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Abstract
Although effective, immune checkpoint blockade induces response in only a subset of 
cancer patients. There is an urgent need to discover new immune checkpoint targets. 
Recently, it was found that a class of sialic acid– binding immunoglobulin- like lectins 
(Siglecs) expressed on the surface of T cells in cancer patients inhibit T cell activa-
tion through their intracellular immunosuppressive motifs by recognizing sialic acid– 
carrying glycans, sialoglycans. However, ligands of Siglecs remain elusive. Here, we 
report sialylated IgG (SIA- IgG), a ligand to Siglec- 7, that is highly expressed in epithelial 
cancer cells. SIA- IgG binds Siglec- 7 directly and inhibits TCR signals. Blocking of either 
SIA- IgG or Siglec- 7 elicited potent antitumor immunity in T cells. Our study suggests 
that blocking of Siglec- 7/SIA- IgG offers an opportunity to enhance immune function 
while simultaneously sensitizing cancer cells to immune attack.
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1  |  INTRODUC TION

Breakthroughs in cancer immunotherapy using checkpoint blockade 
have been demonstrated experimentally and translated into treat-
ment of many cancers in clinic.1 A number of inhibitory immune 
receptors have been identified and studied in cancer in the past de-
cades, including but not limited to PD- 1, CTLA- 4, and LAG- 3, which 
are named “immune checkpoints” referring to molecules that act as 
gatekeepers of immune responses.2,3 However, as clinical data accu-
mulate worldwide, the low response rate in most cancers showed up 
as a drawback in immune checkpoint blockade therapy, with a range 
of 10%- 30%.1 Thus, intensive research aimed at exploring novel im-
mune checkpoint targets has been ongoing.

Siglecs are found on most immune cells and have an N- terminal 
Ig domain that recognizes sialic acid– containing glycans commonly 
found on glycoproteins and glycolipids. Siglecs regulate immune cell 
functions by binding to sialoglycans, which are considered markers 
of “self.”4 In humans, the family of Siglecs comprises 14 members. 
Based on sequence similarity, they can be divided into conserved 
Siglecs (Siglec- 1, - 2, - 4, and - 15) and rapidly evolving CD33- related 
Siglecs (CD33 or Siglec- 3, Siglec- 5, - 6, - 7, - 8, - 9, - 10, - 11, - 14, and 
- 16), while Siglec- 12 and Siglec- 13 are missing in humans.5 Unlike 
the conserved Siglecs, CD33- related Siglecs do not have clear 
mammalian homologs and exhibit a broader expression across im-
mune cells.6 CD33- related Siglecs are mostly inhibitory receptors, 
which contain at least one immunoreceptor tyrosine– based inhi-
bition motif (ITIM).5,7 By recognizing sialoglycans, the inhibitory 
Siglecs have been considered to mainly downregulate antitumor re-
sponses of innate immune cells, including NK cells,8 macrophages,9 
or neutrophils,10 but rarely in T cells.11 In recent years, the inhibi-
tory Siglecs, such as Siglec- 912,13 and Siglec- 10,14,15 have also been 
reported to be expressed on human T cells and mediate T cell inhi-
bition and tumor immune escape in lung cancer and melanoma, sug-
gesting that inhibitory Siglecs act as new immune checkpoints.12– 14 
Although human Siglecs primarily bind to sialic acids on diverse 
types of glycans, many of the natural ligands of Siglecs have not 
been fully identified.

Increased level of immunoglobulin (Ig) in patients with cancer 
has been observed for decades.16 These Igs are generally consid-
ered to be the result of increased expression of B cell– derived 
antitumor antibodies. However, there is increasing evidence that 
IgG in the tumor microenvironment (TME) usually indicates a 
poor prognosis. Our group and others have been investigating 
IgG overexpressed in many cancer cells since 1996.17– 20 We have 
already found that cancer- derived IgG displays growth factor– like 
activity and promotes the progression of cancer cells.21– 23 In our 
recent studies, we used a monoclonal antibody, RP215, which was 
developed in 1987, and found that RP215 can distinguish cancer- 
derived IgG from B- IgG.24,25 RP215- recognized cancer- derived 
IgG was further revealed to be specifically N- glycosylated at 
Asn- 162, which located on the CH1 domain of IgG heavy chain 
and carried a sialic acid modification.26,27 Cancer- derived SIA- IgG 

can be secreted in an autocrine manner by cancer cells, and can 
specifically interact with the integrin α6β4 complex and subse-
quently activate the FAK- Src pathway.26,28 Moreover, we found 
that SIA- IgG can directly inhibit T cell proliferation and signifi-
cantly promote tumor growth by reducing T cell infiltration. 
These effects depend on sialylation and binding to Siglecs on T 
cells, indicating Siglecs/SIA- IgG act as new checkpoints to inhibit 
T cell function.27

In this study, we first found that CD4+T cells, but not CD8+T 
cells from peripheral blood, expressed inhibitory Siglec- 3, - 6, 
- 7, - 9, and - 10. By analyzing expression frequency of inhibitory 
Siglecs on tumor- infiltrating T cells in colon cancer tissues and 
ovarian cancer ascites, we found that only Siglec- 7, but not 
other Siglecs, was prominently upregulated on tumor- infiltrating 
CD8+T cells. Moreover, Siglec- 7 was also coexpressed with PD- 1 
and LAG- 3, which indicates the exhaustion of tumor- infiltrating 
CD8+T cells. We then proved that SIA- IgG served as a ligand of 
Siglec- 7, activating downstream signals and suppressing TCR 
pathways. Blockade of Siglec- 7 or SIA- IgG enhanced the killing 
effects of T cells for autologous cancer cells in vitro and in vivo. 
These findings revealed that SIA- IgG expressed by epithelial can-
cer cells inhibits T cell function directly through binding Siglec- 7 
on T cells and Siglec- 7/SIA- IgG is a potential target of immune 
checkpoint therapy.

2  |  MATERIAL S AND METHODS

2.1  |  Tissue and samples

Colon tumors and margin tissue samples were obtained from Tumor 
Hospital of the Chinese Academy of Medical Sciences. Peripheral 
blood and ovarian cancer ascites samples for SIA- IgG purification 
and coculture were obtained from Peking University Third Hospital.

2.2  |  Cell proliferation and coculture

Sorted CD3+T cells were suspended in 1640 containing 10% FBS 
and stimulated by precoated 3 μg/ml anti- CD3 antibody (317,303, 
BioLegend) and 1 μg/ml anti- CD28 antibody (302,913, BioLegend). 
EpCAM+ cancer cells from the same individuals were added. Cells 
were cocultured for 24 hours, and 10 μg/ml anti- Siglec- 7 blocking an-
tibodies (347,702, Biolegend) or RP215 was added. Tumor apoptosis 
was analyzed by staining for annexin V/7AAD.

2.3  |  Purification of cancer- derived SIA- IgG

The SIA- IgG– specific antibody RP215 was coupled to CNBr- 
activated Sepharose™ 4B (71- 7086- 00 AF, GE Healthcare) accord-
ing to the manufacturer's recommendations. IgG from the TME was 
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incubated with the RP215- coupled CNBr- activated sepharose col-
umn for RP215 recognition– based SIA- IgG purification.

2.4  |  Neuraminidase digestion

IgG from the TME was combined with H2O in a total reaction volume 
of 9 μl, and then 2 μl 10 × GlycoBuffer and 2 μl neuraminidase (P0720, 
New England Biolabs) were added and incubated at 37°C for 1 hour.

2.5  |  Animal experiments

Female nude mice and female NOD- SCID mice were purchased from 
Beijing Vital River Laboratory Animal Technology Company and 
used at 6- 8 weeks of age.

EpCAM+ cancer cells were sorted from ovarian cancer ascites, 
amplified in vitro, and then injected into nude mice (5 × 106 cells 
each tumor) or NOD- SCID mice (3 × 106 cells each tumor). After 
6 days, the nude mice were randomly allocated into three groups. 
Each group was injected subcutaneously around the tumors with 
PBS or 5 × 105 T cells from ovarian cancer ascites, with 10 μg/ml anti- 
Siglec- 7 antibodies or control IgG every 3 days. Likewise, NOD- SCID 
mice were randomly allocated into five groups, and each group was 
injected subcutaneously around the tumors with PBS or 20 μg/ml 
RP215 or 3 × 105 T cells from ovarian cancer ascites, with 20 μg/ml 
anti- Siglec- 7 or RP215 or control IgG every 4 days. The mice were 
then sacrificed and analyzed for tumor volume and weight and the 
proportions of T cells in the tumor tissue.

2.6  |  TIMER database analysis

TIMER (http://timer.cistr ome.org/) is a comprehensive resource for 
systematic analysis of immune infiltrates across diverse cancer types 
from TCGA. We analyzed the correlation of SIGLEC7 expression and 
T cell infiltration across 38 cancer types.

2.7  |  Statistics

All data were analyzed with GraphPad Prism software and are pre-
sented as the mean ± s.d. or s.e.m. Statistical significance was deter-
mined by a two- tailed paired or unpaired Student's t test or one- way 
analysis of variance (ANOVA) followed by Tukey's multiple compari-
sons test, with significance levels of *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 
and ns, not significant (P ≥ 0.05).

Detailed materials and methods, including cell culture and re-
agents, antibodies for multicolor flow cytometry, immunohisto-
chemistry, immunofluorescence, purification of IgG from the TME, 
glycopeptide analysis, SDS- PAGE and Western blotting, coimmuno-
precipitation (Co- IP) analysis, microscale thermophoresis (MST), can 
be found in the supplementary document.

3  |  RESULTS

3.1  |  Siglec- 7 was highly expressed on tumor- 
infiltrating CD8+T cells

To analyze the expression frequency of inhibitory Siglecs on T cells 
of patients with cancer, we first analyzed inhibitory Siglec- 3, - 6, - 7, 
- 9, and - 10, on T cells in peripheral blood of 10 kinds of tumor pa-
tients (Table S1). The results revealed that all these five inhibitory 
Siglecs were expressed on CD4+T cells of patients with cancer; how-
ever, the expression frequency of each Siglec showed significant dif-
ferences: The expression of Siglec- 3, - 6, - 7, - 9, and - 10 was markedly 
increased in patients with lung cancer; increased Siglec- 3, - 9, and - 10 
were found in cervical cancer; and Siglec- 3 and Siglec- 9 were found 
in rectal cancer (Figure 1A). In contrast, none of the five inhibitory 
Siglecs displayed difference on CD8+T cells between healthy donors 
and patients (Figure S1A). To further investigate the expression of 
inhibitory Siglecs on T cells in TME, we collected nine ovarian can-
cer ascites and analyzed the expression of Siglec- 6, - 7, - 9, and - 10 
on T cells in ascites. Surprisingly, we found that Siglec- 6, - 7, - 9, and 
- 10 were highly expressed on both CD4+ and CD8+T cells in ovarian 
cancer ascites compared with those in peripheral blood of healthy 
donors (Figure 1B). Obviously, the finding is different from that in 
peripheral blood of patients with cancers.

To further address if inhibitory Siglecs were expressed differ-
ently on T cells in tumor tissues and normal tissues, we collected 
20 colon cancer tissues, using the surgery margin colon tissues from 
the same individual as normal tissue control, and then analyzed T 
cells isolated from both tissues. Surprisingly, our results showed 
that only Siglec- 7 was dominantly expressed on CD8+T cells in 
TILs (tumor infiltrating T cells), but not in normal tissues in 17 of 20 
cases (Figure 1C, Figure S1B). We further analyzed Siglec- 7 location 
in colon cancer tissues by immunohistochemistry and found that 
Siglec- 7 staining was shown on lymphocytes (Figure S1C). Moreover, 
the double immunofluorescence staining showed that Siglec- 7 were 
colocalized with CD8+T cells (Figure 1D).

Subsequently, we analyzed the correlation of SIGLEC7 expres-
sion level with CD4+ and CD8+T cells infiltration in 38 cancer 
types, including 26 epithelial cancers and 12 nonepithelial cancers, 
using the Tumor Immune Estimation Resource (TIMER2.0) website 
(http://timer.cistr ome.org/).29 We first analyzed the correlation 
between CD4+T cell infiltration and the expression of SIGLEC7 by 
four different tools (XCELL, TIMER, QUANTISEQ, and EPIC). As 
revealed in the heat map, the positive correlation of SIGLEC7 ex-
pression and CD4+T cell infiltration was shown in several epithelial 
cancers, such as head and neck cancer and pancreatic cancer, and 
nonepithelial cancers, such as low- grade glioma, only by TIMER, 
but not by the other three tools (Figure 1E). Subsequently, we an-
alyzed the correlation between CD8+T cell infiltration level and 
expression of SIGLEC7 using six different tools (MCPCOUNTER, 
CIBERSORT, QUANTISEQ, XCELL, TIMER, and EPIC). We found 
that the expression of SIGLEC7 displayed significantly positive 
correlation with CD8+T cells in most epithelial cancers and 6 of 

http://timer.cistrome.org/
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12 nonepithelial cancers by MCPCOUNTER, QUANTISEQ, and 
XCELL (Figure 1E).

3.2  |  Siglec- 7 expression was increased on 
activated T cells, especially on memory CD8+T cells

Next, we want to answer whether Siglec- 7 can be upregulated on 
activated T cells. Immune cells were isolated from colon cancer tis-
sues, and T cells were activated with anti- CD3/CD28; then, Siglec- 7 
expression on CD4+ and CD8+T cells was determined. The results 
showed that Siglec- 7 expression level was significantly increased on 
both CD4+ and CD8+T cells (Figure 2A). Similarly, in T cells isolated 
from ovarian cancer ascites, Siglec- 7 was also upregulated upon 
stimulation on both CD4+ and CD8+T cells (Figure 2B). Aiming to fur-
ther characterize the coexpression of Siglec- 7 and the well- known 
immune checkpoint PD- 1, multicolor flow cytometry was carried 
out in colon cancer tissues. The results showed that Siglec- 7 was 
coexpressed with PD- 1 in both CD4+ and CD8+T cells (Figure 2C,D). 
However, most PD- 1+CD8+ TILs were found to highly express 
Siglec- 7 (Figure 2D), but PD- 1+CD4+ TILs expressed lower Siglec- 7 
(Figure 2C). We also sorted Siglec- 7+ and Siglec- 7− T cells from ovar-
ian cancer ascites for stimulation. Siglec- 7+CD8+ TILs expanded 
poorly upon anti- CD3/CD28 stimulation and expressed higher PD- 1 
and LAG- 3 (Figure 2E).

We then used XCELL to divide T cells into naïve or memory 
subsets, including central memory T cells and effector memory 
T cells, to analyze if SIGLEC7 expression was correlated with dis-
tinct T cell subsets. We found that, in CD4+T cells, SIGLEC7 ex-
pression was positively correlated with both naïve and memory 
T cells (Figure 2F). Interestingly, in CD8+T cells, the expression of 
SIGLEC7 was found to be negatively correlated with naïve CD8+T 
cells but positively correlated with memory CD8+T cells, espe-
cially with central memory CD8+T cells (Figure 2F). To further in-
vestigate the subsets of Siglec- 7+T cells in TME, we carried out 
CD45RA and CCR7 staining on T cells in colon cancer or ovarian 
cancer ascites. Results showed that the CD4+T cells in both TMEs 
were mainly CD45RA−CCR7− effector memory T cells (TEM), while 
the CD8+T cells were mainly TEM and CD45RA+CCR7− effector 
memory (TEMRA) in colon cancer and TEMRA in ovarian cancer as-
cites (Figure S1D).

3.3  |  SIA- IgG acts as ligand of Siglec- 7 in TME

Ligands of Siglec receptors are vaguely described as sialoglycans. 
However, which protein is sialylated and bound to Siglecs in TME 

remains unclear. Recently, our group found that epithelial can-
cer cells, but not B cells, can specifically produce IgG with high 
sialic acid modification (SIA- IgG). As known, IgG is a glycoprotein, 
and has N- glycosylation on its CH2 Asn- 297 site, but with little 
sialylation. However, SIA- IgG has a nonclassical N- glycosylation 
on its CH1 Asn- 162 site, with extremely high sialylation, which 
was firstly reported by us.27 Glycopeptide analysis is the only 
alternative for profiling site– specific glycosylation; therefore, 
we further carried out glycopeptide analysis for SIA- IgG. SIA- 
IgG purified from ovarian cancer ascites was digested with pa-
pain to obtain Fab and Fc fragments and then analyzed by liquid 
chromatography– mass spectrometry (LC- MS). The results showed 
that the Fab fragments of SIA- IgG displayed a large number of 
three- branched structure and significantly high sialylation on 
the terminal of glycans (Figure 3A , Table S3). In contrast, the Fc 
fragments of SIA- IgG rarely displayed three- branched structure; 
moreover, there was no or low sialylation on the terminal of gly-
cans (Figure 3A bottom, Table S4). Compared with Fc fragments of 
SIA- IgG, up to 98% glycans on Fab fragments of SIA- IgG was sia-
lylated (Figure 3B). To further determine the glycosylation sites of 
SIA- IgG Fab fragments, we then analyzed characteristic fragments 
of glycopeptides, which are known to be the most important basis 
to determine glycopeptides.30 Obviously, results also confirmed 
that the exact Asn- 162 site of SIA- IgG was rich in three- branched 
N- glycosylation with high sialylation on the glycan terminal, in-
cluding single or double sialylation (Figure 3C).

The significantly high sialylation of SIA- IgG on Asn- 162 sug-
gested that SIA- IgG can act as a ligand of Siglecs. In this study, to 
further verify the interaction between SIA- IgG and Siglec- 7, we 
first expressed Siglec- 7 in 293 T cells (Figure S2A) and found that 
Siglec- 7 interacted significantly with exogenous purified SIA- IgG 
by immunoprecipitation (IP) (Figure 3D). Similarly, when Siglec- 7 
was overexpressed in colon cancer cell line SW480, we also found 
that endogenous SIA- IgG interacted with Siglec- 7 (Figure 3E). 
Correspondingly, we coexpressed Siglec- 7 and SIA- IgG as described 
previously26 and proved that GFP- SIA- IgG interacted with Siglec- 7- 
His by Co- IP (Figure 3F,G).

We then determined if SIA- IgG can bind to Siglec- 7 by MST. 
Siglec- 7- Fc was labeled with NHS kit31 and was incubated with 
SIA- IgG or anti- Siglec- 7 antibodies, which were used as a positive 
control. Results showed that SIA- IgG could bind to Siglec- 7- Fc 
with high affinity (KD = 1.8 × 10−9; Figure 3H,I). In contrast, SIA- 
IgG did not bind to IgG- Fc alone (Figure 3J). SIA- IgG treated with 
neuraminidase no longer bound to Siglec- 7- Fc either (Figure 3K). 
These results demonstrated that SIA- IgG directly binds Siglec- 7 
in a sialylation- dependent manner, proving that SIA- IgG is a ligand 
of Siglec- 7.

F I G U R E  1  Expression of Siglecs on T cells. (A) Analysis of Siglecs on CD4+T cells from healthy people or patients with different tumors. 
(B) Quantification of Siglec- 6, - 7, - 9, and - 10 expression on CD4+ T or CD8+T cells from ovarian cancer ascites (n = 9). (C) Analysis of Siglec- 7 
on CD4+T or CD8+T cells from colon cancer or normal tissues. (D) Representative immunofluorescence analysis of CD8 and Siglec- 7 in colon 
cancer. (E) Functional heatmap of the association between Siglec- 7 expression and immune infiltration level of CD4+ or CD8+T cells across 
38 cancer types. Red: significant positive association. Blue: significant negative association. Crossed square: non- significant.
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F I G U R E  2  Functional analysis of Siglec- 7+ CD8+ T cells. (A) Time course of Siglec- 7 and checkpoint molecule expression on CD4+ and 
CD8+T cells from colon cancer tumor tissues. (B) Siglec- 7 and checkpoint molecule expression on CD4+T and CD8+T cells form ovarian 
cancer ascites. (C and D) Expression of Siglec- 7 on PD- 1+T cells or PD- 1−T cells on CD4+ (C) and CD8+T cells (D) in colon cancer. (E) 
Proliferation fold change and expression of PD- 1 and LAG- 3 on Siglec- 7+ or Siglec- 7− T cells from ovarian cancer ascites after 72 h activating. 
(F) Functional heatmap of the association between SIGLEC7 expression and immune infiltration level of CD4+ or CD8+T cells across different 
cancer types. Red: significant positive association. Blue: significant negative association. Crossed square: non- significant.
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FIGURE 3  Legend on next page
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3.4  |  SIA- IgG triggers downstream inhibitory 
pathways of Siglec- 7

We next explored if SIA- IgG serves as a ligand of Siglec- 7 to ac-
tivate the downstream inhibitory signals. Firstly, Siglec- 7 was ex-
pressed on the surface of Jurkat cells (Sig7+ Jurkat; Figure S3A). 
Purified SIA- IgG or IVIG (which is reported to have a relatively 
low level of sialylation32) was used to bind Sig7+ or mock Jurkat. 
Results showed that SIA- IgG, but not IVIG, specifically binds to 
Sig7+ Jurkat (Figure 4A). Given that Siglec- 7 contains an ITIM 
known to recruit tyrosine phosphatases,33 the phosphorylation 
of the downstream SHP- 1 was determined after adding SIA- IgG. 
Our results showed that SIA- IgG caused a rapid phosphorylation 
of SHP- 1 only in Sig7+ Jurkat, but not mock Jurkat (Figure 4B). 
Notably, IVIG did not cause SHP- 1 phosphorylation in either cells 
(Figure 4C). Next, to further prove the inhibitory effect of SIA- IgG 
in T cells, we isolated T cells from ovarian ascites and stimulated 
them with SIA- IgG. Results showed that the phosphorylation of 
SHP- 1 increased immediately, while blockade of Siglec- 7 signifi-
cantly inhibited the phosphorylation (Figure 4D).

Based on these findings, we also evaluated the effect of SIA- IgG 
on activation of downstream molecules ZAP- 70 and SLP- 76 follow-
ing the engagement of TCR. Result showed that the phosphorylation 
of ZAP- 70 and SLP- 76 reduced at all time points following TCR en-
gagement with SIA- IgG in Sig7+ Jurkat compared with mock Jurkat, 
but IVIG showed no interruption (Figure 4E). These findings sug-
gested a role of Siglec- 7– dependent, SHP- 1– associated inhibitory 
function of SIA- IgG engagement in T cells.

3.5  |  Siglec- 7/SIA- IgG is a potential immune 
checkpoint in T cells

Next, we wanted to explore the function of Siglec- 7/SIA- IgG as 
checkpoint inhibitor in the tumor- killing function of T cells. In con-
sideration of that Siglec- 7 does not have a known murine homolog, 
we tried to evaluate the tumor- killing function of T cells in human 
cancer models. Ovarian cancer ascites is a TME which contains a 
large number of both cancer cells and T cells, allowing us to investi-
gate the tumor- killing ability of T cells for cancer cells from the same 

individual in vitro. As shown above, Siglec- 7 was expressed wildly 
on T cells in ovarian cancer ascites (Figure 1B). The expression of 
SIA- IgG on cancer cell membrane was also confirmed by both flow 
cytometry and immunofluorescence staining (Figure 5A,B, Table S2). 
Next, T cells were sorted from ovarian cancer ascites and stimu-
lated; then, EpCAM+ cancer cells were sorted and cocultured with 
T cells, and the apoptosis of cancer cells was measured by annexin 
V/7AAD staining (Figure S3). Our results revealed that activated T 
cells showed a strong effect of inducing tumor apoptosis (Figure 5C). 
Next, the blocking antibodies of Siglec- 7 or SIA- IgG were added to 
the coculture medium of T cells and cancer cells. Obviously, block-
ade of Siglec- 7 displayed stronger apoptosis of cancer cells in all 
six ovarian ascites cases. Similarly, blocking of SIA- IgG significantly 
increased the apoptosis ratio of cancer cells in four of six cases 
(Figure 5D).

Next, we wanted to know if anti- Siglec- 7 or anti- SIA- IgG can 
enhance the tumor- killing effect of T cells in vivo. EpCAM+ cancer 
cells were sorted from ovarian cancer ascites, cultured for amplifi-
cation in vitro, and then injected into nude mice subcutaneously to 
construct xenograft tumor models. After the tumors had grown to 
40 mm3, the T cells sorted from ovarian cancer ascites were acti-
vated by anti- CD3/CD28 alone or in combination with anti- Siglec- 7 
in vitro for 48 hours and then injected peritumorally (5 × 105 every 
3 days; Figure S4A). Clearly, activated T cells could significantly in-
hibit xenograft tumors. The treatment with anti- Siglec- 7 partially en-
hanced the antitumor function of T cells, although without statistical 
difference (Figure S4B– D). However, the ratio of infiltrated CD8+T 
cells was significantly increased in tumors treated with anti- Siglec- 7 
(Figure S4D). To further prove if the anti- SIA- IgG or anti- Siglec- 7 
can enhance the antitumor effect of T cells, subsequently, we es-
tablished the same xenografts in NOD- SCID mice. T cells were acti-
vated, and RP215 or anti- Siglec- 7 was added in vitro. Then, activated 
T cells (3 × 105 every 4 days) were injected peritumorally (Figure 6A). 
The results showed that RP215 or T cells alone could not inhibit the 
growth of tumor; however, T cells treated with RP215 could signifi-
cantly inhibit tumor growth (Figure 6B– D). Similarly, anti- Siglec- 7 
also enhanced the antitumor function of T cells. Interestingly, the 
number of tumor- infiltrating CD4+T cells was increased by RP215 
treatment, while that of tumor- infiltrating CD8+T cells was increased 
by anti- Siglec- 7 (Figure 6E).

F I G U R E  4  SIA- IgG regulates Siglec- 7 downstream signals. (A) The binding of SIA- IgG to Sig- 7+ Jurkat. (B and C) Mock or Sig- 7+ Jurkat cells 
were treated with SIA- IgG (B) or IVIG (C). Cells were harvested for SHP1 phosphorylation. (D) SHP1 phosphorylation results in T cells sorted 
from ovarian cancer ascites. (E) Western blot of ZAP- 70 and SLP- 76 in mock or Sig- 7+ Jurkat stimulated by anti- CD3 (2 μg/ml) with SIA- IgG or 
IVIG. Data are representative of at least three experiments.

F I G U R E  3  SIA- IgG is a ligand of Siglec- 7. (A) Mass spectrometry (MS) spectrum of SIA- IgG Fab (top) and Fc fragments (bottom). GlcNAc, 
N- acetylglucosamine. (B) Relative composition of sialic acids of Fab and Fc in SIA- IgG. (C) MS/MS of characteristic glycopeptide fragments 
of SIA- IgG Fab. (D) Interaction between purified SIA- IgG and Siglec- 7. (E) Interaction between endogenous SIA- IgG and Siglec- 7. (F and G) 
Interaction between Siglec- 7- 6His and GFP- SIA- IgG. (H- K) Binding kinetics of Siglec- 7- Fc and purified SIA- IgG (H) or anti- Siglec- 7 (I), IgG- Fc 
and purified SIA- IgG (J), and Siglec- 7- Fc and neuraminidase treated SIA- IgG (K).
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4  |  DISCUSSION

In this study, we demonstrated that Siglec- 7/SIA- IgG is a new check-
point and SIA- IgG acts as a newly discovered sialylated ligand of 
Siglec- 7 and inhibits the tumor- killing function of T cells by inhibiting 

the TCR downstream signals, leading to tumor immune escape. 
Blocking of both SIA- IgG and Siglec- 7 can rescue T cell function and 
enhance antitumor immunity.

Siglec- 7 belongs to CD33- related Siglecs, carrying an intracellu-
lar ITIM motif to mediate immunosuppression. CD33- related Siglecs 

F I G U R E  5  Targeting Siglec- 7/SIA- IgG improved T cell– mediated tumor cell killing in vitro. (A) Flow cytometry analysis of SIA- IgG 
expression on tumor cell in ovarian cancer ascites using RP215. (B) Immunofluorescence study in ovarian cancer ascites cells. (C) Flow 
cytometry analysis of cancer cells cocultured with mock T cells or activated T cells. (D) Percentage of annexin V+7AAD+ cancer cells after 
coculturing with untreated T cells (T [Mock]) or activated T cells (T [Act.]), with addition of anti- Siglec- 7, RP215, or control IgG.

F I G U R E  6  Blockade of Siglec- 7/SIA- IgG promotes the tumor- killing function of T cells in vivo. (A) Establishment of mouse models used in 
(B- E). Isolated tumors are presented (B) together with growth curve (C) and tumor volume and weight (D). E, Proportions of human CD4+ and 
CD8+T cells in the tumors treated with T cells.
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have been reported to be mainly expressed on innate immune cells, 
such as macrophages,9,34 neutrophils,10 and NK cells,35,36 and rarely 
expressed on T cells. Recently, Siglec- 9 was reported to be expressed 
on tumor- infiltrating T cells in lung cancer and melanoma,12,13 and 
Siglec- 10 was reported to be expressed on activated T cells14,15 and 
to inhibit T cell activation, indicating the possible roles of inhibitory 
Siglecs as new immune checkpoints.37 However, to date, ligands of 
inhibitory Siglecs have not been fully explored.38

In this study, we first identified Siglec- 3, - 6, - 7, - 9, and - 10 on 
CD4+ and CD8+T cells in the blood of tumor patients. Our results re-
vealed that inhibitory Siglecs expression was significantly increased 
on CD4+T cells in lung cancer, cervical cancer, and rectal cancer pa-
tients. In contrast, none of the five inhibitory Siglecs’ expression on 
CD8+T cells increased in any patients. To further address if the inhib-
itory Siglecs were expressed on T cells in TME, we analyzed Siglec- 6, 
- 7, - 9, and - 10 on T cells in ovarian cancer ascites. These Siglecs were 
all highly expressed on both CD4+ and CD8+T cells in ovarian can-
cer ascites. This finding was obviously different from that in blood 
of tumor patients, suggesting that inhibitory Siglecs might be up-
regulated on T cells in TME. To further address this hypothesis, we 
analyzed Siglec- 3, - 6, - 7, - 9, and - 10 on T cells in colon cancer tissues. 
Interestingly, only Siglec- 7 was dominantly expressed on CD8+T 
cells, but not on CD4+T cells, in cancer tissues or in normal tissues 
from the same individual. Next, using the TIMER2.0 database, we 
found that the expression of SIGLEC7 displayed significantly positive 
correlation with infiltration of CD8+T cells, but not CD4+T cells.

Siglec- 7 expression was significantly increased on T cells, es-
pecially on tumor- infiltrating CD8+T cells, which suggested that 
Siglec- 7 might be related to antigen- specific T cell activation. Thus, 
we explored whether Siglec- 7 can be upregulated by activation of 
TCR signals. Siglec- 7 expression was markedly upregulated upon 
TCR stimulation on both CD4+ and CD8+T cells from colon can-
cer tissues or ovarian cancer ascites. We also noticed that Siglec- 7 
was significantly coexpressed with PD- 1 on T cells in colon cancer 
tissues, especially on CD8+T cells, which was related to T cell ex-
haustion. Moreover, compared with Siglec- 7−T cells, Siglec- 7+T cells 
expanded poorly upon TCR stimulation and expressed higher PD- 1 
and LAG- 3, which suggested that Siglec- 7 was related to T cell ex-
haustion. Bioinformatics analysis showed that Siglec- 7 was nega-
tively correlated with the naïve CD8+T cells but positively correlated 
with central memory CD8+T cells in TME.

SIA- IgG was reported to be highly secreted by epithelial cancer 
cells instead of B cells. Depending on its high sialic acid modification 
on its CH1 domain, SIA- IgG can directly inhibit T cell proliferation by 
binding to Siglec- 10.27 In this study, to confirm the sialylation modi-
fication on Fab fragments of SIA- IgG, we further analyzed the glyco-
peptides of SIA- IgG. As expected, the results showed that the exact 
Asn- 162 site of Fab fragments of SIA- IgG displayed a large amount 
of three- branched glycans, with highly sialylated terminals. Next, 
we further confirmed that SIA- IgG interacts with Siglec- 7. MST al-
lows quantitative analysis of protein interaction in free solution,31 
and this method has been used to quantify weak affinities of Siglecs 

and synthetic sialic acid ligands.39 We proved that SIA- IgG can bind 
Siglec- 7 directly by MST. Moreover, SIA- IgG promoted the phos-
phorylation of downstream SHP- 1 to inhibit TCR signals. These find-
ings suggested that Siglec- 7/SIA- IgG is a so far unidentified immune 
checkpoint in epithelial cancers.

We then explored whether blocking Siglec- 7/SIA- IgG can en-
hance the antitumor effect of T cells. Because Siglec- 7 has no ho-
mologs in mice, we had to establish tumor immunotherapy models 
with human T cells. We used the cancer cells as target cells and acti-
vated T cells as effector cells to explore antitumor effect in ovarian 
cancer ascites in vivo and in vitro. Blocking Siglec- 7 can significantly 
enhance the antitumor effect in all six cases. Similarly, RP215 also 
enhanced T cell function in four of six cases. Why did the two cases 
show poor treatment effect? We found that the expression level 
of SIA- IgG on cancer cells in these two cases was extremely high, 
and the concentration of RP215 might have been insufficient. Next, 
in in vivo experiments, fortunately, we obtained a case of ovarian 
cancer cells from ascites that can form tumors in immunodeficient 
mice. The activated T cells from ovarian cancer ascites had strong 
antitumor effect in vivo, and both anti- Siglec- 7 and RP215 showed 
strong promotion in the tumor- killing function of T cells. It is worth 
noting that our previous study showed RP215 itself can directly 
inhibit tumor.26 So, in order to highlight the significance of immu-
notherapy, a low dose of RP215 was used as a control. Clearly, our 
results showed that RP215 alone cannot inhibit tumor growth, but 
the addition of RP215 can significantly increase the antitumor ef-
fect of T cells. Both anti- Siglec- 7 and RP215 increased CD4+T cell 
infiltration, with RP215 being more significant, while anti- Siglec- 7 
increased the infiltration of CD8+T cells. We attribute this difference 
to that Siglec- 7 is highly expressed in memory CD8+T cells in TME, 
according to the bioinformatics analysis. Thus, blocking Siglec- 7 has 
a more direct effect on CD8+T cells, while blockade of SIA- IgG in-
creased the infiltration of both CD4+ and CD8+T cells. We speculate 
that the expression of other Siglecs, such as Siglec- 6, 9, or 10, on 
CD4+T cells in this model may be higher than that on CD8+T cells be-
cause SIA- IgG can also bind to other Siglecs.27 However, the detailed 
mechanism needs to be further explored. Our results suggested that 
Siglec- 7/SIA- IgG acts as a novel immune checkpoint. In particular, 
Siglec- 7/SIA- IgG can be used as a common immune checkpoint of 
most epithelial tumors in immunotherapy.
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