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ABSTRACT: Sialic acid-binding immunoglobulin-like lectins, also known as Siglecs, have recently been designated as glyco-
immune checkpoints. Through their interactions with sialylated glycan ligands overexpressed on tumor cells, inhibitory Siglecs on
innate and adaptive immune cells modulate signaling cascades to restrain anti-tumor immune responses. However, the elucidation of
the mechanisms underlying these processes is just beginning. We find that when human natural killer (NK) cells attack tumor cells,
glycan remodeling occurs on the target cells at the immunological synapse. This remodeling occurs through both the transfer of
sialylated glycans from NK cells to target tumor cells and the accumulation of de novo synthesized sialosides on the tumor cells. The
functionalization of NK cells with a high-affinity ligand of Siglec-7 leads to multifaceted consequences in modulating a Siglec-7-
regulated NK-activation. At high levels of ligand, an enzymatically added Siglec-7 ligand suppresses NK cytotoxicity through the
recruitment of Siglec-7 to an immune synapse, whereas at low levels of ligand an enzymatically added Siglec-7 ligand triggers the
release of Siglec-7 from the cell surface into the culture medium, preventing a Siglec-7-mediated inhibition of NK cytotoxicity. These
results suggest that a glycan engineering of NK cells may provide a means to boost NK effector functions for related applications.

■ INTRODUCTION

The development of immune checkpoint inhibitors for
blocking the suppressive functions of cytotoxic T-lympho-
cyte-associated protein 4 (CTLA-4) and programmed cell
death protein 1 (PD-1) has offered curative hopes for many
cancer patients.1−3 An effective checkpoint blockade results in
a remarkable tumor regression, and clinically significant
survival benefits for patients with a broad spectrum of
advanced cancers have been observed clinically. However,
more than 50% of cancer patients fail to respond to such
treatments, and some initial responders eventually develop a
resistance to these therapies with a relapsed disease.2 The
mechanisms leading to such a resistance are varied, but they
include the possibility of other immune checkpoints.4,5

Recently, the sialic acid-binding immunoglobulin-like lectins
(Siglecs) family of sialic acid-binding proteins have been
designated as glyco-immune checkpoints.5−10 Through their

interaction with sialylated glycan ligands aberrantly expressed
on tumor cells, inhibitory Siglecs such as Siglec-7 and -9 are
found on immune cells, for example, natural killer (NK) and T
cells, inhibiting immune signaling pathways to restrain immune
responses.7,8,11−13 Likewise, an upregulation of Siglec-15 on
cancer cells interacts with yet-to-be-identified T-cell membrane
glycoproteins to suppress T-cell anti-tumor functions.5 Despite
these exciting discoveries that correlate a Siglec-mediated
immune suppression to cancer progression, we have a poor
understanding of the prevalence of the Siglec-ligand
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expression. Moreover, the mechanisms that govern the Siglec-
ligand interaction-mediated immune suppression are only
partially elucidated.8,14,15

When Siglec-7 or -9 expressing NK cells encounter their
target tumor cells, binding to trans ligands expressed by tumor
cells recruits these Siglecs to the immune synapse, where their
immunoreceptor tyrosine-based inhibition motifs (ITIMs) are
phosphorylated by Src kinase, thereby creating a binding site
for the tyrosine phosphatases SHP-1 and SHP-2.9,11,16 The
binding of SHP-1/2 leads to a dephosphorylation of signaling
components downstream of activation receptors to suppress
NK cell activation and effector function. Therefore, it seems
reasonable to postulate that tumor cells express higher levels of
Siglec ligands to counteract NK-induced killing. However,
here, when surveying tumor specimens and matched normal
tissues, we observed that a high Siglec-7 ligand (Siglec-7L)
expression was found in both normal and malignant tissues.
Nevertheless, when live cancer cells encountered NK cells, a
significant upregulation of Siglec-7 ligands was detected within
1 h, suggesting that this inhibitory pathway may serve as a
negative feedback mechanism that follows NK cell infiltration.
With sialyltransferase-mediated chemoenzymatic glycan edit-
ing, a high-affinity Siglec-7 ligand could be installed onto NK
cells as a high-affinity cis ligand, which we found to induce
multifaceted effects on Siglec-7 signaling and NK effector
function.

■ RESULTS
Siglec-7 Ligands Are Not Specifically Found on

Cancer Cells and Malignant Tissues. To understand how
the interactions between Siglec-7 and its sialoside ligands on

cancer cells are involved in modulating NK cell-mediated
tumor cell killing, we first assessed the expression of Siglec-7
ligands on a panel of cancer cell lines and primary human
immune cells using a recombinant Siglec-7-Fc chimera17 and
analyzed the binding by flow cytometry. Among the cancer cell
lines that we screened, Raji B lymphoma and MDA-MB-435
melanoma cells were found to possess the highest level of
Siglec-7 ligands (Figure 1a), whereas the prostate cancer cell
line LNCaP and several ovarian and colorectal cancer cell lines
only showed low levels. Although only basal levels of Siglec-7
ligands were found on the vascular endothelial cell line
HUVEC, freshly isolated NK cells, peripheral blood mono-
nuclear cells (PBMCs), and activated T cells expressed
abundant Siglec-7 ligands. To assess in situ expression of
Siglec-7 ligands, we analyzed a paraffin-embedded human
tumor and adjacent tissue specimens from a number of
malignancies. Significant Siglec-7-Fc staining was detected in
almost all specimens analyzed (Figure 1b−d, Supporting
Information Figures S1 and S2); both the primary tumor and
the matched adjacent tissue specimens exhibited varying levels
of Siglec-7-Fc staining, which was abolished upon neuramini-
dase treatment (Figure 1b,c). In particular, we examined 177
specimens from lung cancer patients and 20 specimens from
normal lung tissues (Figure 1d,e, and Supporting Information
Figure S2) and found that ∼20−40% of lung cancer tissues and
85% of normal lung tissues expressed high levels of Siglec-7
ligands. These observations demonstrate that Siglec-7 ligands
are not specifically found on cancer tissues and, therefore, that
their presence may not serve as a reliable marker for cancer
cells.

Figure 1. Profile of Siglec-7 ligand (Sigle-7L) expression on the cell surface of live cells and human tissue specimens. (a) Cell lines and primary
immune cells from healthy human donors were stained with recombinant Siglec-7-Fc precomplexed with an anti-human Fc-APC antibody, and
anti-human Fc-APC only was used to assess the ligand-binding specificity (Fc control). Error bar represents the standard deviation of three
biological samples. (b) Probing the Siglec-7L expression in human breast cancer tissues and the normal adjacent tissues that were pretreated with
neuraminidase to remove sialic acids or not. (c) Probing the Siglec-7L expression in different human malignant tissues. (d, e) Probing the Siglec-7L
expression in lung cancer tissues and adjacent normal tissues from different donors (total of 197 samples). The lung malignant tumor samples (n =
2), stage I lung malignant (n = 75), stage II lung malignant (n = 38), stage III lung malignant (n = 58), stage IV lung malignant (n = 4), and normal
lung tissue (n = 20) were used for Siglec-7L screening. Three representative Siglec-7L-high samples were shown (d). Siglec-7L levels were classified
based on Siglec-7-Fc staining mean fluorescence intensity (MFI) that was determined via ImageJ with a cutoff value of MFI = 27.00. The sample
size in each group was plotted using a pie chart, and the areas in each circle are equal to the sizes of each group (e), Siglec-7 low (gray) and high
(red). The percentages of Siglec-7L high specimens were shown in the figure.
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Desialylation of Siglec-7L-Expressing Target Cancer
Cells Enhances NK-Cell Effector Functions. Because of the
high expression of Siglec-7 ligands on Raji cells, we used these
cells as the target (T) cells to determine the impact of the
interaction between Siglec-7 on NK cells and cancer cell-
expressed Siglec-7 ligands on NK cell effector functions.
Primary NK cells18,19 isolated from the peripheral blood of
healthy donors and NK-92MI cells20,21 were used as sources of
NK effector (E) cells. NK cells isolated from healthy donors
were expanded in a culture with recombinant human
interleukin 2 (IL-2) and IL-15 to generate a large number of
cells for an in vitro functional evaluation (these NK cells were
defined as peripheral NK cells). The freshly isolated peripheral
NK cells contained ∼70%−100% of Siglec-7 positive cells, and
the frequency of this subset decreased slightly after a 10 d in
vitro culture (Supporting Information Figure S3). Consistent
with previous reports,22,23 the culture with IL-2 and IL-15
significantly improved the cytotoxicity of peripheral NK cells
toward Raji cells (Supporting Information Figure S3c). To
assess the NK-induced target cell killing, we incubated target
Raji cells with peripheral NK cells for 4 h and determined the
target cell killing using a lactate dehydrogenase (LDH) release
assay. As shown in Figure 2a, NK-induced target-cell killing

was enhanced along with the increased effector cell-to-target
cell ratio (E/T ratio). Predesialylation of Raji cells by
neuraminidase significantly enhanced their susceptibility to
an NK-induced killing. Similarly, enhanced Raji cell killing was
observed when a Siglec-7 functional blocking antibody9 was
used.
Next, we assessed target cell killing using NK-92MI cells, a

constantly cytotoxic NK cell line currently undergoing clinical
trials as an “off-the-shelf therapeutic” for treating both
hematological and solid malignancies.20,21 NK-92MI cells
were originally derived from a CD56bright-NK population,24

only a small subset (∼10%) of which expressed Siglec-7 (we
define this status as NK-92MI-S7low). With increased passages
in media supplemented with nonheat-inactivated horse serum,
the Siglec-7 positive subset became the dominant subset. After
∼120 d in culture, ∼90% NK-92MI became Siglec-7 positive
(we define this status as NK-92MI-S7high) (Supporting
Information Figure S4). As expected, compared to NK-
92MI-S7low cells, NK-92MI-S7high cells induced ∼55% reduced

killing of Raji cells (E/T ratio = 5:1) (Figure 2b). The NK-
92MI-S7high-associated cytotoxicity could be enhanced by the
Siglec-7 blocking antibody (s7.7) that blocks the ability of
Siglec-7 to bind its glycan ligands or by a predesialylation of
Raji cells. Increased IFN-γ and granzyme B secretions were
also observed in response to abrogated Siglec-7 ligand
interactions (Figure 2c). The same treatments also increased
the cytotoxicity of NK-92MI-S7low cells but to a much lower
degree (Figure 2b). Similar results were observed using Daudi
cells expressing moderate levels of Siglec-7 ligands as the target
cells (Supporting Information Figure S5). Together, these
results are consistent with what was reported previously by the
Deḿoulins and Bertozzi groups7,8 and strongly indicate that
Siglec-7 ligands on cancer cells protect them from NK
cytotoxicity via an interaction with Siglec7 on NK cells.

Interactions between NK and Tumor Cells Lead to an
Upregulation of Siglec-7 Ligands on Tumor Cells.
During the course of monitoring interactions between Raji
and NK-92MI or peripheral NK cells, we observed a rapid
increase of sialylated glycans on Raji cell surface within 2 h, as
revealed by a lectin staining with Sambucus nigra lectin (SNA,
specific for α2−6-sialosides) and Maackia Amurensis lectin
(MAA, specific for α2−3-sialosides) (Figure 3a−c and
Supporting Information Figure S6). Notable increases (ca.
four-fold) of the SNA staining were also observed on JIMT-1
human breast carcinoma and H1975 human nonsmall cell lung
carcinoma cells after an incubation with NK-92MI cells under
the same condition (Supporting Information Figure S7). We
considered several possibilities through which cancer cells
could elevate their cell-surface sialylated glycans: (1) transfer
of sialylated glycoconjugates from NK cells, (2) an increase in
de novo sialic acid synthesis, and/or (3) a reduced endocytosis
on Raji cell. To examine the first possibility and determine if
sialosides on Raji cells were transferred from NK cells, NK cells
were cultured in the presence of peracetylated N-(4-
pentynoyl)mannosamine (Ac4ManNAl)25 to metabolically
incorporate an alkyne-containing Neu5Ac (SiaNAl) onto cell
surface glycoconjugates. After 48 h, NK cells with newly
synthesized sialosides labeled by SiaNAl were incubated with
Raji cells for 1.5 h, and the cell mixture was reacted with
biotin-azide via the ligand 3-[4-({bis[(1-tert-butyl-1H-1,2,3-
triazol-4-yl)methyl]amino}methyl)-1H-1,2,3-triazol-1-yl]-
propyl hydrogen sulfate(BTTPS)-assisted copper-catalyzed
azide−alkyne [3 + 2] cycloaddition reaction (CuAAC),26

followed by a flow cytometry analysis. A robust biotin signal
was detected on NK cells that were cultured with Ac4ManNAl.
When Ac4ManNA1 was incubated with Raji cells, a significant
decrease in the NK-associated biotin signal was observed,
along with the appearance of the biotin signal on Raji cells,
indicating that alkyne-tagged sialic acids were transferred from
NK to Raji cells upon immune interactions (Figure 3d,e).
We next examined the second and third possibilities,

whether there was an increased de novo sialic acid synthesis
and/or a reduced endocytosis on Raji cells upon NK cell
encountering, respectively. Raji cells were metabolically labeled
with Ac4ManNAl for 48 h and subjected to the CuAAC-
mediated biotin conjugation before and after an incubation
with NK-92MI cells. In comparison to Raji cells without a
prior NK incubation, Raji cells that were incubated with NK
cells exhibited a twofold higher biotinylation signal (Figure
3f,g). Notably, the endogenously increased sialylation was at
least 200-fold higher than that transferred from NK cells
(Figure 3e vs 3g). We observed that the increased SiaNAl

Figure 2. Cytotoxicity of NK cells was impaired by “Sialic acid-Siglec-
7” interactions. (a, b) LDH release assay for quantifying the
cytotoxicity of the peripheral NK cells (a) and NK-92MI (b) against
Raji cells. The predesialylation of Raji cells was conducted by a
neuraminidase treatment. The anti-Siglec-7 antibody (clone s7.7)
blocking was performed before the coincubation of NK with Raji cells.
(c) ELISA quantification of IFN-γ and granzyme B produced by NK-
92MI-S7high cells after an incubation with Raji cells for 1h at an E/T
ratio of 5:1. The bars represent the standard error of three biological
replicates. The significance was analyzed with the two-sided Student’s
t test. Note, *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.001.
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incorporation on the cell surface was largely blocked by
Brefeldin A,27 which inhibits the protein transport from the
endoplasmic reticulum to the Golgi complex, but not by the
endocytosis inhibitor Dynasore28 (Figure 3g and Supporting
Information Figure S8). Importantly, the Brefeldin A treatment
also exacerbated the susceptibility of Raji cells to the NK-
induced killing (Supporting Information Figure S8b).
Because endocytosis would bring cell-surface biotinylated

glycoconjugates into the cytosol, which prevents their
detection by membrane-impermeable streptavidin-fluorophore
conjugates, we then prelabeled Raji cell-surface glycans with
biotinylated Neu5Ac by in situ ST6Gal1-mediated chemo-
enzymatic glycan editing,29−32 added the labeled cells to NK
cells, and stained the cell surface using streptavidin at various
time points. Whereas untreated Raji cells exhibited a rapid
reduction of streptavidin staining, no significant changes of
streptavidin signal were detected on Raji cells cocultured with
NK-92MI cells over 2 h (Supporting Information Figure S9),
providing strong evidence that the endocytosis of target cells
was slowed. Furthermore, within the 2 h time window

biotinylated Raji cells cultured alone in the fresh or the
conditioned NK-92MI culture medium exhibited levels of
streptavidin staining that were comparable to those of their
counterparts that were cultured in a contactless, transwell-
based coculture system together with NK-92MI cells
(Supporting Information Figure S10), indicating that a direct
NK contact is required to suppress endocytosis. Similarly, the
coincubation of Raji cells with peripheral NK cells also
triggered a quick accumulation of newly synthesized sialosides,
which in turn significantly augmented the sialylation on the
Raji cell surface (Figure 3h). Notably, no obvious transfer of
sialic acids from Raji to NK cells was observed. As a
consequence of the increased Raji cell-surface sialylation, a
notable elevation of Siglec-7-Fc binding was detected (Figure
3i). In addition, the Siglec-7-specific blocking antibody did not
prevent the increase of Raji cell-surface sialylation, suggesting
that Siglec-7 may not be involved in triggering this process
(Supporting Information Figure S11). Consistent with a recent
study by Shao and co-workers,33 we found that HEK293T cells
(an immortalized human embryonic kidney cell line) with
Siglec-7 ligands on the surface (Figure 1a), unlike malignant
cells, were not attacked by NK cells (Supporting Information
Figure S12). When NK cells were encountered, only a slight
upregulation of cell surface sialylation was detected, and the
upregulated sialic acid was derived primarily from the NK cell
surface rather than de novo synthesized (Supporting
Information Figure S12e). Together, the above observations
verified that interactions with NK cells lead to a sialoside
transfer from NK cells to the encountered cells. However, the
accumulation of de novo synthesized sialosides on the cell
surface cannot be triggered unless the encountered cells are
prone to NK-induced killing.
Last, we sought to determine if there is any correlation

between an NK cell infiltration and the in situ expression of
Siglec-7 ligands by analyzing both freshly frozen and paraffin-
embedded human tumor and adjacent healthy tissue speci-
mens. The NK density as quantified by CD56 staining was
found to have a modest negative correlation with the Siglec-
ligand expression in healthy lung tissue samples, whereas a
weak positive correlation existed between an NK infiltration
and the Siglec-ligand expression in malignant tissues
(Supporting Information Figures S13 and S14). Importantly,
cancer tissues with elevated levels of NK infiltration appeared
to express much higher amounts of Siglec-7 ligands. By
contrast, no such correlations were found between Siglec-7
ligand levels and the infiltration of cytolytic, preeminent IFN-γ
secreting CD8+ T cells34 in frozen tissue arrays of consecutive
samples (Supporting Information Figure S15).

NKG2D Signaling-Triggered Granule Secretion Upre-
gulates Siglec-7 Ligands on Target Cells. Subsequently,
we sought to explore how NK contact with target cancer cells
is involved in upregulating target cell sialylation. At the
immunological synapse, the engagement of the NK activation
receptor NKG2D and NKG2D ligands, such as major
histocompatibility complex class I-related chains A and B
(MIC A/B), elicits cytolytic responses and is sufficient to
trigger target cell cytolysis.34−36 We found that NK-92MI cells
that were pretreated with an NKG2D-blocking antibody
resulted in ∼50% reduction of NK-contact-induced upregula-
tion of target cell sialosides (Supporting Information Figure
S16c,e). NKG2D signaling triggers the secretion of “lytic
granules” (perforin/granzyme) and IFN-γ (Supporting In-
formation Figure S16a,b). Accordingly, we assessed whether

Figure 3. Interactions between NK and Raji cells lead to an
upregulation of Siglec-7 ligands on Raji cells. (a) SNA staining of α2−
6-sialic acids on Raji cells. (b, c) MFI of SNA (b) and MAA (c) lectin
staining of Raji cells. (d, e) Transfer of SiaNAl-labeled sialosides from
NK-92MI cells to Raji cells upon the coculture of both cells. (f, g)
Ac4ManNAl-based metabolic glycan labeling of Raji cells in the
coculture with NK-92MI-S7 cells, in the presence of dynasore,
brefeldin A, or not. (h) Coculture with peripheral NK cells also
significantly induced Raji cells increase sialylation levels, as revealed
by Aci4ManNAl labeling. (i) NK-induced upregulation of sialylation
on Raji cells further significantly increased the binding of Siglec-7-Fc.
The relative Siglec-7 binding was determined via a division to the
corresponding Fc controls stained with anti-human Fc-APC. (b, c, e,
g-I) Bars represent the standard error of the MFI of three biological
repeats of samples. The significance was analyzed with the two-sided
Student’s t test. (*) p < 0.05; (***) p < 0.005; (****) p < 0.001.
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these molecules were involved in regulating target cell
sialylation. We used egtazic acid (EGTA)36 to chelate calcium
that is required for activating the perforin/granzyme secretion
and found that it reduced the sialylation increase on Raji cells
by 35% (Supporting Information Figure S16d,e). We also
pretreated NK cells with the vacuolar-type H+-ATPase
inhibitor concanamycin A (CMA)37 to block perforin
maturation and observed that the increase of Raji cell-surface
sialosides and Siglec-7-Fc binding was almost completely
blocked (Supporting Information Figure S16f,g). Finally, to
assess the contribution of interferon γ (IFN-γ),38 which is
known to trigger the upregulation of the inhibitory receptor
PD-L1 on target cells, we cultured Raji cells with elevated
concentrations of IFN-γ. Interestingly, an IFN-γ treatment
only slightly augmented a de novo sialylation on Raji cells but
had no impact on the Siglec-7-Fc binding (Supporting
Information Figure S16h−k).
Engineering Glycocalyx of NK Cells Via Chemo-

enzymatic Glycan Editing. The above observations
provided strong evidence that NK contact triggers the
upregulation of Siglec-7 ligands on target cells. As a self-
defense mechanism, the upregulated ligands engage with the
NK-associated Siglec-7 to suppress NK-induced killing. We
then sought to engineer NK cells that are resistant to this
negative feedback mechanism. Previous studies by Crocker and
co-workers revealed that Siglec-7 on the NK cell surface is
masked by cis ligands, such as Neu5Acα2−8Neu5Acα2−3
disialic acids displayed by the ganglioside GD3, which partially
block its interactions with trans ligands found on target
cells.39,40 The unmasking of Siglec-7 induces a strong
suppression of NK-induced tumor cell killing due to the
binding of Siglec-7 with its trans ligands. On the basis of this
precedent, we thus hypothesized that functionalizing NK cells
with a high-affinity ligand of Siglec-7 may induce even stronger
cis interactions to boost the NK-associated cytotoxicity by
preventing Siglec-7-trans ligand interactions. Developed by
Paulson and co-workers, FTMCNeu5Ac41 (2), a chemically
functionalized version of Neu5Ac (1) whose C9 is substituted
with 9-N -(1-(5-fluorescein)-1H -1 ,2 ,3-tr iazol-4-yl)-
methylcarbamate, when α2−6 or α2−3 linked to N-
acetyllactosamine (type 2 LacNAc, Galβ1−4GlcNAc), serves
as a high-affinity ligand of Siglec-7. Using sialyltransferase-
mediated chemoenzymatic glycan editing, we may introduce
FTMCNeu5Ac onto NK cells to directly create high-affinity
Siglec-7 ligands in a cis configuration.
To assess this design, we first synthesized cytidine-5'-

monophospho(CMP)-FTMCNeu5Ac (5) as the donor substrate.
A commonly used CMP-Sia synthetase from Neisseria
meningitides (NmCSS)42 was not capable of directly converting
FTMCNeu5Ac to the corresponding CMP-Neu5Ac analogue.
Alternatively, we prepared C9-N-propargyloxycarbonyl
Neu5Ac (3, C9-CPgNeu5Ac)43 and converted it to CMP-
C9-CPgNeu5Ac. The resulting CMP-C9-CPgNeu5Ac (4) was
then reacted with 5-fluorescein azide41 to produce
CMP-FTMCNeu5Ac (5) with an overall yield of ∼26% (Figure
4a and Supporting Information Figure S27).
With the donor substrate in hand, we then assessed the

feasibility of an ST6Gal1-mediated creation of high-affinity
Siglec-7 ligands on peripheral NK and NK-92MI cells. Because
FTMCNeu5Ac contains fluorescein, the cell-associated fluores-
cein fluorescence can be measured and used to quantify the
number of FTMCNeu5Ac installed. A dose- and time-dependent

increase of fluorescein signals was detected upon treating NK
cells with ST6Gal1 and 5 (Figure 4b,d and Supporting
Information Figure S17). When 100 μM of 5 was used for cell-
surface glycan editing, Siglec-7-Fc binding reached the
saturation level (Figure 4b,c). Notably, when less than 1 μM
of 5 was used for the NK-92MI cell modification, we observed
an interesting phenomenon: although comparable levels of
FTMC-fluorescence could be detected on both NK-92MI
Siglec-7low and Siglec-7high cells and fluorescence intensity
increased along with an increasing dose of 5, staining these two
modified cells with Siglec-7-Fc chimera gave distinct results
(Figure 4e). The Siglec-7-Fc staining could be detected on
Siglec-7low cells when as low as 10 nM of 5 was used, whereas
the staining above background signals on Siglec-7high cells was
only detectable when the concentration of 5 went beyond 100
nM. This observation suggests that the newly installed low-
concentration FTMCNeu5Ac may be engaged in strong cis
interactions with Siglec-7 on the NK cell surface, preventing its
trans interactions with Siglec-7-Fc.

Modulate NK-Induced Tumor-Cell Killing Via a Newly
Created cis High-Affinity Siglec-7L. After confirming that
FTMCNeu5Ac could be installed directly onto NK cells to form
high-affinity Siglec-7 ligands, we explored the possibility of

Figure 4. ST-assisted in situ creation of Siglec-7 high-affinity ligands
on live cells. (a) One-pot synthesis of CMP-FTMCNeu5Ac (5). (b)
ST6Gal1-assisted incorporation of FTMCNeu5Ac onto the peripheral
NK cells was probed with the resultant fluorescein signals and Siglec-
7-Fc binding. (c) ST6Gal1-assisted incorporation of FTMCNeu5Ac or
natural Neu5Ac onto NK-92MI cells was probed by Siglec-7-Fc. (d,
e) ST6Gal1-assisted incorporation of FTMCNeu5Ac onto the NK-
92MI or NK-92MI-S7high cells was probed with the resultant
fluorescein signals (d) and Siglec-7-Fc binding (e). (b−e) Bars
represent the standard error of three biological repeats of samples.
The significance was analyzed with the two-sided Student’s t test. (ns)
not significant; (*) p < 0.05; (**) p < 0.01.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c00064
ACS Cent. Sci. 2021, 7, 1338−1346

1342

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00064/suppl_file/oc1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00064/suppl_file/oc1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00064/suppl_file/oc1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00064/suppl_file/oc1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00064/suppl_file/oc1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00064/suppl_file/oc1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00064/suppl_file/oc1c00064_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00064?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


using this approach to modulate Siglec-7 immunoinhibitory
signaling. To our delight, the killing of Raji cells was
significantly inhibited when NK-92MI-S7high cells were
functionalized with FTMCNeu5Ac when a high concentration
of 5 (i.e., >100 μM) was used as the donor (Supporting
Information Figure S18). Similar inhibition effects were also
observed when desialylated target Raji and Daudi cells were
used (Figure 5a,b). The decreased cytotoxicity of modified

NK-92MI cells toward desialylated Raji and Daudi cells was
gradually rescued when the concentration of 5 used for glycan
ed i t ing dropped be low 1 μM. The lower the
CMP-FTMCNeu5Ac concentration became the higher the NK-
induced target cell killing. The NK cytotoxicity was fully
rescued when the concentration of 5 dropped below 10 nM.
Remarkably, compared to nontreated NK-92MI cells, NK-
92MI-S7high cells modified with 10 nM of 5 exhibited a
significantly enhanced killing of untrimmed Raji and Daudi
cells with their natural sialylation intact (Figure 5c). For
example, at the effector-to-target ratio of 5:1, the NK-induced
target-cell killing was almost doubled upon FTMCNeu5Ac
installation.
Consistently, the cytotoxicity of peripheral NK cells and the

fluorescence-activated cell sorting (FACS)-isolated Siglec-7
positive peripheral NK cells was also significantly improved
upon an ST6Gal1-mediated glycan editing with 10 nM of 5
(Figure 5e and Supporting Information Figure S19).
When Siglec-expressing immune cells encounter their target

cells, binding to the trans ligands that are expressed on target

cells recruits Siglecs to the immune synapse, where their ITIMs
are phosphorylated by Src kinases that are activated due to an
activation receptor−ligand ligation, thereby creating a binding
site for the tyrosine phosphatases SHP-1 and SHP-2.11 The
binding of SHP-1/2 leads to the dephosphorylation of
signaling components of the activatory receptors to suppress
immune cell activation and effector function. Consistent with
the decreased NK cytotoxicity triggered by the functionaliza-
tion with high concentrations of 5, an enhanced phosphor-
ylation of Siglec-7 was detected, which was accompanied by an
increased SHP-1 recruitment (Figure 5d). However, when NK
cells were functionalized with a low concentration of 5 (i.e., 10
nM), a significantly reduced phosphorylation of Siglec-7 and
SHP-1 recruitment was observed. Simultaneously, a dramati-
cally decreased Siglec-7 expression level was unexpectedly
detected in NK cells (Figure 5d).

Newly Created Ligands Modulate the Siglec-7
Stability on NK Cells. To investigate the mechanism through
which the high-affinity ligands installed in cis on NK cells
modulate the Siglec-7 inhibitory signaling, we first imaged the
Siglec-7 distribution on the cell surface of NK-92MI-S7high cells
using fluorescence microscopy. As is known for Siglec-2
(CD22) on B cells,44 in the absence of trans ligands, Siglec-7
formed abundant clusters on NK-92MI-S7high cells (Supporting
Information Figures S20−S23). After the removal of cell-
surface sialic acid by neuraminidase, Siglec-7 clusters broke up
(Supporting Information Figure S21). As expected, when NK-
92MI-S7high cells encountered target Raji cells, Siglec-7 was
recruited to the E/T interface (Supporting Information Figure
S20a, first panel).
The installation of FTMCNeu5Ac onto the cell surface of NK-

92MI-S7high also induced a Siglec-7 cluster formation in a dose-
dependent manner (Supporting Information Figure S23).
These clusters could be observed not only on the modified
NK cells that were cultured by themselves but also on the
modified NK cells cultured with Raji cells but without direct
contact with Raji. Interestingly, when Raji cells were
encountered, a dramatic decrease of cell-surface Siglec-7 was
detected on NK-92MI-S7high cells that had been modified with
10 nM of 5, whereas no significant changes of Siglec-7 were
observed on NK-92MI-S7high cells that had been modified with
more than 100 nM CMP-FTMCNeu5Ac (shown in the second
and third panels of Supporting Information Figure S20a).
Consistent with what was observed by imaging, a flow

cytometry analysis revealed a dramatic decrease (∼20−30%)
of the Siglec-7 positive NK cell population following the
incubation of target Raji cells with NK-92MI-S7high cells that
had been modified with 10 nM of 5 (Figure 6b). Similarly,
when target cells were encountered, the decrease of the Siglec-
7 positive subset was observed in both peripheral (Figure 6c)
and the sorted Siglec-7 positive peripheral NK cells (Figure
6d,e) that were functionalized by 10 nM of 5. Interestingly, no
notable increase of Siglec-7 endocytosis was detected, as
revealed by the weak intracellular Siglec-7 signal (Supporting
Information Figure S20a). The downregulation of Siglec-7
expression levels in NK cells (Figure 5d and Supporting
Information Figure S20a), coupled with negligible changes in
Siglec-7 endocytosis, prompted us to explore the possibility of
a Siglec-7 release from the plasma membrane. A Western blot
analysis of Siglec-7 in the culture supernatant revealed that,
compared to the coculture supernatant of Raji and unmodified
NK cells, a dramatic increase of Siglec-7 was detected in the
coculture supernatant of Raji and NK-92MI (or peripheral

Figure 5. NK cell surface newly created cis high-affinity Siglec-7
ligands modulated NK-cytotoxicity against target cells. (a−c) LDH
release assay for quantifying the cytotoxicity of the NK-92MI-S7high

cells against Raji (a, c) and Daudi cells (b, c). The NK-92MI-S7high

cells with or without FTMCNeu5Ac incorporation were used (d)
Western blot analysis of Siglec-7 activation. NK-92MI-S7high cells with
or without FTMCNeu5Ac modification were incubated with Raji cells
and lysed, followed by an anti-Siglec-7 immunoprecipitation. A
decrease in SHP-1 recruitment and Siglec-7 phosphorylation was seen
in NK cells after a treatment with 10 nM of 5 but not 100 nM of 5.
The numbers indicate the relative quantification of band intensity to
that of actin by ImageJ. (e) The specific lysis of Raji using the sorted
Siglec-7 positive peripheral NK cells with or without FTMCNeu5Ac
modification. (a−c, e) Bars represent the standard error of three
biological repeats of samples. The significance was analyzed with the
two-sided Student’s t test. (ns) not significant; (*) p < 0.05; (**) p <
0.01; (***) p < 0.005.
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NK) modified with 10 nM of 5 (Figure 6f and Supporting
Information Figure S24), indicating that Siglec-7 was released
from the NK plasma membrane upon target cell encountering,
a process significantly exacerbated by the installation of
superlow levels of FTMCNeu5Ac.

■ CONCLUSION AND DISCUSSION

Tumor escape from an immune-mediated destruction has been
associated with mechanisms that suppress immune system
effector functions and trigger immune cell exhaustion.1−3,45,46

The Siglec-sialylated glycan interaction is a newly added
member of tumor immune escape pathways.5−9,13−16 How-
ever, the mechanism of this interaction-dependent suppression
of antitumor immunity is not well understood. Analogous to
what has been confirmed for the upregulated expression of PD-
L1 in the tumor microenvironment, which is driven by IFN-γ
produced by tumor-infiltrating CD8+ T cells,38 here, we found
that an encounter with NK cells triggered the accumulation of
Siglec-7 ligands on tumor cells. This accumulation of Siglec-7
ligands is partially due to the secreion of lytic granules rather
than IFN-γ by NK cells. With the formation of the
immunological synapse, target cells slowed the endocytosis of
cell-surface glycoconjugates, while the newly synthesized
Siglec-7 ligands continued to build upon the cell surface to
activate the Siglec-7 inhibitory signaling (Figure 6f and
Supporting Information Figure S25). The decrease of sialoside
endocytosis might result from the prominent actin accumu-
lation in the synaptic contact, a mechanism exploited47 by
certain cancer cells to restrict their membrane dynamic
endocytosis for antagonizing lymphocytes-induced killing.
Nevertheless, in contrast to initial preconceptions of a
tumor-intrinsic high expression of Siglec-7 ligands, our data
argue that tumor cells upregulate sialylated glycans, which
counteract NK-induced killing via the Siglec-sialylated glycan
interaction, a mechanism that is intrinsic to the immune
system, and likely represent a physiological negative feedback
loop.

Via an ST6Gal1-mediated cell-surface glycan editing, a high-
affinity and specific ligand of Siglec-7 can be created on NK
cells to modulate Siglec-7 signaling and NK effector function.
Although many Siglecs are known to be masked by natural cis-
ligands found on immune cells,39,40,48−50 unnatural, high-
affinity ligands added in cis behave differently. On the one
hand, with high levels of ligands added onto the NK cell
surface, an enhanced phosphorylation of Siglec-7 and a
recruitment of SHP-1 was observed, which in turn suppressed
the NK-induced target tumor cell killing. On the other hand, at
low levels, the same ligand induced the release of Siglec-7 from
the NK cell surface to the culture medium, which completely
restored the NK cytotoxicity. We confirmed that the ligand-
triggered Siglec-7 secretion only took place after the target cell
encounter, but not by the ligand installation itself. However,
the detailed mechanism remains to be explored. One
possibility is that the installation of low levels of high-affinity
ligands in cis destroy the natural clusters of Siglec-7, which in
turn increases the release of Siglec-7 via the secretion pathway
that is triggered by the immune killing process (e.g.,
degranulation20,33). Although a chronic HCV infection is
known to increase plasma levels of a soluble form of Siglec-7,51

to our knowledge, what was observed here is the first case that
a high-affinity ligand induces the release of Siglec-7 from NK
cell surface. It would be interesting to explore whether it is a
common phenomenon that functionalizing immune cells with
low levels of high-affinity Siglec ligands could release Siglecs
from the cell surface. If so, this strategy may serve as a general
approach to downregulate Siglecs’ inhibitory functions. In this
endeavor, we have already demonstrated that high-affinity and
specific ligands for other Siglecs, such as Siglec-2 (CD22)52

and Siglec-9,9,41,53 can be introduced onto live cells by
employing similar strategies (Supporting Information Figures
S26 and S28). A transplantation of expanded allogeneic NK
cells has emerged as a promising strategy for cancer
treatment;54−56 we envisage that, by modifying these NK
cells with the high-affinity ligands prior to adoptive transfer,

Figure 6. ST6Gal1-assisted incorporation of FTMCNeu5Ac on NK-92MI-S7high or peripheral NK cells modulates Siglec-7 inhibitory signaling. (a, b)
Siglec-7 positive populations of NK-92MI-S7high cells (a) or peripheral NK cells raised from different healthy donors (b) treated with ST6Gal1
under 10 nM of 5 were counted via flow cytometry. (c, d) The sorted Siglec-7 positive peripheral NK cells were treated with10 nM of 5 and then
were cocultured with Raji cells at an E/T ratio of 10:1. (e) Western blot analysis of Siglec-7 released into the supernatant of the coculture of NK-
92MI-S7high cells with Raji cells at an E/T ratio of 5:1. The significance was analyzed with the two-sided Students t test. (ns) not significant; (*) p <
0.05; (***) p < 0.005. (f) A schematic model of the ligand-mediated modulation of Siglec-7 inhibitory signaling on NK cells upon target cell
encountering. The enzymatic creation of cis high-affinity Siglec-7 ligands at a low level mediates the release of Siglec-7 inhibitory receptors to the
medium during an immune activation by target cancer cells.
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the constitutively expressed Siglec-7 could be released to
enhance the NK effector functions for a better antitumor
immunity.
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