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Abstract

CD22, a member of Siglec family of sialic acid binding proteins, has restricted expression on B
cells. Antibody-based agents targeting CD22 or CD20 on B lymphoma and leukemia cells exhibit
clinical efficacy for treating these malignancies, but also attack normal B cells leading to immune
deficiency. Here, we report a chemoenzymatic glycocalyx editing strategy to introduce high-
affinity and specific CD22 ligands onto NK-92MI and cytokine-induced killer cells to achieve
tumor-specific CD22 targeting. These CD22-ligand modified cells exhibited significantly
enhanced tumor cell binding and killing /n vitro without harming healthy B cells. For effective
lymphoma cell killing in vivo we further functionalized CD22 ligand-modified NK-92MI cells
with the E-selectin ligand sialyl Lewis X to promote trafficking to bone marrow. The dual-
functionalized cells resulted in the efficient suppression of B lymphoma in a xenograft model. Our
results suggest that nature killer cells modified with glycan ligands to CD22 and selectins promote
both targeted killing of B lymphoma cells and improved trafficking to sites where the cancer cells
reside, respectively.

S.H. (senlianh@scripps.edu), J.C.P.(jpaulson@scripps.edu), P.W. (pengwu@scripps.edu).
Supporting information for this article is given via a link at the end of the document.
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Graphical Abstract

Exploring the exogenous glycotransferase-assisted chemoenzymatic approaches to edit the
structure of live immune cell-surface glycans, in turn, enables in situ generation of the ligands for
cancer specific pathology-markers. Here we reported the creation of CD22-specific ligands and
sialyl Lewis X on NK cells (NK-92MI or CIK cells) to target and eradicate B-lymphoma
efficiently.

Glycoengineering, a way to efficiently target cell-therpeutics to tumor sites
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Introduction

Current treatments for patients with B cell malignancies, such as non-Hodgkin lymphoma
and leukemia primarily rely on systemic chemotherapy and the anti-CD20 antibody
rituximab. However, when people become resistant to both, new treatments are needed.[1:2]
CD22, also known as sialic acid-binding immunoglobulin-like lectin 2 (Siglec-2), is a B cell
restricted inhibitory receptor for antagonizing B cell receptor signaling. CD22 is highly
expressed by various B lymphoma and leukemia.[34] Its B cell restricted expression and
endocytic nature make CD22 a promising therapeutic target. CD22-specific antibodies and
antibody-drug conjugate-based therapies have shown clinical efficacies to treat aggressive
and follicular non-Hodgkin’s lymphoma, acute lymphoblastic leukemia and diffuse large B
cell lymphoma.[5] However, these agents cannot differentiate healthy B cells from B
malignancies and cause serious side effects such as low blood counts, systemic cytotoxic
effects and veno-occlusive disease (VOD). Recently, Fry and co-workers reported that anti-
CD22 engineered Chimeric antigen receptor T cells (anti-CD22 CAR-Ts) induced similar
response rates as anti-CD19 CAR-T cells in patients with acute lymphoblastic leukemia.[6-°]
However, CAR-T therapies face the same dilemma of on-target-off-tumor toxicity.
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Unnatural sialic acid analogs with high-affinity and specificity for CD22 are promising
surrogates of antibodies for CD22 targeting.[10-14] By introducing unnatural substituents
onto C9 of Neu5Ac, sialic acid analogs with micromolar affinity for CD22 have been
discovered, such as 9-Atbiphenylcarboxamide-Neu5Ac (BPCNeusAcl2l: 1) and 9-A-m-
phenoxybenzamide-Neu5Ac (MPBNeu5Acl?l; 2). Nanoparticles that display these ligands
multivalently have been used to deliver cytotoxic drugs to CD22 over-expressed tumor cells
in animal models.[*5-17] Like antibody-based reagents, nanoparticles equipped with CD22
ligands target all cells expressing CD22. To employ CD22 targeting ligands to channel
cytotoxic agents for tumor-specific killing, the challenge is to decouple the killing
mechanism from CD22 targeting.

NK-92MI is a non-immunogenic and constantly cytotoxic nature killer (NK) cell line
currently undergoing intensive clinical trials as an “off-the-shelf therapeutics” for treating
both hematological and solid malignancies.[28-201 NK-92M-induced killing relies on the
interaction of NK activation receptors, e.g. NKG2D, with their ligands that have restricted
expressions on stressed and malignant cells, and thus systemic toxicity is eliminated.[20]
However, NK-92MI cells lack tumor-specific targeting capabilities, and as a consequence
they only exhibit weak to negligible tumor-control effects when administered in vivo.[21.22]
Like NK-92MI cells, cytokine-Induced Killer (CIK) cells that feature a mixed T- and NK
cell-like phenotypel23-26] mainly rely on NKG2D to induce tumor cell killing.[26] We
hypothesize that by using NK-92MI and CIK cells functionalized with high-affinity and
CD22-specific ligands, selective targeting and killing of tumor cells with CD22 over-
expression can be achieved.[27:28]

Here, we exploit chemoenzymatic glycan editing[2%] to create high-affinity CD22 ligands on
the cell surface of NK-92MI and CIK cells. We demonstrate that the functionalized
NK-92MI and CIK cells display high-affinity CD22 ligands on their A~glycans and form
multivalent ligand presentation, which leads to significantly enhanced binding and killing of
CD22 over-expressed tumor cells /in vitro while leaving healthy B cells untouched. /n vivoin
a xenograft lymphoma model, however, the functionalized NK-92MI cells only show weak
activities. In this model, E-selectin that is constitutively expressed in the bone marrow binds
to lymphoma cells, facilitates their bone-marrow deposition, and shed them from attacking
by NK-92MI cells. We discovered that NK-92MI cells that are functionalized with CD22
ligands can be further engineered via fucosyltransferase-mediated installation of E-selectin
ligands to enhance their bone marrow migration. In this way, significant suppression of B-
lymphoma proliferation /n vivo is achieved.

Engineering CD22 ligands on live cells via chemoenzymatic glycan editing.

To engineer killer cells for targeting CD22 positive tumors, we sought to install CD22
ligands onto their cell surfaces directly. Because the sialylated epitope
NeuSAca2-6GalB1-4Glc/VAc found at peripheral A-glycans is a natural ligand of CD22,[14]
we first evaluated the possibility of employing sialyltransferase (ST)-mediated glycan
editing to create this epitope on mammalian cell surfaces by using Chinese hamster ovary
(CHO) Lec2 mutant cellst3%:3 and an engineered HEK?293 cell line32 (HEK293-AST), a
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human epithelial cell line with inactivated ST6Gal1/2 and ST3Gal3/4/6 sialyltransferase
genes and selective loss of sialic acids on A~glycans and glycolipids but not on some types
of O-glycans, as model systems. Both cell lines possess complex type A-glycans terminated
with A-acetyllactosamine (type 2 LacNVAc Galpl-4GlcNAc, or in the case of HEK293 also
minor amounts of LacDiNAc, Gal VAcB1-4GIc/VAC) as is the case for most mammalian
cells. Two a2-6STs, the truncated human ST6Gal1[331 and Phrotobacterium damsela 2,6ST
(Pd2,6ST[3435]), were evaluated for this endeavor using biotinylated CMP-Neu5Ac[36] as
the donor. Approximately 2fold more biotin-Neu5Ac was incorporated onto Lec2 cells by
ST6Gall compared to that added by Pd2,6ST (Supplementary figure s1). Therefore,
ST6Gall was chosen for the follow-up cell-surface glycan engineering experiment (Figure
1a).

Incubating Lec2 and HEK293-AST cells with ST6Gall in the presence of CMP-Neu5Ac
resulted in robust CD22-Fc binding, whereas the cells treated with ST3Gal4[37:381 and CMP-
Neu5Ac to create NeubAca2-3Galp1-4Glc NVAc on the surface only exhibited background
signals (Figure 1b and ¢ and Supplementary figure s3a). As revealed by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometer (MALDI-TOF), after ST6Gall
mediated sialylation, sialylated di-, tri-, and tetra-branched N-glycans could be detected on
the modified HEK293-AST cells (Supplementary figure s4). Interestingly, under saturated
conditions a comparable level of newly added-Neu5Ac on Lec2 and HEK293-AST cells
(Supplementary figure s5) led to a 1.5fold higher CD22-Fc binding on HEK293-AST cells
than on Lec?2 cells (Figure 1d).

Two unnatural NeuSAc analogs, BPCNeuSAc (2a) and MPBNeuSAc (2b), when a.2-6-linked
to LacNAc, are known to bind to CD22 with affinities in the submicromolar range.[12] We
then assessed the feasibility of using the corresponding CMP sugars of these two analogs as
the donor substrates for ST6Gall-assisted sialylation to generate high-affinity CD22 ligands
on the cell surface (Figure 2a, Supplementary figure s17, and s18). At all donor
concentrations assessed, Lec2 cells (Figure 2b and Supplementary figure s6a) and HEK293-
AST cells (Supplementary figure 65b-d) that were modified with unnatural substrates
showed significantly higher binding to CD22-Fc binding than the cells treated with CMP-
Neu5Ac. Under saturating conditions, approximately 10-fold and 500-fold higher CD22
binding was detected on CMP-BPCNeu5Ac- and CMP-MPBNeu5Ac-modified cells than the
cells treated with and without natural CMP-Neu5Ac, respectively. BPCNeu5Ac and
MPBNeu5Ac installed on the cell surface in the a.2-3-linkage only exhibited very weak
CD22-Fc binding on Lec2 cells (Figure 2¢ and Supplementary figure séc) and HEK293-AST
cells (Supplementary figure s6e and s6f). Notably, under saturating conditions
approximately 2fold higher CD22-Fc binding was detected on 2a and 2b modified HEK293-
AST cells than their Lec2 counterparts, respectively, (Figure 2d). This observation suggests
that cell-specific glycan scaffolds may influence binding to CD22 ligands engineered on the
surface.

Engineering high-affinity ligands on NK-92MI and CIK cells for efficient CD22-targeting.

After confirming that 2a and 2b can be incorporated onto mammalian cell surfaces via
ST6Gall-mediated sialylation to create high-affinity CD22 ligands, we then explored the
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feasibility of using this strategy to engineer NK-92MI and CIK cells for targeting tumor
cells expressing CD22. To prepare CIK cells, peripheral blood mononuclear cells from
healthy donors were activated with anti-CD3 and anti-CD28 antibodies, and maintained in
IL-2 supplemented T-cell culture medium for 10-15 days.[26 After subjecting NK-92MI and
CIK cells to ST6Gall-mediated sialylation, both cell lines exhibited dramatically enhanced
binding to CD22-Fc in a dose- and time-dependent manner (Figure 2e, 2g, Supplementary
figure s7a, and s8a). Under saturating concentrations of CMP-BPCNeu5Ac and CMP-
MPBNeu5AC, the high affinity ligand modified NK-92MI cells showed approximately 20—
50-fold higher CD22 binding in comparisons to their counterparts treated with CMP-
Neu5Ac to install the natural ligands. Likewise, CMP-BPCNeu5Ac- and CMP-MPBNeu5Ac-
modified CIK cells showed approximately 10fold higher CD22 binding compared to their
counterparts treated with CMP-Neu5Ac. As expected, ST6Gall-mediated sialylation
significantly increased the aboundance of the bi-antennary, tri-antennary, and created several
new sialosides on NK-92MI cells (Supplementary figure s9). We also confirmed that the
newly created CD22 ligands did not impair the proliferation and cell viability of NK-92MI
and CIK cells (Supplementary figure s7c-e, and s8c). Three days after /n vitro sialylation,
even with proliferation- or turnover-associated dilution of cell-surface ligands the modified
NK-92MI and CIK cells still showed approximately 10 and 15 fold better CD22-Fc binding
than the untreated cells, respectively (Supplementary figure s7f and s8b). Desialylation by
neuraminidase treatment followed by enzymatic sialylation of NK-92MI and CIK cells did
not increase CD22 binding (Figure 2f, Supplementary figure s7b, s8h and s8i), but rather
impaired CD22 binding especially when the natural donor substrate CMP-Neu5Ac was used
for sialylation. This observation suggests that in the natural scenario,
Neu5Aca2-6Galp1-4GlcVAc on O-glycans and glycolipid also contribute significantly
toward CD22 binding. However, when the high-affinity CD22 ligands are incorporated onto
N-glycans, the contributions of the natural ligands on O-glycans and glycolipid become less
important.

Killer cells armed with CD22-ligands exhibit significantly enhanced binding and killing of
B-lymphoma cells in vitro.

Enhanced CD22-Fc binding of the ligand functionalized NK-92MI and CIK cells should
translate into their enhanced ability to induce the binding and killing of tumor cells with
CD22 overexpression. The targeting efficiency of CD22-ligand-functionalized NK-92MI
and CIK for B-lymphoma cells with high CD22 expression was assessed by quantifying the
formation of cell-cell conjugates when coculturing NK-92MI or CIK (effector cells, E) and
B-lymphoma cells (target cells, T). In comparison to the unmodified counterparts, the
CD22-ligand modified NK-92MI and CIK significantly increased the formation of cell-cell
conjugates, respectively. The higher the level of CD22 expression of target cells (Figure 3a),
the higher percentage of conjugate formation was detected (Figure 3b, 3c, Supplementary
figure s8d, s8e, and s10). Madified Killer cells did not induce enhanced cluster formation
with Jurkat cells that are CD22 negative. Consistent with the enhanced binding, the
functionalized NK-92MI1 and CIK cells induced better killing of target B-lymphoma cells
(Figure 3d-h, Supplementary figure s8f, and s8g), which was further supported by the
increased IFN-gamma production (Supplementary figure s11).
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Next, we tested CD22-targeting efficiency in the presence of red blood cells (RBCs) to
better mimic the /n vivo scenario. RBC present nature ligands of CD22 on their cell surface
as revealed by CD22-Fc staining (Supplementary figure s12).Interestingly, CD22-ligand-
mediated targeting of NK-92MI and CIK cells to B-lymphoma cells was 2fold improved
after docking 100 times of RBC cells into the co-culture systems (Figure 3i, 3j and
Supplementary figure s8d). As expected, human RBCs functionalized with high-affinity
CD22 ligands did not induce the Killing of Raji and Daudi cells (Supplementary figure s13).
Importantly, while the modified NK-92MI cells bound to normal B cells from healthy
donors, there was no apparent specific lysis detected (Figure 3a and Supplementary figure
s14). Together, these results suggest that killer cells armed with CD22-ligands may be a
biocompatible tool for selective eradication of B-lymphoma.

Exploiting glycan engineering for efficient NK-92MI-immunotherapy in a mouse model.

The antitumor efficacies of NK-92MI armed with high-affinity CD22 ligands were next
evaluated in vivo using a xenograft model. Raji cells expressing firefly luciferase (Raji-Luc)
were intravenously (7. v.) administered into NSG mice on day 0, followed by three NK-92MI
injections (/.v) on day 2, day 6, and day 10. Tumor growth was monitored by longitudinal,
non-invasive bioluminescence imaging (Figure 4a and 4b). Compared to the control group
that received buffer injection only, no significant inhibition of Raji-Luc tumor growth was
observed in the group treated with unmodified NK-92MI cells, whereas BPCNeu5Ac-
NK-92MI cells exhibited moderate capabilities to suppress tumor growth with ~25%
reduction in bioluminescence signals relative to the control group treated with the buffer
only (Figure 4b). Although we only observed relatively weak reduction in the tumor
associated bioluminescence signals, adoptive transfer of BPFCNeu5Ac-NK-92MI cells did
confer the recipient mice with pronounced survival benefit. In the control group that
received buffer injection only and the group that received unfunctionalized NK-92MI cells,
mouse death started to be observed on day 15 and no mice survived to day 19. By contrast,
in the group that received BPCNeu5Ac-NK-92Ml cells, mice started to die on day 17 and by
day 19 there were still 5 mice alive.

Because most leukemia and lymphoma cells require a close relationship with the bone
marrow microenvironment for their survival and disease progression.[39:40] The low efficacy
of BPCNeuSAc-NK-92MI cells in vivo suggest that the modified NK cells may not be
sufficiently trafficking to bone marrow to attack B lymphoma where they reside /n situ. The
cell adhesion molecule E-selectin is constitutively expressed in the bone marrow and plays a
critical role in promoting leukemia cell adhesion, survival, and resistance to chemotherapy.
[41] Consistent with this knowledge, we noticed that upon 7 v: injection, the injected Raji-Luc
cells primarily migrated to the bone marrow and the circulating Raji-Luc cells was only
detectable in the bloodstream until late stages (i.e. 14-16 days after Raji inoculation). By
contrast, the majority of the injected NK-92MI cells were found in the lung, spleen and
blood steam.[1927] Based on this observation, we hypothesized that increasing bone marrow
infiltration would increase NK-induced tumor cell targeting and killing. The rolling and
tethering of leukocytes on inflamed vessel endothelium cells rely on the binding of cell-
surface sialyl Lewis X (sLeX, Neu5Aca2-3Galp1-4(Fucal1-3)GIcNAc) with E-selectin to
initialize tissue entry from the bloodstream, and importantly, cells migrate to bone through
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specialized marrow vessels that constitutively express vascular E-selectin. Therefore, we
explored the possibility of creating sLeX on the NK-92MI surface to enhance their
interactions with E-selectin and thus facilitate bone migration.[42] The similar strategy was
employed previously by Sackstein and coworker to tune human multipotent mesenchymal
stromal cell (MSC) trafficking to bone.[43]

To create sLeX on NK-92MI, the cells were treated with human fucosyltransferase 6 (FUT6)
[33,43-45] and GDP-fucose. The successful fucosylation and creation of sLeX on NK-92M
cells were respectively confirmed by Aleuria aurantia lectin (AAL, specific for a1-3- and
al1-6-linked fucose) and sLeX-specific antibody staining (Figure 4c). The PNGase F-
mediated A-glycan cleavage partially removed the newly added fucose, suggesting that
fucose residues were added to both A= and O-glycans (Supplementary figure s14a). The
dual-modified NK-92MI cells that display both sLeX and CD22 ligands exhibited
comparable Raji killing capabilities as BP°CNeu5Ac-NK-92MI cells (Figure 4d). Next,
proteomics analysis was performed to profile the membrane glycoproteins modified by
fucosylation using biotinylated GDP-fucose as the donor substrate, through which 119
proteins were identified with high confidence (spectra count number > 5 proteins were listed
in Supplementary table 1). Besides CD44 that was discovered previously to be crucial for
bone marrow migration of MSC,[44] other proteins that were also a.1-3-fucosylated
including integrins, neural cell adhesion molecule (NCAMZY), fibronectin 1 (FN1), human
leukocyte antigen (HLA) and CD48 efc. (Supplementary figure s14). To further assess if the
newly created sLeX promoted NK-92MI bone migration, dual-functionalized or
BPCNeu5Ac-modified NK-92MI cells were injected (/1) into NSG mice that had been
inoculated with Raji-Luc for 12 day. The NK-92MI subsets in the periphery blood and the
hind-leg bone marrow were quantified 10 hours later (Figure 4e). Compared to BPCNeu5Ac-
NK-92MI cells without FUT6-treatment, the bone marrow colonization of (BPFCNeu5Ac)-
sLeX-NK-92MI increased approximately 60% with a concomitant decrease of circling
(BPCNeu5Ac)-sLeX-NK-92MI in the blood stream.

In contrast to the NK-92MI cells modified with CD22-ligand alone, these dual-
functionalized NK-92MI cells showed remarkably enhanced capabilities to control Raji cell
growth compared to BPCNeu5Ac-NK-92MI (Figure 4a, 4b, 4f, and 4g). The lifespan of
tumor-bearing NSG mice was extended approximately 27% in the (BPCNeu5Ac)-NK-92MlI
cell treated group and 40% in (BPCNeu5Ac)-sLeX-NK-92MI cell treated group, respectively,
compared to the control group treated with buffer only. Since NK-92MI cells are well
documented not to effectively kill tumor cells unless they are endowed with tumor targeting
capabilities,[21.22] and we have shown that sLeX modification does not increase NK-92 cell
killing, we conclude that these doubly modified cells are likely effective as a result of CD22
ligands enabling engagement of CD22 on Raiji cells, and that sLeX more effectively targets
the NK cells to protective tumor microenvironments like the bone marrow.

Conclusion and Discussion

Molecules presented on the cell surface determine how cells interact with their partners and
their environment. By engineering the cell-surface landscape, cells can be endowed with the
desired properties. In our previous studies[46], by exploiting the donor substrate promiscuity
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of H. pylorifucosyltransferase, we demonstrated that HER2-specific antibody Herceptin
were efficiently installed onto the cell-surface of NK-92MI cells. The resulting Herceptin-
NK-92MI conjugates exhibited remarkably enhanced activities to induce the lysis of HER2-
positve cancer cells both ex vivo and in a human tumor xenograft model. In the current
study, we utilized ST6Gall-mediated sialylation to create high-affinity CD22 ligands
directly on NK-92MI cells. Via this approach significantly higher levels of CD22 ligands
could be installed onto the cell surface in comparison to metabolic oligosaccharide
engineering (MOE)-based ligand incorporation conducted by the Huang group[46]
(Supplementary figure s16). It is apparent that there is sufficiently high level of endogenous
un-sialylated Lac/VAc residues that can be readily modified by ST6Gall to create a
significant level of CD22 ligands. By contrast, the unnatural sialic acids (e.g., laand 1b)
when added to the culture media for incorporation through the metabolic pathway can be
inefficient as a result of competing with the natural sialic acid (Neu5Ac) for de novo
sialylation of glycoproteins.

Major efforts on cancer immunotherapy are focused on the discovery of new tumor-specific
antigens and ways to target them specifically. Relatively less attention has been devoted to
approaches to facilitate the trafficking and tumor infiltration of immune cells. In their
pioneering work, Sackstein, Xia et al., applied chemoenzymatic glycan editing based on
human a.1-3-fucosyltransferase (FUT) to create sLe* on human multipotent mesenchymal
stromal cells(#4] and cord blood cells!3! so as to enhance their engraftment and trafficking.
Although a previous study introducing CD22 ligands into NK cells resulted in NK cell
killing of B lymphoma cells as shown here,[47] we found that equipping NK-92MI cells with
selectin ligands in addition to CD22 ligands enhanced their efficacy in a B cell lymphoma
model, where Raji B-lymphoma cells are localize in the bone marrow. For this reason, we
suggest that the efficient trafficking of NK-92MI cells to bone marrow via engineered
selectin ligands is critical for inducing productive tumor control.

In summary, cell-surface chemoenzymatic glycan editing offers an easy-to-practice strategy
to boost the efficacy of therapeutic cells for better cancer treatment. Despite glycan turn-over
and cell proliferation, a significant portion of CD22 ligands still remain on the cell surface
after 72 hrs, which is in line with the persistence time of irradiated NK-92MI cells in human
patients. Therefore, this technique provides a nice complement or synergistic approach to the
permanent, genetic engineering approach that has found great success in constructing
NK-92MI-based CAR-NK cells.

Experimental Section

Assessment of the NK-92MI cytotoxicity against B-lymphoma cells and CD22-negative
Jurkat cells:

Labeled or unlabeled NK-92MI cells were co-cultured with different types of cancer cells at
the indicated effector/target ratios for 4 hours in a 96-well plate. Specific cancer cell lysis
was detected by LDH secretion in supernatant (CytoTox96, Promega). Setup of control
groups and calculations of specific lysis were done according to the manufacter’s
instructions. The supernatant of each group (1-hour incubation) was also collected and
subjected to IFN-gamma ELISA kits for quantification.
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NSG mice model for assessing NK-92MI based killing of CD22-positive B-lymphoma cells:

Male NSG mice (8-12 weeks old) were inoculated with 1 x 108 Raji-Luc cells through tail
vein injection (day 0). On day 2, mice were randomly divided into four groups and treated
with HBSS, NK-92MI, BPCNeu5Ac-modified NK-92MI, or BPCNeu5Ac/sLeX dual-labeled
NK-92MI cells through tail vein injection (10 x 106 NK-92MI cells per mouse). On day 5
after tumor challenge, mice were injected with 200 uL D-luciferin (15 mg/mL) through /.p.
injection. Aftere 10 minutes, the bioluminescence signal in the mice was analyzed by the
PerkinElmer IVIS system. The total photons indicating the tumor were quantified by the
IVIS software. For tracing B-lymphoma progression, the NSG mice further received two
additional NK-92M1 doses on days 6 and 10. The luciferin-assisted VIS monitoring of
tumor growth were performed on day 5, day 7, day 12, and day 15. For the established
tumor model, NSG mice were injected intravenously with 1 x 10° Raji-Luc cells on day 0.
The animals were imaged to confirm B-lymphoma formation and received one treatment of
10 x 108 NK-92MI or sLeX-NK-92MI cells (/.v. injection) on day 12.
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Chemo-enzymatic generation of sialyl ligands on live cells to increase CD22 binding. (a)
ST6Gall- and ST3Gal4-assisted incorporation of NeubAc onto type 2 Lac/VAc in a.2-6- and
a2-3-linkages, respectively. The resulting NeuSAca 2-6Galp1-4GIc/VAc is a natural ligand
of CD22, whereas NeubAca2-3Galp1-4GlcNAc is not. (b-d) Flow cytometry quantification
of CD22-Fc binding of ST-engineered live cells. The error bars represent the standard
deviation of three biological replicates. (b) Creation of CD22 ligands on Lec?2 cells by STs-
mediated glycan editing was assessed with CD22-Fc. (¢) Using CD22-Fc to probe time-
dependent creation of CD22 ligands on Lec2 cells by ST6Gall-mediated glycan editing. (d)
Comparison of CD22-Fc binding of Lec2 and HEK293-AST mutant cells modified by

ST6Gall.
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Figure2.
hSTs-assisted creation of high-affinity CD22-ligands on live cells. (a) synthesis of C-9

functionalized analogs of CMP-Neu5Ac, including CMP-BPCNeu5Ac (2a) and CMP-
BPCNeu5Ac (2b). (b-g) flow cytometry quantification of CD22-Fc binding onto STs-
engineered live cells, including Lec2, HEK293-AST, NK-92MI and CIK cells. The error
bars represent the standard deviation of three biological replicates. The CD22-Fc based
probing of the ST6Gall- (b) or ST3Gal4-assisted (¢) incorporation of unnatural sialic acids
(2a or 2b) or nature sialic acid (Neu5Ac) onto Lec2 cells. (d) Comparison of CD22-Fc
binding of Lec2 and HEK293-AST mutant cells modified by ST6Gal1 and unnatural CMP
sialic acids. (e and f) The newly created CD22 ligands on NK-92MI cells were probed with
CD22-Fc, after incubation with ST6Gall and the indicated substrates of different
concentrations. (e) or NK-92MI cells pretreated by sialidase or not (f). (g) The CD22-Fc
based probing of the ST6Gall-assisted incorporation of sialic acids onto CIK cells.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Hong et al. Page 14
a b ir,unmodified SP°NeuSAc-modified ~ “P®NeuSAc-modified € &80+
6000 = iso-control = %’ 61.8% 51.0% E 1
anti-CD22/APC 5 % : ©5
. ) e3 o lﬁg > e C NK-92MI
< 3 4000+ Zg 8Te%| | &5 | = unmodified
8 < S0 il B2 = °Neu5Ac-modified
oL WO . B S L = WPeNeu5AC-modified
SN > 10° 102 10° 10¢ 10° 10" 102 10° 10* 10° o O
£ = 2000+ Raji (CMFDA) Raji (CMFDA) Raji (CMFDA) ° 2 F
o 100 2%
gm‘ i 19.0% ; 21.2 23.2% = 'g
il - — £ 0] ik 4 % i 2% % 3
SR = Hilhes
RS Q_fo\‘ & &6‘ §6107 ¢ ”ﬁ 3 [T g s
N = : @
& Q101 L 78.8% = |freen g 1004 - unmodified
d O T T 1o 107 10° 10° 10° 10° 107 10¢ 10° 10¢ 108 ® = BP°NeuSAc-modified
1004 -o- unmodified eJurkat (CMFDA) Jurkat (CMFDA) f Jurkat (CMFDA) g 807 . wesNeusAc-modified
L —o— B°Neu5Ac-modified 100 - 6 - unmodified J00+ - & - unmodified - =
8 80 - "*eNeu5Ac-modifie 2 |-= %CNeu5Ac-modified =, | = ¥°Neu5Ac-modified
= ] 80 = MPBNeu5Ac-modified 080 —=—MPENeu5Ac-modified
360 T
g% £60-]
‘G 40 1 2 ="
? | L ' :
=20+ 250 5:1 10:1 20:1
e " = CIK and Raji (E/T ratio)
07 251 5.1 e 251 501 ), 50, "W/ 100xRBC
h NK-92MI and Raji (E/T ratio) NK-92MI and Jurkat (E/T ratio) ) =w/o RBC
. ©
100 I unmodified . BP°Neu5Ac-modified MPENeuSAc-modified 2
%) E =
= 3 S
8 80 10 10 S
g 60 S 8 0] 3 8
5 8 5104 10‘} ?.-)
© 40 o< E o
‘£ b4 02: 10°4 1o=3
> 20 o . o ER
E3 10y E ;
0 . 3 - Raji
ifi H1t 10' T T T Y| T ‘ ARLILL BRI BRERILL BRREILL BRELILL Ty T TTTy= T T
. LMJ:LmOdIerd * EPeNeuSAc-modified PR P I il o TRy M A TS I FE W Pl I o i
= MPBNeu5Ac-modified Raji (CMFDA) Raji (CMFDA) Raji (CMFDA)

Figure 3.

Targeting B-lymphoma with the CD22-sialoside-ligands armed killer cells. (a) Comparison
of CD22 expression levels on different types of cells, including two B-lymphoma cell lines
Daudi and Raji, B-cell from six healthy donors, as well as the T-lymphoma cell line Jurkat.

(b and ¢) Flow cytometry-based detection of cell-cell conjugates of NK-92MI cells (effector
cell, stained with CMRA Orange) and target cells (Raji or Jurkat cells, stained with CMFDA
Green) at an E/T ratio of 5:1. Number (in purple) indicates the ratio of target cells (i.e., Raji
or Jurkat cells) that form clusters with NK-92MI cells. (c) The relative proportion of
NK-92MI cell-target cell conjugates with target cells. (d-h) LDH release assay based
quantifying of killer cell cytotoxicity against Daudi (d), Raji (e, g and h), and Jurkat cells (f).
In figure d-f, NK-92MI was the effector cell. In figure g and h, CIK was the effector cell. (i
and j) Flow cytometry-based detection of cell-cell conjugate formaiton of NK-92MI cells
and Raji cells (E/T ratio, 1:1), after docking of 100 x excess human red blood cells (RBC) or
not.
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Figure 4.
Suppression of Raji B-lymphoma proliferation by the functionalized NK-92MI cells in a

murine xenograft model. The B-lymphoma xenograft was established by tail vein injection
of 1 million Raji-Luc cells into NSG mice on day 0. On day 2, the tumor-bearing mice
received the 15 treatment by i.v. infusion of 10 million NK-92MI cells, NK-92MI cells
conjugated with BPCNeu5Ac (BPCNeu5Ac-NK-92MI), and BPCNeu5AC)-sLeX-NK-92M,
respectively; control groups received a single injection of the vehicle (HBSS). The 2"d and
34 NK-92MiI cell infusions were performed on day 6 and 10, respectively (a and b). On days
5, 7,12, and 15, the mice were i.p. injected with D-luciferin and imaged by the VIS system.
(c) FUT6-assisted creation of sLe* on NK-92MI cells. BFCNeu5Ac was conjugated to
NK-92MI by ST6Gal1, which was followed by FUT6-assisted a1-3-fucosylation to create
the sLeX epitope. The cell-surface creation of a1-3-fucosides, sLe*X and CD22-ligands was
confirmed by AAL lectin (left), anti-sLeX antibody (middle), and CD22-Fc staining (right).
(d) Quantify NK-mediated Raji cell killing using a LDH release assay. In figure ¢ and d, the
error bars represent the standard deviation of three biological replicates. () The workflow
for the adoptive transfer of BPCNeuSAc-NK-92MI1 cells with or without sLeX addition to
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tumor-bearing NSG mice. After overnight circulation, the peripheral blood and bone marrow
localization of NK cells were analyzed by flow cytometry. p values were calculated via a
two-sided Student’s t-test. (f) Survival of mice after NK-92MI cell therapy illustrated by
Kaplan-Meier curves. Shown are nine mice per treatment group pooled from three
independent experiments. P values are calculated via Log-Rank (Mantel-Cox) test. (g) On
day 16, the blood of tumor-bearing mice was collected, and the Raji cells (CD19%) in blood
samples were analyzed with flow cytometry. * indicates the two-sided Students’ t-test
p<0.05, **indicates the two-sided Students’ t-test p < 0.01, ****indicates the two-sided
Students’ t-test p < 0.001.
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