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Abstract: Sialic acid sugars that terminate cell-surface glycans
form the ligands for the sialic acid binding immunoglobulin-
like lectin (Siglec) family, which are immunomodulatory
receptors expressed by immune cells. Interactions between
sialic acid and Siglecs regulate the immune system, and
aberrations contribute to pathologies like autoimmunity and
cancer. Sialic acid/Siglec interactions between living cells are
difficult to study owing to a lack of specific tools. Here, we
report a glycoengineering approach to remodel the sialic acids
of living cells and their binding to Siglecs. Using bioorthogonal
chemistry, a library of cells with more than sixty different sialic
acid modifications was generated that showed dramatically
increased binding toward the different Siglec family members.
Rational design reduced cross-reactivity and led to the discov-
ery of three selective Siglec-5/14 ligands. Furthermore, glyco-
engineered cells carrying sialic acid ligands for Siglec-3
dampened the activation of Siglec-3* monocytic cells through
the NF-kB and IRF pathways.

The immune system defends the host from pathogens and
cancer yet must discriminate between self and non-self to
avoid damage to healthy tissue. An important differentiator
in this respect is the presence or absence of sialic acid sugars
on the cell surface.["! Sialic acids are found on the terminus of
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cell-surface glycan chains and regulate the immune system by
interacting with the sialic acid binding immunoglobulin-like
lectin (Siglec) family.”! In humans, 14 Siglecs (Siglecs-1-11
and Siglecs-14-16) are expressed on immune cells. Siglecs
contain an extracellular sialic acid binding domain and most
Siglecs contain an intracellular immunoreceptor tyrosine-
based inhibitory motif (ITIM; Scheme 1).! Alternatively,
Siglecs-14-16 can recruit an immunoreceptor tyrosine-based
activation motif (ITAM). Siglecs can bind to sialic acids
present on the same cell (cis binding) or sialic acids present on
an adjacent cell (transbinding), and in general, these
interactions dampen immune-cell activation.”***! Aberra-
tions in sialic acid and Siglec expression have been associated
with autoimmunity, inflammatory diseases, neurodegenera-
tion, and cancer.*® Although the importance of the sialic
acid/Siglec interaction in immune regulation is well docu-
mented, its role in physiological and pathological processes is
still poorly understood.! To elucidate the function of sialic
acid/Siglec interactions, tools are needed to specifically target
Siglecs in a cellular context. This is difficult since sialic acids
bind Siglecs in a monovalent manner with low affinity (0.1-
3 mm).”! Chemical modification of sialic acids can augment
Siglec binding affinity and selectivity, and such modifications
can be introduced through copper-catalyzed azide—alkyne
cycloaddition (CuAAC)."® However, these approaches are
often not applicable to cell-based assays and lack multivalent
presentation in a natural context, which is a crucial determi-
nant in Siglec binding.”) Recently, sialoglycan-decorated
polymers have been developed that can be integrated into
the cell surface to bind Siglec-7."" However, the use of
unnatural polymers does not provide a natural context and is
labor-intensive.

Therefore, we investigated the possibility of using bio-
orthogonal chemistry to modify sialic acids on living cells to
enhance their binding to Siglecs whilst maintaining their
natural multivalent presentation on the cell surface
(Scheme 1). To this end, alkyne- or azide-modified sialic
acids were metabolically incorporated into living cells and
reacted with over sixty different azides/alkynes using
CuAAC.!"! The obtained library of glycoengineered cells
was screened for binding to the human Siglec family and this
led to the identification of modifications that dramatically
increase Siglec binding (> 100 fold). Using structure-guided
design, sialic acid modifications highly selective for Siglec-5
and its homologue Siglec-14 were developed. Finally, func-
tional analysis showed that the glycoengineered cells pro-
grammed to bind Siglec-3 are able to dampen the activation of
Siglec-3* immune cells.
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conjugated phycoerythrin (streptavidin-PE) by flow cytom-
etry. As expected, high fluorescence was detected for
AcsNeuNPoc and AcsNeuNAz but not for the control sialic
acid AcsNeuNAc (Figure S1b). Next, cells carrying alkyne- or
azide-modified sialoglycans were reacted with 49 different
azides (L1-L49) and 15 different alkynes (L50-L64; Figures
S4,S5), respectively. To determine the reaction efficiency,
a second reaction was performed with azide/alkyne-biotin to
detect remaining alkynes/azides. All azides and alkynes tested
showed reaction efficiencies of more than 78 % (Figure 1).
L1-L64 were selected on the basis of known structures and
in silico docking experiments (see below).[5* 1]
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Figure 1. Generation of a sialic acid modified cell library using click
chemistry.

To maximize the exploration of chemical space neighbor-
ing the sialic acid binding domain, aromatic, aliphatic, and
charged azides or alkynes were synthesized. In addition,
functional groups that can engage in hydrogen bonding were
included (Figures S4,S5). Having demonstrated that L1-L64
react efficiently with the clickable sialic acids, the binding of
available recombinant human Siglecs in the form of Silglec—
Fc chimeras (Fc=fragment crystallizable region of an anti-
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Figure 2. Screening of the sialic acid modified cell library for binding to the human Siglec family.

body) to the modified cells was assessed. To detect binding,
the recombinant Siglec-Fc chimeras were precomplexed to
Alex Fluor 647 (AF647)-conjugated anti-human-Fc antibod-
ies. The AF647-conjugated anti-human-Fc antibodies alone
showed no binding to L1-L64-modified Jurkat cells, but
significant changes in binding of the precomplexed Siglec-Fc
chimeras to the glycoengineered cell library was observed
(Figure 2 and Table S1 in the Supporting Information). The
addition of L1-64 to alkyne and azide sialic acid treated cells
in the absence of CuSO, had no effect on Siglec binding, as
expected (Figures S6,S7). From the data shown in Figure 2, it
is clear that chemical modification of the sialic acids on living
cells drastically alters their interaction with Siglecs. Based on
the binding patterns, the Siglec family could be roughly
divided into two main groups. The first group includes Siglecs-
2,-3,-6,-8,-10, and -11, which reacted with only a few (1-6) of
the sialic acid modifications presented by the cells. The
second group, which includes Siglecs-5/-14, -7, and -9, reacted
with many (11-49) glycoengineered cells. In contrast, no
significant change in the binding of Siglec-4 to any of the
modified cells was found. To confirm applicability across
different cells lines, HEK293 kidney cells treated with
AcsNeuNPoc were reacted with a selection of azides and
screened for Siglec binding. Similar results to those in the
Jurkat cell were obtained, which confirmed that the sialic acid
modifications specifically enhance Siglec binding (Figure S6).
Except for Siglec-4, glycoengineered cells were identified for
each Siglec family member tested, including the orphan
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Siglecs, Siglecs-6, -8, and -11. Some modifications showed
affinity to multiple Siglecs. While these modifications could
be useful to target different Siglecs at the same time, selective
targeting is required to study or manipulate an individual
Siglec family member. Siglecs-5/-14, -7, and -9 showed similar
binding preferences for sialic acids modified with benzyl
azides (Figure 2).

To investigate the possibility of selectively targeting
individual Siglecs, we modeled the benzyl derivatives into
the crystal structure of Siglec-5.1*! This revealed an aspartic
acid residue (D130) in the F-G turn close to the sialic acid
modification. Sequence alignment of Siglecs-7 and -9 showed
that neither of them shares a negatively charged amino acid at
this position (Figure S8). We reasoned that positively charged
modifications such as L.24-1.26 could form a salt bridge with
D130 and might allow for the selective binding of Siglec-5/-14,
which was confirmed by docking experiments (Figure 3a,
Figure S11). We therefore synthesized L24-1.26, and as
predicted, the presence of these positively charged groups
on the surface of Jurkat cells strongly enhanced binding to
Siglec-5 and its homologue Siglec-14 but not to Siglecs-7 and
-9 or any other Siglec family member (Figure 3b). These data
demonstrate that, depending on the structure of the V-set
domain, clickable molecules can be produced that alter sialic
acids selectivity for a particular Siglec member. Moreover,
other single (C-2, C-4, C-9) or multiple modifications of the
sialic acid backbone could further improve Siglec binding
affinity and avidity.!™)
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Figure 3. Structure-guided design to obtain selective sialic acid ligands for Siglec-5/14.

Having established the ability to drastically improve
Siglec binding affinity and selectivity using bioorthogonal
chemistry, we next investigated the functional consequences
of such modifications. To this end, we investigated the effect
of the interaction between glycoengineered Jurkat T-cells that
show high binding to Siglec-3, and Siglec-3-expressing mono-
cytic THP1-DUAL cells. Siglec-3 is normally expressed on
myeloid cells, monocytes, myeloid leukemia cells, and micro-
glia cells and contains an intracellular ITIM.*7 THP1-
DUAL cells express Siglec-3 but no other Siglec family
member (Figure S9) and secrete alkaline phosphatase (AP) in
response to immune activation through the NF-kB pathway,
and luciferase (Luc) in response to signaling through the IRF
pathway.'¥! The two pathways play distinct roles in the
activation of the immune system and can be triggered by Toll-
like receptor (TLR) ligands. Therefore, this reporter cell
model allowed us to study the effect of sialic acid/Siglec-3
interactions on the activation of monocytic cells through the
NF-kB and IRF pathways."®!7) From our glycoengineered
cell library (Figure 2), we selected three sialic acid modifica-
tions (L4, L39, and L57) that strongly enhance Siglec-3
binding. As a positive control, anti-Siglec-3 antibodies were
used that have been shown to cross-link Siglec-3, thereby
inducing signaling and SHP-1/-2 recruitment to the ITIM.[*
As a negative control, Jurkat cells modified with L40, which
showed no Siglec-3 binding, and unconjugated Jurkat cells
were used (Figure 2). Next, the THP1-DUAL cells were
activated by TLR ligands LPS and Pam3CSK4, resulting in
high production of AP and Luc (Figure 4). Co-culture with
unmodified Jurkat cells or Jurkat cells modified with L40 had
no significant effect on THP1-DUAL cell activation, whereas
cross-linking of Siglec-3 with antibodies reduced AP and Luc
secretion. Intriguingly, co-culture with L4, L39, or L57-
modifed Jurkat cells was as effective as antibody cross-linking
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of Siglec-3 in reducing Toll-
like receptor and IRF sig-
naling. To further show that
the dampening effect of the
glycoengineered cells was
mediated by Siglec signal-
ing, the reporter cells were
pre-treated with the SHP-
1/-2 inhibitor NSC-87877,
which abrogated the inhib-
iting effects of both the
anti-Siglec-3 antibodies
and the L4, L39, and L57-

[ L24
125 modifed Jurkat cells (Fig-
mm 26 ure S10). These findings

suggest that glycoengi-
neered T-cells can induce
immune inhibitory Siglec-3
signaling that counteracts
the activation of immune
cells through the NF-xB
and IRF pathways. Possibly,
the glycoengineered T-cells
cross-link Siglec-3, thereby
leading to SHP-1/-2 recruit-
ment and suppression of activation through the TLR pathway.
Altogether, the described glycoengineering approach can be
used to modulate sialic acid/Siglec interactions on a cellular
level and may hold therapeutic potential in the context of
autoimmune diseases and allergies.

In conclusion, we have developed a glycoengineering
approach to readily modify the surface sialic acids of living
cells and their Siglec binding. Next to being applied as a type
of “glycan array”, the glycoengineered cells can be used to
study and steer sialic acid/Siglec interactions between living
cells. The observed immune suppressive activity of the
glycoengineered cells may be applicable to dampen the
immune response in autoimmune diseases and allergies.
Finally, the general principle of using bioorthogonal chemis-
try to edit the glycocalyx and to alter its interaction with
lectins may be extended to other classes of sialic acid binding
lectins (e.g., selectins, hemagglutinin) or other classes of
glycan/lectin interactions (e.g., galectins).
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Clicking the immune system off: We
report a method to rapidly reprogram the
binding of sialic acid sugars on living
cells to their cognate Siglec receptors
through glycoengineering and click
chemistry. Binding could be improved by
more than 100-fold and in a selective
manner. The modified cells showed
potent immunosuppressive activity
resulting from strong signaling through
Siglecs on immune cells.
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