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Inflammatory pathologies caused by phagocytes lead to numerous
debilitating conditions, including chronic pain and blindness due
to age-related macular degeneration. Many members of the sialic
acid-binding immunoglobulin-like lectin (Siglec) family are immu-
noinhibitory receptors whose agonism is an attractive approach
for antiinflammatory therapy. Here, we show that synthetic lipid-
conjugated glycopolypeptides can insert into cell membranes and
engage Siglec receptors in cis, leading to inhibitory signaling. Spe-
cifically, we construct a cis-binding agonist of Siglec-9 and show that
it modulates mitogen-activated protein kinase (MAPK) signaling in
reporter cell lines, immortalized macrophage and microglial cell
lines, and primary human macrophages. Thus, these cis-binding ag-
onists of Siglecs present a method for therapeutic suppression of
immune cell reactivity.
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Sialic acid-binding immunoglobulin (IgG)-like lectins (Siglecs)
are a family of immune checkpoint receptors that are on all

classes of immune cells (1–5). Siglecs bind various sialoglycan
ligands and deliver signals to the immune cells that report on
whether the target is healthy or damaged, “self” or “nonself.” Of
the 14 human Siglecs, 9 contain cytosolic inhibitory signaling
domains. Accordingly, engagement of these inhibitory Siglecs by
sialoglycans suppresses the activity of the immune cell, leading to
an antiinflammatory effect. In this regard, inhibitory Siglecs have
functional parallels with the T cell checkpoint receptors CTLA-4
and PD-1 (6–9). As with these clinically established targets for
cancer immune therapy, there has been a recent surge of interest
in antagonizing Siglecs to potentiate immune cell reactivity to-
ward cancer (10). Conversely, engagement of Siglecs with agonist
antibodies can suppress immune cell reactivity in the context of
antiinflammatory therapy. This approach has been explored to
achieve B cell suppression in lupus patients by agonism of CD22
(Siglec-2) (11, 12), and to deplete eosinophils for treatment of
eosinophilic gastroenteritis by agonism of Siglec-8 (13). Simi-
larly, a CD24 fusion protein has been investigated clinically as a
Siglec-10 agonist for both graft-versus-host disease and viral in-
fection (14, 15).
Traditionally, Siglec ligands have been studied as functioning

in trans, that is, on an adjacent cell (16–18), or as soluble clus-
tering agents (9, 19). In contrast to these mechanisms of action, a
growing body of work suggests that cis ligands for Siglecs
(i.e., sialoglycans that reside on the same cell membrane) cluster
these receptors and maintain a basal level of inhibitory signaling
that increases the threshold for immune cell activation. Both
Bassik and coworkers (20) and Wyss-Coray and coworkers (21)
have linked the depletion of cis Siglec ligands with increased
activity of macrophages and microglia, and other studies have
shown that a metabolic blockade of sialic acid renders phago-
cytes more prone to activation (22).
Synthetic ligands are a promising class of Siglec agonists (17,

23, 24). Many examples rely on clustering architectures (e.g.,
sialopolymers, nanoparticles, liposomes) to induce their effect
(19, 23–26). Indeed, we have previously used glycopolymers to
study the effects of Siglec engagement in trans on natural killer

(NK) cell activity (16). We and other researchers have employed
glycopolymers (16, 23), glycan-remodeling enzymes (27, 28), chemical
inhibitors of glycan biosynthesis (22), and mucin overexpression
constructs (29, 30) to modulate the cell-surface levels of Siglec li-
gands. However, current approaches lack specificity for a given Siglec.
We hypothesized that Siglec-specific cis-binding sialoglycans

displayed on immune cell surfaces could dampen immune cell
activity with potential therapeutic applications. Here we test this
notion with the synthesis of membrane-tethered cis-binding ag-
onists of Siglec-9 (Fig. 1). Macrophages and microglia widely
express Siglec-9 and are responsible for numerous pathologies
including age-related inflammation (31), macular degeneration
(32), neural inflammation (33), and chronic obstructive pulmo-
nary disease (34). We designed and developed a lipid-linked
glycopolypeptide scaffold bearing glycans that are selective
Siglec-9 ligands (pS9L-lipid). We show that pS9L-lipid inserts
into macrophage membranes, binds Siglec-9 specifically and in
cis, and induces Siglec-9 signaling to suppress macrophage ac-
tivity. By contrast, a lipid-free soluble analog (pS9L-sol) binds
Siglec-9 but does not agonize Siglec-9 or modulate macrophage
activity. Membrane-tethered glycopolypeptides are thus a po-
tential therapeutic modality for inhibiting phagocyte activity.

Results
Glycopolypeptides Were Synthesized by N-Carboxyanhydride
Polymerization. We designed biomimetic cis ligands for Siglecs by
taking inspiration from mucins, heavily glycosylated polypeptides
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that are native Siglec ligands (9). To construct the glycopolypep-
tide backbone, we employed an N-carboxyanhydride (NCA) po-
lymerization platform. We polymerized NCA monomers using
lipid-tethered initiators to afford lipid-tethered polypeptides that
spontaneously insert into cell membranes. In order to elaborate
our glycopolypeptide scaffold, we combined the enzymatic meth-
ods from Chen and coworkers (35) that we have used previously
(36) with the sialic acid analogs previously reported by Paulson
and coworkers to bind specific Siglecs with high affinity and se-
lectivity (26). High-affinity Siglec ligands achieved by derivatizing
sialic acids at the C5 and/or C9 positions have been previously
reported (26, 37–42). These ligands have monomeric dissociation
constants in the low micromolar to single-digit nanomolar range
(37). The Siglec ligands used in this work were those reported by
Paulson and coworkers (26), and chosen due to their synthetic
accessibility, although they had not previously been investigated
for cis-ligand potential. We hypothesized that lipid-linked sialo-
glycopolypeptides incorporating these structures would insert into
cell membranes and cluster neighboring Siglec receptors via
cis binding.
Glycopolypeptide scaffolds were synthesized by polymerization

of an equimolar mixture of alanine NCA 1 and O-β-per-
acetyllactose serine NCA 2 (Scheme 1A). Polymerizations were
initiated either with an Ni(0) complex to afford a soluble glyco-
polypeptide or by precomplexing Ni(0) with a lipid-conjugated
N-allylcarboxy leucine amide to form an activated Ni(II) initia-
tor complex, 3, as previously described (36, 43). The lipid-
conjugated initiator affords a C-terminally conjugated lipid on
the polypeptide. After polymerization, the carbohydrate was
deprotected with hydrazine to afford the O-lactosyl glyco-
polypeptides pLac-sol or pLac-lipid, respectively.
We used a one-pot multienzyme system to α-2,6-sialylate com-

mon pLac precursors (Scheme 1B) with 5-N-acetylneuraminic acid
(for pSia), 9-N-propargylcarboxy-5-N-acetylneuraminic acid (for
pS7L), or N-propargylcarboxymannosamine 4 with sodium pyru-
vate and a neuraminic acid aldolase (for pS9L). After enzymatic
elaboration, high-affinity Siglec ligands were synthesized from
alkyne-bearing intermediates by Huisgen cycloaddition using ei-
ther adamantylazide (for pS7L) or benzhydrylazide (for pS9L).
This afforded glycopolypeptides bearing either a C-terminal lipid
or soluble group, a free N terminus, and glycans bearing terminal
high-affinity Siglec ligands. Finally, polypeptides were N-terminally
labeled with commercially available biotin or Alexa Fluor N-
hydroxysuccinimide esters (SI Appendix, Materials and Methods).

pS9L-Lipid Inserts into Cell Membranes and Binds Siglec-9 in Cis. We
constructed a panel of N-terminally labeled sialylated glyco-
polypeptides from the common precursors pLac-lipid or pLac-
sol (Scheme 1B). We tested the binding of the constructs to
recombinant soluble Siglec-Fc fusion proteins (44) in vitro and

on cell surfaces. In vitro, each glycopolypeptide bound specifi-
cally to its cognate Siglec receptor (Fig. 2 A and B) (SI Appendix,
Fig. S1). For example, pS9L-sol bound to Siglec-9-Fc with high
affinity but did not bind any other recombinant Siglec-Fc
(Fig. 2B). We measured the kinetics of pS9L-lipid association
in a similar manner, and from those observations calculated
comparable apparent KD values (∼50 nM) for the pS9L-sol and
pS9L-lipid constructs (Fig. 2B and SI Appendix, Fig. S1). We
observed similar specificity when lipid-conjugated versions were
inserted into cell membranes and the cells were stained with
recombinant Siglec-9-Fc (Fig. 2 C and D). Glycan-dependent
variation in the insertion of glycopolypeptides was consistent
with what we have observed in previous glycocalyx engineering
studies (SI Appendix, Fig. S2) (16). Previous studies using similar
lipid-tethered glycopolypeptides have shown that polymers with
these lipid tails will spontaneously insert into lipid bilayers and
vesicles (36), and thus the lipid tails likely insert into the cell
membrane during labeling, as has been observed with previous
generations of glycopolymers (16, 45). Mutation of Siglec-9
R120A, a loss-of-sialic acid binding mutant (46), abrogated the
effect observed in both the in vitro and flow experiments (Fig. 2B)
(SI Appendix, Figs. S1 and S3), and staining with Sambucus nigra
lectin showed no increase in binding for any structures (SI Ap-
pendix, Fig. S4).
To determine whether lipid-tethered glycopolypeptides asso-

ciated with Siglecs in cis, we measured Förster resonance energy
transfer (FRET) between the fluorophores of lipid-linked gly-
copolypeptides N-terminally labeled with an Alexa Fluor 555
donor fluorophore and anti-Siglec antibodies conjugated to an
Alexa Fluor 647 acceptor (Fig. 3A). We excited the donor flu-
orophore with a 561-nm laser and detected fluorescence with
both 605- and 685-nm-emission filters. We quantified FRET
signal using a simplified version of FRET efficiency known as
relative efficiency (Erel), which is the ratio of acceptor fluores-
cence intensity to the sum of acceptor and donor fluorescence
intensities.
We analyzed glycopolypeptide specificity using pS9L-lipid and

pS7L-lipid displayed on Siglec-9–expressing cells (Fig. 3 B and
D) and Siglec specificity using pS9L-lipid on Siglec-9– or Siglec-
7–expressing cells (Fig. 3 C and E). We observed dramatic in-
creases in relative FRET efficiency only when pS9L-lipid was
paired with Siglec-9, but not in any of the mismatched cases
(Fig. 3 D and E). Furthermore, we observed intense puncta when
Siglec-9 and pS9L-lipid were present together on the cell sur-
face. An alternate way to measure FRET efficiency is to com-
pare the acceptor emission intensity of the FRET pair with an
acceptor-only control. A significant increase in acceptor emission
intensity was observed between the FRET pair and acceptor-only
control on cells coated with pS9L-lipid expressing Siglec-9 but
not with Siglec-7 (SI Appendix, Fig. S5). Together, these data
show that pS9L-lipid is a cis-binding and selective ligand for
Siglec-9.

Cis-Binding but Not Soluble pS9L Inhibits TLR4-Induced NF-κB Activity
in Siglec-9–Expressing HEK Cells. Previous work has shown that
Siglec-3, which has a similar signaling domain to Siglec-7 and -9,
can dampen the response of hTLR4 stimulation by bacterial li-
popolysaccharide (LPS) (47). Therefore, we tested the effects of
cis-ligand engagement of Siglec-7 and -9 by their respective
glycopolypeptide ligands on this innate immune response. We
developed a reporter system for Siglec activity based on the
commercially available HEKBlue hTLR4 reporter assay (Invi-
voGen; hkb-htlr4). In this assay, LPS-induced hTLR4 signaling
initiates nuclear factor kappa B (NF-κB)-mediated transcription
of secreted embryonic alkaline phosphatase (SEAP), which is
released into the media and quantitated with a colorimetric as-
say. We transfected HEKBlue cells with expression plasmids
encoding Siglec variants (Fig. 4A) (48). In order to validate that

soluble ligand cis-ligand
agonist

activation

inflammatory
signal

Siglec-9

A B

Fig. 1. Lipid-tethered glycopolypeptides cluster and agonize Siglecs in cis
on effector cells. (A) Immune cells express activating receptors that stimulate
inflammatory signaling. (B) Clustering of Siglec-9 by cis-binding agonists
stimulates inhibitory signaling that quenches activation.
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Siglec-9 signaling can suppress hTLR4 signaling in these cells, we
agonized Siglec-9 transfectants with immobilized antibody (49).
We plated Siglec-9 transfectants on plates coated with an ago-
nistic anti–Siglec-9 antibody (clone 191240) (50) followed by
hTLR4 stimulation with LPS. As shown in Fig. 4B, we observed a
significant reduction in SEAP activity compared with cells grown
on untreated or isotype antibody-coated plates, indicating that
Siglec-9 signaling modulates NF-κB activity in this model system.
Next, Siglec-9–expressing HEKBlue cells were incubated with

pS9L-lipid or pS9L-sol (1 μM) and then washed before stimu-
lation with LPS. We observed reduced NF-κB activity with cis-
binding pS9L-lipid but not with the soluble ligand pS9L-sol
(Fig. 4C) or with other lipid-tethered glycopolypeptides (SI Ap-
pendix, Fig. S7). To test the Siglec specificity of pS9L-lipid,
HEKBlue cells were transfected with a Siglec-9, Siglec-7, or
mock vector and coated with pS9L-lipid (1 μM) before stimu-
lation with LPS. We observed that only pS9L-lipid inhibited NF-
κB activity compared with vehicle-treated cells when the cells
expressed Siglec-9 (Fig. 4D). Cells that expressed mutant Siglec-
9 lacking glycan-binding activity (R120A) or a double mutant

(Y433/456F) that prevents tyrosine phosphorylation, and thus
immune suppressive signaling (51), displayed the same response
to LPS stimulation when treated with pS9L-lipid or vehicle
(Fig. 4E) (SI Appendix, Fig. S8). These data demonstrate that cis
engagement of Siglec-9 with glycopolypeptides suppresses
hTLR4 signaling and downstream inflammatory pathways.

Cis-Binding but Not Soluble pS9L Inhibits MAPK Signaling in
Macrophages. Macrophages are drivers of disease in many in-
flammatory conditions and typically express Siglec-9 (52, 53).
THP-1 cells are an immortalized monocyte line that is widely
used to study macrophage biology (54–56). Previous work has
shown that either chemical (22) or genetic (20, 21) inhibition of
sialoside biosynthesis, leading to a hyposialylated phenotype, can
potentiate phagocytic activity of macrophages and other
phagocytes. Although not studied in detail, these observations
may result from cis engagement of and inhibitory signaling by
resident Siglecs. To avoid confounding effects of endogenous cis-
ligand activity in our studies, we generated a constitutively
hyposialylated THP-1 cell line by CRISPR knockout (KO) of the

B

A

Scheme 1. (A) Synthesis of pLac-sol and pLac-lipid glycopolypeptide scaffolds. (A, a) THF, Ni(1,1′-bipyridine)(1,5-cycloctadiene), 22 °C, glovebox; hydrazine
monohydrate, MeOH/THF/H2O, 24 h at 22 °C; 65% over two steps. Soluble polymers have a decarboxylated Ala or Ser residue at the C terminus, whichever
initiated polymerization for a particular polymer; for a description of the mechanism by which the decarboxylated C-terminal amino acid is generated, see the
work by Deming et al. (76). (A, b) THF, 3, 6 h at 22 °C, glovebox; hydrazine monohydrate, MeOH/THF/H2O, 24 h at 22 °C; 85% over two steps. (B) Chemo-
enzymatic elaboration of lactosyl glycopolypeptide scaffold. Syntheses are representative of both -lipid and -sol constructs. (B, c) For pSia: Neu5Ac, CTP,
Pd26ST, NmCSS, 20 mM MgCl2 in 200 mM Tris (pH 8.5), 48 h; 94% recovery with 45% conversion for pSia-lipid, 95% mass recovery with 50% conversion for
pSia-sol. (B, d) For pS9L: 2-N-propargylcarboxymannosamine, CTP, sodium pyruvate, Pd26ST, NmCSS, NanA, 20 mM MgCl2 in 200 mM Tris (pH 8.5), 48 h;
benzhydrylazide, CuSO4, BTTAA, tBuOH/H2O, 12 h at 22 °C; 85%mass recovery and 22% conversion for pS9L-lipid, 85%mass recovery and 39% conversion for
pS9L-sol over two steps. (B, e) For pS7L: 5-N-acetyl-9-propargylcarbamyl-9-deoxyneuraminic acid, CTP, Pd26ST, NmCSS, 20 mM MgCl2 in 200 mM Tris (pH 8.5),
48 h; adamantylazide, CuSO4, BTTAA, tBuOH/H2O, 12 h at 22 °C; 30% mass recovery and 27% conversion for pS7L-lipid, 45% mass recovery and 25% con-
version for pS7L-sol over two steps.
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gene encoding CMP-sialic acid synthetase (CMAS), a critical
enzyme for sialoside biosynthesis (SI Appendix, Fig. S9) (21).
These THP-1 monocytes were differentiated into Siglec-9+

macrophages using phorbol-12-myristate-13-acetate (PMA) (56)
and used to interrogate the effects of Siglec engagement on in-
flammatory activity. To assess the effects of cis-engaging Siglec
ligands, macrophages were treated with glycopolypeptide,
washed, and then stimulated with LPS. We analyzed early sig-
naling cascades using quantitative phosphoproteomics and
complemented this technique with cytokine quantitation at a
later time point (Fig. 5A).
Secretion of proinflammatory cytokines was measured using a

multiplexed cytometric bead assay for six human cytokines.
Macrophages were pretreated with glycopolypeptide (500 nM)
followed either by vehicle treatment or LPS stimulation for 18 h.
Samples of the media were assayed for cytokine content. We
observed marked decreases in interleukin-1β (IL-1β), IL-8, and
tumor necrosis factor α (TNFα) in samples pretreated with cis-
binding pS9L-lipid but not the soluble analog pS9L-sol (Fig. 5B)
(SI Appendix, Fig. S10). IL-10 and IL-12p70 were below the limit
of detection for this assay (<20 pg/mL).
Using a similar procedure, changes in the phosphoproteome

were analyzed from lysates directly after pretreatment with gly-
copolypeptide or after subsequent LPS stimulation for 5 min
(Fig. 5 C–E) (SI Appendix, Figs. S11–S13). Minimal changes
were observed in resting macrophages treated with lipid-
conjugated or soluble glycopolypeptides. However, dramatic
differences in phosphorylation were observed between LPS-
stimulated cells pretreated with cis-binding pS9L-lipid and
those pretreated with pS9L-sol or pLac-lipid. Notably, phos-
phorylation correlating with decreased activity of mitogen-
activated protein kinase (MAPK) signaling was observed in
cells pretreated with cis-binding pS9L-lipid (SI Appendix, Fig.
S12). We also found differential phosphorylation of SH2
domain-containing proteins (e.g., SHIP2 and PTPN7) (SI Appendix,
Fig. S13). We validated downstream MAPK signaling by Western
blot analysis of total nuclear factor kappa B inhibitor alpha (IκBα)
and phospho-IκBα (Fig. 5F) (57). Macrophages pretreated with
pS9L-lipid had both more total IκBα and less phosphorylation of
IκBα at sites (S32/36) that signal degradation, compared with cells
treated with pS9L-sol. We were unable to observe differential
phosphorylation of phosphotyrosines on Siglec-9 at any time points
assayed (SI Appendix, Fig. S15). Collectively, these data suggest that
the cis ligand pS9L-lipid inhibits proinflammatory pathways by
modulating MAPK signaling through the activation of specific
phosphatases.

Cis Ligands for Siglec-9 and Siglec-E Inhibit Phagocytosis by
Macrophages and Microglia. Engagement of Siglec receptors has
been shown to inhibit phagocytosis (21, 52, 58). We hypothesized
that pS9L-lipid could inhibit phagocytosis via cis engagement
and agonism of Siglec-9. To study this, macrophage phagocytosis
of low-pH turn-on fluorescent (pHrodo red) beads was moni-
tored by fluorescence microscopy (Fig. 6 A and B). Phagocytosis
was quantified as the area of fluorescence above a background
threshold observed over five images per well, with three wells
per sample.
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Fig. 2. Engineered glycopolypeptides bind Siglec-9 with high affinity. (A
and B) Soluble glycopolypeptides bearing an N-terminal biotin were bound
to streptavidin-coated tips. Association–dissociation curves were measured
by dipping the tips into a solution of recombinant Siglec-Fc fusion protein
followed by buffer only. Data are representative of two independent ex-
periments. (A) Representative association then dissociation curves for the
binding of Siglec-9-Fc fusion proteins to glycopolypeptides. (B) Composite
data from all experiments. Gray cells indicate that an association–
dissociation curve could not be fit due to undetectable specific binding.
Apparent KD values (nM) are shown in the corresponding cells. (C and D)

Desialylated THP-1 monocytes were coated with lipid-tethered glycopoly-
peptides and stained with Siglec-9-Fc precomplexed with an anti-human Fc
Alexa Fluor 647-conjugated secondary antibody. (C) Representative histo-
grams from a single experiment. (D) Fold change from vehicle fluorescence
(mean fluorescence intensity) was determined for each experimental repli-
cate. Error bars are presented as SD. Statistics were determined by a paired
mixed-effects model, **P < 0.01. AU, arbitrary units; FC, fold change; WT,
wild type.
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Initially, we examined how pS9L-lipid affected early kinetics
of phagocytosis. In brief, initial rates of phagocytosis were de-
termined at multiple effector to target (E:T) ratios using wild-
type THP-1 macrophages pretreated with pS9L-lipid, pS9L-sol,
pLac-lipid, or vehicle only (Fig. 6C). Macrophages were incu-
bated with glycopolypeptides for 3 h and then washed prior to
the addition of various amounts of pHrodo-labeled beads. In the
case of pS9L-lipid, we observed a dramatic reduction both in the
rate of internalization at any given E:T ratio as well as the ap-
parent maximum velocity of phagocytosis, whereas control gly-
copolypeptides yielded comparable results to vehicle-treated
cells. Additionally, treatment with pS9L-lipid did not alter cell
viability at least to 24 h (SI Appendix, Fig. S16). To determine
whether the effect observed was mediated by Siglec-9 agonism,
we generated a THP-1 CRISPR knockout of Siglec-9 (SI Ap-
pendix, Fig. S17) (21). While phagocytosis by hyposialylated
CMAS KO THP-1 macrophages was potently inhibited by pS9L-
lipid (Fig. 6D), KO of Siglec-9 completely abrogated the effect of
pS9L-lipid on phagocytosis (Fig. 6E).
We next tested a small panel of glycoforms based on the same

lipid-conjugated glycopolypeptide scaffold as pS9L-lipid (Fig.
6F). We observed that only pS9L-lipid significantly inhibited
phagocytosis and this effect was dose-dependent (SI Appendix,
Fig. S18). The Siglec-7–binding pS7L-lipid showed a trend to-
ward phagocytosis inhibition but it was not statistically significant
[THP-1 macrophages express Siglec-7 at low levels (56)]. We
also assayed an analogous panel of soluble glycopolypeptides but
observed no effect on phagocytosis (SI Appendix, Fig. S19).
pS9L-lipid also inhibited phagocytosis of zymosan fungal parti-
cles (SI Appendix, Fig. S20).
The Siglec-7 ligand (S7L) identified by Paulson and coworkers

was also a high-affinity ligand Siglec-E (26), the murine ortholog
of human Siglec-7/9 (3). Thus, we hypothesized that pS7L-lipid
may inhibit phagocytosis by Siglec-E–expressing cells. Indeed, we
observed an inhibitory trend in murine microglia pretreated with
pS7L-lipid (Fig. 6G) that was abrogated by CRISPR KO of
Siglec-E (Fig. 6H). A stronger and statistically significant effect

was observed compared with pS9L-lipid, which has negligible
affinity for Siglec-E (SI Appendix, Fig. S22) (26).
To explore the translational relevance of our findings, we per-

formed a similar assay with primary human macrophages. We
isolated monocytes from healthy donor peripheral blood mono-
nuclear cells (PBMCs) and differentiated them into resting (M0),
M1, or M2 macrophages, and validated macrophage phenotype by
flow cytometry (SI Appendix, Fig. S23) (59). The phagocytic ac-
tivity of M0 and M1, but not M2, macrophages from five of six
donors was inhibited by pretreatment with pS9L-lipid but not
control polymers pS9L-sol or pLac-lipid (Fig. 7 A–C) (SI Ap-
pendix, Fig. S24). Following up on the single nonresponsive donor,
we found that macrophages from this donor had dramatically
lower levels of Siglec-9 expression (Fig. 7D). Thus, pS9L-lipid
inhibits the phagocytic activity of both immortalized and primary
macrophages via Siglec-9.

Discussion
We have demonstrated that Siglec-9 can be targeted by
membrane-tethered cis-binding agonists to inhibit inflammatory
signaling. The data presented here show that pS9L-lipid binds
Siglec-9 in cis on the cell surface and induces immunosuppressive
signaling both in immortalized and primary macrophages. This
inhibition was dependent on functional Siglec-9 expression and
signaling capability. The effect of pS9L-lipid on phagocytosis
appeared to be entirely Siglec-9–dependent, as CRISPR KO of
Siglec-9 in THP-1 macrophages completely abrogated activity.
Furthermore, the suppressive effects of pS9L-lipid treatment on
primary macrophages was stratified by Siglec-9 expression. Ad-
ditionally, the concept of this work is supported by the recent
preprint from Hong and coworkers, which details an enzymatic
engineering approach to assemble high-affinity Siglec-7 ligands
in situ on NK cells (60).
Based on phosphoproteomics analysis, the pathway most

heavily affected by pS9L-lipid–Siglec-9 engagement was that of
MAPK signaling (SI Appendix, Fig. S25). The effect was likely
mediated by SH2-containing phosphatases in the PTN family,

A B C

D E

Fig. 3. pS9L-lipid associates in ciswith Siglec-9 but not Siglec-7. (A) A FRET experiment to assess association of pS9L-lipid or pS7L-lipidwith Siglec-9 or Siglec-7
in cis. Lipid-conjugated glycopolypeptide (pS9L-lipid or pS7L-lipid) was functionalized at the N terminus with Alexa Fluor 555 and loaded onto JURKATs stably
expressing either Siglec-9 or Siglec-7. Anti-Siglec antibodies bearing Alexa Fluor 647 were bound to Siglec and FRET signal was quantified by fluorescence
microscopy. (B and D) Relative FRET efficiency was calculated when pS9L-lipid or pS7L-lipid was loaded onto Siglec-9–expressing cells. Statistical analysis by
one-way t test, ****P < 0.0001, Glass’s Δ = 6.70. (C and E) Relative FRET efficiency was calculated when pS9L-lipid was loaded onto Siglec-9– or Siglec-
7–expressing cells. Statistical analysis by one-way t test, ****P < 0.0001, Glass’s Δ = 2.42. All data are representative of at least two independent experiments.
Data points in C and E represent individual cells from a single experiment. Error bars are presented as SD.
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which includes the canonical Siglec-9 adaptor molecules SHP1
and SHP2. The effect of Y433/456F mutations in the HEKBlue
reporter assay supports this hypothesis. Analysis of the differen-
tially regulated phosphopeptides showed many downstream tar-
gets congruent with the activity of PTN phosphatases, the
differential regulation of numerous SH2-containing proteins, and
differential phosphorylation of specific PTN family members, such
as PTPN7. The low abundance of phosphotyrosine relative to
phosphoserine or -threonine leads to poor detection of phos-
photyrosine residues using traditional phosphoproteomics en-
richments (61), which may explain why differences in Siglec-9
phosphorylation and SHP1/2 signaling were not detected.
While we were unable to directly observe differential Siglec-9

phosphorylation by Western blot or phosphoproteomics, it may
be the case that increased phosphorylation of Siglec-9 is not
necessary for immune suppressive signaling. As seen in Fig. 3 D
and E, the introduction of pS9L-lipid to Siglec-9–expressing cells
caused the formation of puncta, whereas pS9L-lipid was evenly
distributed around the cell membrane in Siglec-7–expressing
cells. We hypothesize that polymeric presentation of Siglec-9
ligands by pS9L-lipid induces clustering of Siglec-9 into the ob-
served puncta. The formation of these puncta would lead to a
high localized concentration of Siglec-9, increasing the local
concentration of phospho-ITIM/ISIM binding sites for immu-
noinhibitory phosphatases such as SHP1. This high local con-
centration of substrates could then lead to increased SHP1 (or
similar phosphatases) at the membrane. This mechanism would
be analogous to the antiphagocytic action of SIRPα that Mor-
rissey and Vale recently described, wherein accumulation of
SIRPα in a local environment leads to inhibitory signaling (62).
We consistently observed a robust and potent inhibitory re-

sponse from lipid-tethered cis ligands but not from soluble li-
gands of comparable glycosylation density and molecular mass.
There are multiple mechanisms by which the membrane-
tethered analogs could induce signaling while the soluble ver-
sions cannot, including endocytosis of the ligand or the increased
local concentration of sialoglycan ligands as lipid-tethered
polymers accumulate in the membrane. Notably, monoclonal
antibodies can be capable of agonizing Siglecs in a soluble for-
mat. An important example is the Siglec-8 antibody that has been
approved for the treatment of certain eosinophilic inflammatory
conditions (13, 63). Similarly, a CD24 antibody Fc fusion protein
is being investigated to regulate inflammation through Siglec-10
(14, 15). However, there are settings in which a synthetic agonist
might be preferable to an antibody, particularly in tissue com-
partments where long-term stability toward biodegradation is
important, such as the eye or brain (64–67). Furthermore, syn-
thetic cis agonists could be structurally tuned in ways antibodies
cannot. For example, certain lipid tails, which we have previously
synthesized on similar glycopolypeptides (36), have been shown
to recycle on cells (45), and thus may present a route to long-
lasting glycocalyx engineering. A major future direction is
studying the application of cis-binding membrane-tethered ago-
nists of Siglecs in translational inflammatory models. Although
this work focuses on Siglec-9 on macrophages, the same protein
modulates the activity of dendritic cells, subsets of T cells, and
neutrophils, all of which play roles in other pathologies. Therefore,
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Fig. 4. pS9L-lipid agonizes Siglec-9 to inhibit TLR4 signaling in an NF-κB
transcription reporter assay. (A) HEKBlue cells express both an NF-
κB–dependent SEAP and the TLR4 signaling complex. Upon stimulation
with LPS, SEAP in the supernatant can be quantified using a colorimetric
assay as a proxy for NF-κB activity. For these assays, HEKBlue cells were also
transfected with pCMV-Siglec expression vectors. (B) Siglec-9–expressing
HEKBlue cells were grown on plates coated with antibody (anti–Siglec-9
clone 191240, isotype, or vehicle) and relative NF-κB transcription in re-
sponse to LPS (10 ng/mL) was measured. (C) Siglec-9–expressing HEKBlue
cells were pretreated with pS9L-sol (1 μM), pS9L-lipid (1 μM), or vehicle and

washed prior to LPS stimulation (10 ng/mL). (D) HEKBlue cells were trans-
fected with Siglec-9, Siglec-7, or a mock expression vector and coated with
pS9L-lipid (1 μM) or vehicle and washed followed by LPS stimulation (10 ng/
mL). (E) HEKBlue cells were transfected with a wild-type, R120A, or Y433/
456F Siglec-9 expression vector and coated with pS9L-lipid (1 μM) or vehicle
and washed followed by LPS stimulation (10 ng/mL). Statistics were deter-
mined by one-way (B and C) or two-way (D and E) ANOVA, **P < 0.01,
***P < 0.001, ****P < 0.0001. Error bars are presented as SD. All data are
representative of at least three independent experiments.
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the glycopolymers we report here may be broadly useful as mod-
ulators of both primary and secondary inflammatory reactions.

Materials and Methods
Detailed experimental procedures are available in SI Appendix. Character-
ization of synthetic materials is available in SI Appendix or previously
published work.

Statistical Analysis. All statistical analyses were performed using GraphPad
Prism 6.

Glycopolypeptide Synthesis. Glycopolypeptides were synthesized as previ-
ously described (36). In brief, N-carboxyanhydrides of alanine and
O-lactosylserine were polymerized using precomplexed initiators to afford
lipid-linked or soluble protected glycopolypeptides. The glycans were
deacetylated using hydrazine and purified by dialysis. The polylactosyl
scaffolds were then elaborated using a one-pot multienzyme system to af-
ford various sialosides on the glycopolypeptide scaffold. Unnatural sialosides
bearing alkyne handles were then reacted with azides to afford a polymeric
presentation of previously described high-affinity Siglec ligands. The glyco-
polypeptides were used at various concentrations, as optimized for the
specific cell type and application.

Human Cell Culture. Cell lines were cultured in either Dulbecco’s modified
Eagle’s medium (DMEM) (HEKBlue hTLR4, BV2) or RPMI (JURKAT, THP-1)
supplemented with 10% heat-inactivated fetal bovine serum (FBS). THP-1
culture media were further supplemented with 50 μM beta-mercaptoethanol.

THP-1 monocytes were differentiated into macrophages by activating with
PMA for 24 h followed by recovering in normal media for 24 h. PBMCs were
isolated from buffy coats from whole blood or LRS chambers using Ficoll-
Paque gradient centrifugation. Donors were deidentified before blood prod-
ucts were obtained. Monocytes were isolated by adherence onto tissue-culture
plastic, as previously described (59, 68), and monocytes were differentiated
into macrophages in RPMI-1640 containing 20% heat-inactivated FBS for 7 d
with either no exogenous cytokines (M0), granulocyte-macrophage colony-
stimulating factor (GM-CSF) (immature M1), GM-CSF for 5 d followed by LPS
and interferon gamma in 10% heat-inactivated FBS for 2 d (activated M1), or
M-CSF for 5 d followed by IL-4 and IL-13 in 10% heat-inactivated FBS for
2 d (M2).

In Vitro Protein Binding. Protein binding was recorded on an Octet Red96. For
soluble glycopolypeptides, biotinylated ligands (200 nM) in phosphate-
buffered saline (PBS) with bovine serum albumin (BSA) (0.1%) were
loaded onto streptavidin-coated tips for 60 s (∼0.4-nm response). Tips were
then dipped into a serial dilution of Siglec-Fc and associated for 30 s and
then dissociated in buffer for 30 s. For lipid-tethered glycopolypeptides,
Siglec-9-Fc (200 nM) was loaded onto anti-hFc–coated tips for 60 s (∼0.4-nm
response). Tips were then dipped into a serial dilution of pS9L-lipid (2.5 μM to
25 nM) and associated for 60 s followed by dissociation for 120 s. In all ex-
periments, tips were regenerated between washes in pH 1.5 glycine buffer.

Flow Cytometry. Cells were harvested and loaded with fluorophore-
conjugated glycopolypeptide in serum-free media at a density of 107 cells
per milliliter for 1 h with gentle agitation every 15 min. The cells were then

A B

C

D FE

Fig. 5. Activation of macrophages is inhibited by cis-binding pS9L-lipid but not soluble ligand pS9L-sol. (A) Hyposialylated macrophages were pretreated
with glycopolypeptide (500 nM) and subsequently washed and subjected to LPS stimulation (100 pg/mL). Activation was assayed by cytokine quantitation
from the supernatant (B), quantitative phosphoproteomics (C–E), or Western blot (F). (B) Macrophages were pretreated with glycopolypeptide (500 nM) and
then washed and stimulated with LPS (100 pg/mL) for 18 h. Aliquots of supernatant were analyzed by a multiplexed inflammatory cytokine assay. Data are
presented as the fold change of averages of technical replicates from three independent experiments relative to vehicle-pretreated cells. Statistics were
determined by multiple t tests, *P < 0.05. Error bars are presented as SD. (C–E) Macrophages were pretreated with glycopolypeptide (500 nM) and then
washed and stimulated with LPS (100 pg/mL) for 5 min and lysed. Lysates were collected from three independent differentiations of macrophages. Lysates
were normalized, enriched for phosphoproteins, labeled, and analyzed by quantitative phosphoproteomics. (C) A heatmap of fold change from macrophages
pretreated with glycopolypeptides with or without LPS stimulation. (D) A volcano plot of significance vs. fold change over vehicle of macrophages pretreated
with pS9L-lipid and stimulated with LPS. Significantly changed phosphopeptides identified are shown in red. Select unique hits are highlighted in dark blue.
(E) As for D, but for pS9L-sol. (F) Macrophages were treated with glycopolypeptide (500 nM) and then washed and stimulated with LPS (100 pg/mL) for 1 h
before lysis and analysis by Western blot for total IκBα and pIκBα (S32/36) levels. Lane 1 shows control macrophages that were treated with neither glyco-
polypeptide nor LPS.
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washed and stained with either a fluorophore-conjugated primary antibody
or an unconjugated primary antibody with a fluorophore-conjugated anti-
IgG secondary antibody at 4 °C and washed three times after staining. All
flow analysis was done on unfixed cells.

Fluorescence Microscopy. FRET data were collected on a confocal microscope.
JURKATs expressing Siglec-7 or -9 were suspended in serum-free RPMI at 107

cells per milliliter and labeled with Alexa Fluor 555-labeled glycopolypeptide
(2 μM) for 1 h with gentle agitation every 15 min. Cells were washed and
then labeled with Alexa Fluor 647-labeled anti–Siglec-7 or -9 antibody for
30 min at room temperature in complete media. The cells were washed with
PBS and then plated onto live-cell imaging glass 8-well borosilicate no. 1.5
coverslips precoated with fibronectin. Cells were then imaged. For Siglec-9
immunocytochemistry, cells were fixed in 10% formalin, washed, and
stained with Alexa Fluor 488-conjugated anti–Siglec-9 for 1 h on ice. Cells
were then washed and imaged by 488-nm fluorescence on an Incucyte col-
lecting five images per well with three wells per condition.

Cloning. An expression plasmid for PmNanA was constructed by InFusion
cloning from a gBlock from IDT ligated into a PCR-linearized pET22b vector.
CRISPR plasmids were constructed using guides optimized by the Bassik lab
and cloned into the lentiCRISPR v2 plasmids using the GeCKO protocols
(https://www.addgene.org/pooled-library/zhang-human-gecko-v2/) and purified

by Miraprep (69). pCMV Siglec-9 mutants were generated using a Q5
mutagenesis kit (20, 69).

Protein Expression and Purification. PmNanA, Pd26ST, and NmCSS were
expressed in BL21(DE3) Escherichia coli and isolated as previously
described (35).

HEKBlue hTLR4 Reporter Assay. The HEKBlue hTLR4 assay was generally
performed according to the manufacturer’s instructions (InvivoGen). Cells
were transfected 24 h before the assay using Lipofectamine LTX. For
antibody-coated plate assays, plates were prepared by incubating 96-well
plates with solution antibody (10 ng/mL) in PBS for 2 h at 37 °C and then
washed three times with PBS before plating transfected cells. For glyco-
polypeptide assays, cells were harvested from the transfection plates, pel-
leted by centrifugation (300 relative centrifugal force [rcf], 5 min), and
resuspended in a solution of glycopolypeptide (1 μM) in serum-free DMEM.
Cells were mixed every 15 min for 1 h, at which point cells were washed with
1 mL complete media, counted, and plated.

Cytokine Bead Assay. CMAS KO THP-1 macrophages were cultured and la-
beled with glycopolypeptide (500 nM) for 3 h. At this point, the cells were
washed and media with either vehicle or LPS (100 pg/mL) were added
and cells were cultured for 18 h. Aliquots of media were then taken and
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Fig. 6. pS9L-lipid inhibits macrophage phagocytosis in a Siglec-9–dependent manner. (A) Macrophage phagocytosis can be determined via fluorescence
microscopy using beads that undergo fluorescence turn-on in acidic (i.e., late endosomal/lysosomal) compartments. (B) Representative images of merged
phase and red fluorescence at 0 h (Top) and 15 h (Bottom). (C) THP-1 macrophages were pretreated with polymer (200 nM) for 3 h and washed, and a
suspension of 1-μm pHrodo red-labeled beads was added at a given effector:target ratio. The initial rate of phagocytosis was determined by measuring the
increase in red fluorescent area over the first hour. Data are representative of three independent experiments. (D–F) CMAS KO (D), Siglec-9 KO (E), or wild-
type (F) THP-1 macrophages were pretreated with glycopolypeptide (200 nM) for 3 h, washed, and assayed for phagocytosis hourly for 10 h at an E:T ratio of
1:20 using 1-μm pHrodo red-labeled beads. (G and H) BV2 murine microglia with either a CRISPR safe-targeting guide (G) or a Siglec-E KO (H) were pretreated
with neuraminidase (2 μM) and then loaded with the Siglec-E cross-reactive pS7L-lipid (500 nM) and washed before assaying phagocytosis as in D–F. For D–H,
relative phagocytosis was determined for each individual experiment relative to the median end-point value of vehicle-treated cells in the same experiment.
Statistical analysis by two-way ANOVA, #P < 0.15, *P < 0.05, **P < 0.01; ns, not significant. Error bars are presented as SEM. Data are representative of three
independent experiments.
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flash-frozen at −80 °C. BD human inflammatory cytokine bead quantitation
was then performed on thawed samples from three biological replicates in
one batch according to the manufacturer’s instructions.

Phosphoproteomics. CMAS KO THP-1 macrophages were cultured and la-
beled with glycopolypeptide (500 nM) in serum-free media for 3 h. At this
point, the cells were washed and media with either vehicle or LPS (100 pg/mL)
were added and cells were stimulated for 5 min. Cells were then lysed in cold
RIPA buffer with benzonase and pelleted by centrifugation (18,000 rcf, 15 min,
4 °C), and supernatant protein concentrations were quantitated by Rapid
Gold BCA.

Proteins were digested into tryptic peptides using an S-trap protocol
(Protifi) (70) and were subsequently labeled with a 10-plex TandemMass Tag
Set (Thermo Fisher Scientific). Phosphopeptides were enriched with Ti(IV)-
IMAC beads (ReSyn Biosciences). Phosphopeptides and protein abundance
samples were analyzed by liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) using a Dionex UltiMate 3000 RPLC Nano System coupled to
an Orbitrap Fusion (Thermo Fisher Scientific). Peptides were loaded onto a
trap column (Acclaim PepMap 100 C18, 5-μm particles, 20-mm length;
Thermo Fisher Scientific) and separated over a 25-cm EasySpray reversed-
phase LC column (75-μm inner diameter packed with 2 μm particles of
100-Å PepMap C18; Thermo Fisher Scientific) using water with 0.2% formic
acid (mobile phase A) and acetonitrile with 0.2% formic acid (mobile phase
B). All methods totaled 180 min of acquisition time per analysis. Raw files
were searched using the Andromeda algorithm and processed in MaxQuant
(71, 72). Results were then processed in Perseus to calculate statistically
significant changes in the phosphoproteome (73). Data have been deposited
in the ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD018774 (74).

Western Blot. CMAS KO THP-1 macrophages were cultured and labeled with
glycopolypeptide (500 nM) in serum-free media for 3 h. At this point, the
cells were washed and media with either vehicle or LPS (100 pg/mL) were
added and cells were stimulated for 60 min. Cells were then lysed in cold
RIPA buffer with benzonase and pelleted by centrifugation (18,000 rcf,
15 min, 4 °C), and supernatant protein concentrations were quantitated by
BCA. Lysates were then run on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis using a 4 to 12% bisacrylamide gel at 200 V for 1 h in XT-
MES. The gel was transferred to nitrocellulose using Trans-Blot Turbo
transfer buffer at 25 V for 7 min. The blot was blocked with 5% BSA in Tris-
buffered saline and stained with primary antibodies overnight at 4 °C, fol-
lowed by incubation with an infrared dye-labeled secondary antibody at
room temperature for 1 h. Blots were imaged by LI-COR.

Phagocytosis Assays. Phagocytes were treated with glycopolypeptide for 3 h
in serum-free media. The cells were washed and coated with 100 μL serum-
free media. Targets were then added as a suspension in 100 μL serum-free
media. The plates were briefly centrifuged (300 rcf, 1 min) to settle the
targets, and then phagocytosis was monitored by fluorescence microscopy
on an Incucyte. Five images were collected per well for three wells per
condition. For BV2 phagocytosis, BV2 cells were pretreated with recombi-
nant, endotoxin-free Vibrio cholerae sialidase for 1 h at 2 μM prior to
treating with glycopolypeptides.

Data Availability. Phosphoproteomics data have been deposited in the
publicly accessible ProteomeXchange Consortium via the PRIDE partner re-
pository with the dataset identifier PXD018774 (75). All other data discussed
in this work are available in the main text or SI Appendix.
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Fig. 7. Response to pS9L-lipid by monocyte-derived primary macrophages is
stratified by Siglec-9 expression. Monocytes were isolated from PBMCs, dif-
ferentiated into M1 macrophages by treatment with GM-CSF (50 ng/mL) for
6 d. (A–C) M1 macrophages differentiated from PBMCs isolated from three
different donors were treated with glycopolypeptide (500 nM) for 3 h and
washed before assaying phagocytosis of pHrodo-labeled beads at approxi-
mately a 1:20 E:T ratio. Statistical analysis by two-way ANOVA, *P < 0.05.
Error bars are presented as SEM. (D) M1 macrophages were stained by mi-
croscopy with a fluorescently labeled anti–Siglec-9 antibody and fluores-
cence was quantified by microscopy. Donors A to C correspond to A to C.

Normalized expression was determined by taking the ratio of the integrated
fluorescence intensity per image by the confluency per image. Error bars are
presented as SD. Statistical analysis by two-way ANOVA, ****P < 0.001. Data
are from three different donors.
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