio, ligand-saporin conjugates (2a-
, 3h- and 3j-saporin, Scheme S2B) were obtained. Without
further purification, the mixture was serially diluted to the
indicated concentrations and used in the cytotoxicity assay.

As shown in Figure 5B, the CD22 ligand-toxin conjugate with
the triantennary N-glycan 3j (3j-saporin) had extremely high
cytotoxicity with an ECs, of 0.21 nM, over 1300-fold higher
than the monovalent ligand conjugate 3h-saporin (ECs, = 287
nM), and >5000 fold higher potency than the asialo conjugate
2a-saporin, used as a negative control, which showed unde-
tectable cytotoxicity at 1 uM, in keeping with the differences
in the avidities of the ligands (Figure 3 B).

Since streptavidin is tetravalent, the saporin-streptavidin-
CD22 ligand complex is in principle a mixture of conjugates
with 1 to 4 CD22 ligands. Thus, it is possible that more than
one ligand is required for binding and endocytosis of the 3j-
saporin conjugate.

To investigate the potential of 3j to mediate single molecule
targeting we turned to the chemically defined toxin monome-
thyl auristatin F (MMAF), which has previously been studied
for targeting B lymphoma cells when conjugated to anti-
hCD22 antibodies.'"* To introduce a sulfhydryl (-SH) func-
tional group we treated hCD22 ligands (3h and 3j) with NHS
activated SPDP reagent, followed by reduction with TCEP.
The ligands, 3h-SH and 3j-SH, were then coupled to MMAF
by thiol-maleimide coupling (Scheme S2C).

These toxin conjugates were then assessed in the cytotoxicity
assay as described above (Figure 5C). While free MMAF ex-
hibited toxicity with an ECsy of 200 nM, the monovalent lig-
and exhibited reduced potency with ECs, of 1000 nM, pre-
sumably a result of reduced cell permeability and little or no
endocytosis by hCD22. In contrast, the triantennary N-glycan
conjugate 3j-MMAF exhibited an ECs5, = 20 nM representing
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a 50 fold enhancement, and consistent with endocytosis of this
single molecule N-glycan ligand conjugate by hCD22.
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Figure 5. The triantennary glycan scaffold can be endocytosed and
deliver conjugated toxins to Daudi B lymphoma cells. A) Daudi cells
were incubated with serial dilutions of ligand—FITC conjugates in pure
mouse serum at 37 °C for 60 mins. Endocytosed ligands were assessed by
flow cytometry. B) Serial dilutions of saporin-streptavidin complex with
biotinylated-glycan ligands were mixed with Daudi cells for 72h, followed
by assessment of viability using the chromogenic MTT assay. The absorb-
ance was measured at 570 nm. Ligands were LacNAc-biotin (2a-biotin)
with no sialic acid, and "*"NeuSFAc bearing monovalent (3h-biotin) and
tri-valent N-glycan (3j-biotin). C) Serial dilutions of ligand-MMAF con-
jugates were mixed with Daudi cells for 72h, followed by assessment of
viability using the chromogenic MTT assay. The absorbance was meas-
ured at 570 nm. Ligands were ¥®*NeuSFAc bearing monovalent (3h) and
tri-valent N-glycan (3j). MMAF alone was used as a control.

Our results show that triantennary glycan scaffold not only
delivers large toxin complexes such as the saporin streptavidin
conjugates, but also small chemically defined peptide like
toxins like auristatin to B lymphoma cells. These show that the
triantennary N-glycan scaffold has sufficient avidity that it can
outcompete the natural cis-ligands on B cells to effectively
deliver toxins into the cell by hCD22 mediated endocytosis.
This single molecule targeting strategy therefore represents an
alternative to nanoparticle and antibody targeting of hCD22 to
deliver chemotoxins to B cell lymphomas.

Targeting other Siglecs with N-glycan ligands. Given our
success in targeting hCD22 with conjugates of 3j, we explored
if this N-glycan scaffold could also be applied to target other
Siglecs. Thus, we prepared conjugates of ligands for other
Siglecs, including ""Neu5Gc™ terminated analogs analogues
(4a-d) for targeting mCD22 and "““Neu5Ac™ analogues (5a,
b) for targeting mSn (murine sialoadhesin). Because the CMP-
sialic acid synthetase (NmCSS) and sialyltransferases do not
efficiently transfer ""*Neu5Gc and "““Neu5Ac to acceptor
substrates, we first transfered 9-NH,-Neu5Gc using hST6Gal-I
or 9-NH,-Neu5Ac using rST3Gal-III to the desired galactose
terminated scaffolds, followed by acylation of the 9-NH, with
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the corresponding NHS activated substituent to yield the cor-
responding *"*Neu5Gc (for mCD22) and "““Neu5Ac (for
mSn) products in excellent yield (Figure 6C, Scheme S3B,C).

Analysis of the "™ Neu5Gc ligands using mCD22-CHO cells
in the cell-based competitive binding assay, showed that the
triantennary ®"*Neu5Gc ligand 4d (ICs, = 2.9 nM) had 360
fold higher binding affinity to mCD22 than monovalent ligand
4a and 13 fold higher than biantennary ligand 4b (Figure 6A).
The di-LacNAc extended ligand 4c¢ has similar binding affinity
to mCD22 as mono-LacNAc extended ligand 4b, which is
consistent with the results for hCD22 (3b vs 3¢ and 3e vs 3f).
Analysis of the "““Neu5Ac ligands using mSn Fc chimera in
the bead-based competitive assay showed that the biantennary
ligand 5b had a 21-fold higher binding affinity monovalent
ligand Sa (Figure 6B). The results show for several Siglecs
that the branched N-glycan scaffold provides dramatically
enhanced avidities over monovalent ligands.
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Figure 6. Determination of the binding affinity of synthetic ligands for
mCD22 and mSn. A) Assessment of the ability of the mCD22 ligands to
block binding of a multivalent ligand to mCD22-CHO cells using a flow
cytometry-based competitive binding assay. B) Assessment of the ability
of the mSn ligands to block binding of mSn to the magnetic beads coated
with multivalent natural ligand using a flow cytometry-based competitive
binding assay. C) Synthetic ligands of mCD22 and mSn based on linear,
or branched N-glycan scaffolds. Glycan structures are displayed using the
Symbol Nomenclature for Glycomics.'® ICsy values were listed in paren-
thesis behind the compound numbers. BPA: Biphenyl acetyl. TCC: 4H-
thieno[3,2-c]chromene-2-carbamoyl.

Summary

Here we show that Siglec ligands based on di- and tri-valent
N-glycan scaffold results in dramatically increased affinity
over the corresponding monovalent ligand. Indeed, N-glycan
based ligands of hCD22 exhibited high up to 1,500-fold in-
creased affinity with low nM/high pM avidity capable of bind-
ing to and being endocytosed by CD22 on B lymphoma cells.
Since CD22 is a monomer, we suggest that the avidity gain
observed in a cell based binding assay must come from the
individual branches of the glycans interacting simultaneously
with multiple CD22 receptors on surface of the cell, which
would require that the ligand binding sites of two CD22 mole-
cules come within 30-50 A of each other.*" Of particular note
was that these ligands, as single molecules and without further
multimerization, are capable of being bound and endocytosed
by hCD22 on Daudi B lymphoma cells, which are known to
have abundant natural ligands of CD22 that bind in cis and
prevent binding of weak exogenous ligands in trans.>>> *
These ligands provides an alternative to nanoparticle- and Ab-
mediated approaches for delivery of toxins and other cargo to
CD22 bearing B lymphoma cells. The fact that avidity gains
are also seen with N-glycan based ligands of mCD22 and mSn
suggests that avidity gains could be achieved using the N-

linked glycan scaffold for other members of the Siglec family.

MATERIALS AND METHODS

Materials: The recombinant enzymes, a CMP-sialic acid syn-
thetase (NmCSS), two mammalian sialyltransferases rat
ST3Gal-III and human ST6Gal-1, and a ST6Gal sialyltransfer-
ase from Photobacterium damsella (Pd2,6ST) were prepared
as previously described.”* The Chinese hamster ovary
(CHO) parental (wild type) cell line (WT-CHO) and cells ex-
pressing human or murine Siglecs (Siglec-CHO) were de-
scribed previously.”" ** The recombinant siglec-Fc chimeras,
hCD22 Fc* and mSn Fc*, were prepared as previously de-
scribed. A polymeric CD22 ligand (1 M Da), Neu5Gca2-
6LacNAc-PAA-Biotin (NeuSGc-PAA), was obtained from the
Consortium for Functional Glycomics (CFG #: PA365). All
other chemicals and buffers were obtained in the highest puri-
ty available from commercial suppliers.

Preparation of substituted sialic acids

BPCNeuSAc (1a, Scheme S1A): Crude 9-NH,-Neu5Ac (12)*'
and DIEA (5.0 equiv.) were dissolved in H,O, followed with
addition of 3.0 equivalents of biphenyl carboxylic acid-(BPC)-
N-hydrozysuccinimide ester (NHS). The reaction was stirred
at 0 'C until the starting material was consumed. Then the re-
action was purified by Sep-Pak C18 column (2 g, Waters
Corp.) and eluted with H,O-MeOH. The product was obtained
as inseparable o/f} isomers in 95% yield.

MPENeuSAc (1b, Scheme S1A): was prepared similarly as
described above by stirring 12 with meta-phenoxy benzoic
acid-NHS (MPB-NHS) in water. After purification, a/ff mix-
ture of 1b was afforded in 93% yield.

MPENeuSFAc (1c, Scheme SIB): In brief, the N-acetyl group
of sialic acid derivative 13 was removed by heating to 60 °C
with MsOH in CH;OH. After neutralization with Et;N the
amine group of neuraminic acid 14 was reacted with fluoroa-
cetyl chloride and DIEA at 0 °C to provide fluorinated sialic
acid 15. 9-N;-Neu5FAc 17 was obtained by treatment com-
pound 15 with LiOH in water to hydrolyze methyl ester, and
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with additional of I, to hydrolyzed the thiol group. Azido
group of 17 was further reduced to amine by treatment with
PMe;s. All of the reactions were monitored by thin layer chro-
matography (TLC). All the intermediates were purified by
silica gel chromatography. The final product 1¢ was obtained
by stirring 9-NH,-NeuSFAc 18 with MPB-NHS, followed by
purification with Sep-Pak C18 column.

One-pot chemo-enzymatic synthesis of high affinity ligands
for hCD22

Linear and biantennary scaffolds (2a-d, and 2h) were prepared
as described previously.” *'* The synthetic strategy for trian-
tennary scaffolds were illustrated in Scheme S4. In brief, trian-
tennary glyopeptide 23*' was digested to the asparaginyl oli-
gosaccharide 2e by treatment with the enzyme Actinase E
(Kaken Pharmaceutical, Japan).” Next, the di-LacNAc (LN,
N-acetyl-lactosamine) extended triantennary glycan 2e was
further extended to tri-LacNAc glycan 2f by using bacterial
B1-3GlcNAc-transferase (from H. pylori) and B1-4Gal-
transferase (LgtB).” Because the NH, group of asparagine is
poorly reactive, it was acylated by NHS activated (2-
azido)glycine to form glycan 2g to facilitate subsequent con-
jugation to biotin, fluorescent groups and toxins.

With the acceptors 2a-h in hand, we performed a one-pot two-
enzyme strategy to generate the corresponding sialoside li-
brary (Table S1). In brief, a galactose terminated acceptor (2a-
h, 5 - 40 mg) was mixed with 1.5 molar equivalents/galactose
of a sialic acid analog monosaccharide (1a-c) and 2.0 equiva-
lents/galactose of CTP in Tris buffer (100 mM, pH8.5) with
MgCl, (15 mM) to give a final concentration of 0.5 mM for
the galactose acceptor. NmCSS (~400-1000 mU) and an o2-
6-sialyltransferase (~100-500 mU of either hST6Gal-I"" or
Pd2-6ST*) were added to the reaction and incubated at 37 °C .
Reactions were monitored by mass spectrometry analysis and
thin layer chromatography (TLC). After the acceptor was con-
sumed, the reaction was centrifuged and the supernatant was
subjected to a centrifuge filter with molecular mass cut-off 10
kDa (Amicon Ultra, Millipore) to remove proteins. The filtrate
was purified with a semi-preparative RP-HPLC. The products
were eluted by water and acetonitrile solvents containing with
0.1% TFA (trifluoroacetic acid). The purity of the final prod-
uct was determined by an analytical HPLC monitoring with
UV wavelength at 215 nm and 254 nm (See HPLC spectra in
Supporting Information).

Synthesis of PPANeu5Ge and "““Neu5Ac sialosides

Synthesis  of BPANeu5Ge (9-N-biphenylacetamide-N-
glycollyl-neuraminic acid) sialosides (Scheme S3B): The
synthesis was performed similar to that described
previously.” *° Briefly, a galactose terminated glycan (2a-c,
2g), 9-NH,-Neu5Ge (20, 1.5 equivalents/galactose) and cyti-
dine 5’-triphosphate (CTP, 2.0 equivalents/galactose) were
dissolved in Tris-HCI (100 mM, pH9.0) containing MgCl, (20
mM final concentration). NmCSS (~100-400 mU) and an o2-
6-sialyltransferase (~100-200 mU of hST6Gal-I"') were added
and incubated at 37 °C for overnight. The reactions were mon-
itored by mass spectrometry and thin layer chromatography
(TLC). After completion, the reactions were centrifuged and
the supernatant was loaded to size exclusion chromatography
(Sephadex G-25, 1 x 100 cm, eluted with water) to afford a2-6
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linked 9-NH,-Neu5Gc sialosides 21a-d. By mixing 21a-d with
3.0 equivalents/amine BPA-NHS (biphenyl acetyl NHS ester)
and DIEA in 0.4 mL H,O at 0 °C for 4h, a2-6 linked
BPANeu5Ge sialosides 4a-d were obtained. The final products

were purified by semi-preparative RP-HPLC.

TCNeu5Ac (9-N-(4H-thieno|[3,2-c|chromene-2-carbonyl)-
Neu5Ac) sialosides for mSn (Scheme S3C): the procedure
was applied similarly as described previously.” Briefly, a
galactose terminated glycan (2a, b), 9-NH,-NeuSAc (12, 1.5
equivalents/galactose) and CTP (2.0 equivalents/galactose)
were dissolved in Tris-HCl (100 mM, pH9.0) containing
MgCl, (20 mM final concentration). The NmCSS (~100-500
mU) and o2-3-sialyltransferase (~100-300 mU of rST3Gal-
I1*") were added and incubated at 37 °C for overnight. Reac-
tions were monitored by mass spectrometry and thin layer
chromatography (TLC). After completion, the reactions were
centrifuged and the supernatants were loaded to size exclusion
chromatography Sephadex G-25 (1 x100 cm, eluted with wa-
ter) to provide a2-3 linked 9-NH,-Neu5Ac sialosides 22a and
22b. By stirring 22a,b with 5 equivalents/amine TCC-NHS
ester and DIEA in 0.4 mL H,O at 0 °C for 4h, a2-3 linked
"“Neu5Ge sialosides 5a and 5d were obtained. The final
products were purified by semi-preparative RP-HPLC.

Measurement of ICs, by competitive cell-based binding
assay

Serial dilutions of the sialoside ligands (3a-1) were made in a
96 well plastic plate in 100 puL cold FACS buffer (Hank’s Bal-
anced Salt Solution containing 0.5% BSA) the polymeric
CD22 ligand Neu5Gce-PAA at 1 pg/mL. Approximately 10°
WT-CHO or Siglec-CHO cells were added and the plate was
maintained in dark for 40 mins at 4 °C. After washing the cells
twice by suspension in cold FACS buffer (200 pL) and cen-
trifugation (300 x g), cells were incubated with Streptavidin-
PE (1:1000 dilution, Biolegend) in 100 pL FACS buffer in
dark for 30 mins at 4 °C. After washing with 200 pL cold
FACS buffer, cells were re-suspended in FACS buffer (200
pL) and analyzed by a flow cytometry (LSR II, BD Bioscienc-
es). Flow cytometry data were analyzed using the Flowjo
software. All titrations were performed in triplicate. Inhibition
data were analyzed and graphed with Prism software
(GraphPad) for the curve-fitting and IC50 calculations. No
binding (0%) was defined as background without the PA365
ligand. Complete binding (100%) was determined as incuba-
tion binding of the PA365 ligand without any competing sialo-
side.

Synthesis of fluorescent ligand conjugates. Fluorescine
isothiocyanate (FITC) was conjugated to hCD22 ligands (3a,
3b, 3j and SGP) by mixing with FITC-NCS under basic con-
ditions (Scheme S2A). The final products were purified with
semipreparative HPLC by monitoring with UV wavelength at
215 nm and 254 nm using water-acetonitrile with 0.1% TFA
as an eluent.

Cell binding and uptake of FITC-ligands

To assess Siglec mediated binding and endocytosis of the lig-
ands, ligand-FITC conjugates (3a-, 3b-, 3j- or SGP-FITC)
were diluted to the indicated concentrations and were incubat-
ed with approximately 10° WT-CHO, Siglec-CHO, or Daudi B
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cells in 100 uL HBSS buffer (with 0.5% BSA or pure mouse
serum) at 37 °C for certain time. Cells were washed twice by
suspension in HBSS buffer (200 uL) and analyzed by flow
cytometry. Binding data were processed and graphed with
Prism software (GraphPad) for the curve-fitting and calcula-
tions.

Confocal fluorescence microscopy study of ligand endocy-
tosis

WT-CHO and hCD22-CHO cells were grown on 18 mm
round cover slips in a 12 well plate. The cells were washed
twice with 1 mL PBS and incubated with 400 nM ligand-FITC
conjugate (3a-FITC or 3j-FITC) in 100 pL DMEM (Dulbec-
co's Modified Eagle Medium) buffer containing 0.5% BSA at
37 °C for 3h. To detect the transferrin receptor, transferrin-
AlexaFluor555 (1:100 dilution, Invitrogen catalg #: T35352)
was added concurrently with the ligand-FITC conjugate. After
washed with PBS, cells were fixed with 4% PFA for 20 mins
at room temperature. Then, cells were washed with PBS and
permeabilized with 0.1% Triton X-100 in PBS for 15 mins at
room temperature, followed by block with 5% normal goat
serum (NGS) in PBS for 60 mins at room temperature. Anti-
hCD22-APC (1:25 dilution, Biolegend catalg #: 302510) and
anti-human CD107a (1:100 dilution, Biolegend catalg #:
328604) in 1% NGS/PBS solution were used to detect hCD22
and LAMP-1 (lysosome biomarker), respectively, at 4 °C for
overnight. After washing three times with PBS (2 mL), Strep-
tavidin-AlexaFluor555 (1:500 dilution) and anti-FITC-
AlexaFluor488 (1:100 dilution, Jackson Immuno Research
catalg #: 200-542-037) in 1% NGS/PBS solution were used to
detect biotin and FITC group, respectively, in dark at room
temperature for 60 min. After washing, cells were incubated
with Hoechst to stain the nuclei (0.1 pg/mL in PBS) for 10
mins at room temperature. Cells were mounted with Vec-
tashield antifade reagent (Vectorlabs, H-1000) and analyzed
using a Zeiss LSM710 laser scanning confocal microscope.
Images were Z-stacked and analyzed with Adobe Photoshop.

Preparation of hCD22 ligand-toxin conjugates.

Saporin conjugates were prepared in sifu and applied in the
assay without further purification (Scheme S2B). Briefly,
hCD22 high affinity ligands (3h and 3j) were mixed, respec-
tively, with 1.5 equivalents of NHS-PEG-biotin or NHS-
LCLC-Biotin Thermo Fisher Scientific) in H,O under basic
condition at 0 °C to form biotinylated ligands (3h- and 3j-
Biotins). Asialo glycan LacNAc-biotin conjugate (2a-Biotin)
was prepared and used as a negative control. After purification
by HPLC, the biotinylated ligand solution (100 uM) was pre-
pared in PBS and mixed with Streptavidin-Saporin (20.7 uM,
Advanced Targeting Systems Biotech catalg #: IT-27) by 1:1
molar ratio at room temperature. The mixture was used in the
cytotoxicity assay without further purification.

Conjugation to monomethyl auristatin F (MMAF) was accom-
plished by the thiol-maleimide coupling of a thiol modified
hCD22 ligand derivative (3h-SH or 3j-SH) to commercially
available maleimidocaproyl-valine-citrulline-p-
aminobenzoyloxycarbonyl (MC-vc-PAB)-MMAF (Levena
Biopharma; Scheme S2C). Briefly, the 4-5 mg ligand, 3h or 3j
was stirred with 1.5 equivalents NHS-PEG,-SPDP (Thermo
Fisher Scientific) in 100-200 uL H,O under basic condition at

0 °C. After the starting material was consumed, the product
was purified by reverse phase HPLC to afford 3h- or 3j-
PEG,-SPDP in excellent yield. To reduce the thiol bond, the
SPDP derivative (3h- or 3-SPDP) was treated with 2.0 equiva-
lents Tris(2-carboxyethyl)phosphine (TCEP, Acros Orgaics) in
200 pL PBS at room temperature. The pH value was adjusted
to 7.0. After completion, 3h-SH and 3j-SH were obtained in
excellent yield by separation with Sep-Pak C18 column. The
freshly prepared 3h-SH and 3j-SH were mixed with 1.1 equiv.
MC-vc-PAB-MMAF in 100-200 pL PBS to provide the lig-
and-MMAF conjugates in excellent yield. The MMAF-
conjugates were purified by semi-preparative RP-HPLC and
the purity was further determined by analytical HPLC.

Cytotoxicity assay for ligand-toxin conjugates

To determine the potency of the ligand-toxin conjugates Daudi
cells were subjected to the toxins and cell viability was per-
formed using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay.” Approxi-
mately 5000 Daudi cells in 50 puL of complete culture medium
(RPMI 1640 buffer with 10% FBS and 1% PenStrep) were
plated in 96-well flat bottom plate (Corning, #3595) and incu-
bated overnight. Serial dilutions of ligand-toxin conjugates in
50 uL RPMI 1640 buffer were added to each well and incu-
bated for 72h at 37 °C. Then, MTT (10 pL, 5 mg/mL in PBS)
was added to each well and incubated for 3h at 37 °C. The
blue formazan salts were dissolved in 100 pL isopropanol with
0.1% NP40. The absorbance was measured at 570 nm with a
reference wavelength of 630 nm using a microplate reader
(BioTek Synergy H1). Data were collected in triplicate. Cell
viability data were processed and graphed with Prism software
(GraphPad) for the curve-fitting and calculations. The maxi-
mum cell viability was defined as untreated cells (100%). The
complete killing was defined as background without cells.
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