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ABSTRACT
Background  The potent immunosuppressive properties of 
sialic acid-binding immunoglobulin-like lectin-9 (Siglec-9) 
on myeloid cells and lymphocytes provide a strong 
rationale for serving as a therapeutic target. However, the 
expression profile and critical role of Siglec-9 in high-
grade serous ovarian cancer (HGSC) remain obscure. 
This study aimed to elucidate the prognostic significance 
of Siglec-9 expression and its predictive value for 
immunotherapy in HGSC.
Methods  Study enrolled two cohorts, consisting 
of 120 tumor microarray specimens of HGSC for 
immunohistochemistry (IHC) and 40 fresh tumor 
specimens for flow cytometry (FCM). Expression profile 
of Siglec-9 in immune cells was analyzed by both 
bioinformatics analysis and FCM. Role of Siglec-9 was 
studied to identify that Siglec-9+TAMs linked with an 
immunosuppressive phenotype by IHC and FCM, and block 
Siglec-9 was sensitive to immunotherapy by ex vivo and in 
vitro assays.
Results  Siglec-9 is predominantly expressed on tumor-
associated macrophages (TAMs). High Siglec-9+TAMs 
were associated with inferior overall survival (OS). Both 
tumor-conditioned medium (TCM) and tumor ascites 
induced enrichment of Siglec-9+TAMs with protumorigenic 
phenotypes. Siglec-9+TAMs were associated with 
immunosuppressive tumor microenvironment (TME) 
characterized by exhausted CD8+T cells and increased 
immune checkpoint expression. Blockade of Siglec-9 
suppressed phosphorylation of the inhibitory phosphatase 
SHP-1 and repolarized TAMs to antitumorigenic phenotype 
and retrieved cytotoxic activity of CD8+T cells in vitro 
and ex vivo. Responders toward antiprogrammed death 
receptor-1 (anti-PD-1) therapy present more Siglec-
9+TAMs than non-responders. Furthermore, blockade 
Siglec-9 synergized with anti-PD-1 antibody to enhance 
the cytotoxic activity of CD8+T cells in tissues with higher 
Siglec-9+TAMs.
Conclusions  Siglec-9+TAMs may serve as an 
independent prognostic of poor survival but a predictive 
biomarker for anti-PD-1/antiprogrammed death ligand-1 
immunotherapy in HGSC. In addition, the potential of 
immunosuppressive Siglec-9+TAMs as a therapeutic target 
is worth further exploration.

INTRODUCTION
Ovarian cancer ranks as the fifth leading 
cause of female cancer-related death.1 2 
High-grade serous ovarian cancer (HGSC) 
is recognized as the most widespread and 
deadly subtype of ovarian cancer.3 Patients 
who have been diagnosed with early-stage 
disease (International Federation of Gyne-
cology and Obstetrics, FIGO stage I and II) 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Sialic acid-binding immunoglobulin-like lectin-9 
(Siglec-9) is a novel target for immunotherapy by 
counteracting immune-suppressive signaling from 
tumor cells overexpressing glycans containing sial-
ic acids, but its expression pattern and prognostic 
potential have not been investigated in high-grade 
serous ovarian cancer (HGSC).

WHAT THIS STUDY ADDS
	⇒ The study demonstrated that Siglec-9 is predomi-
nantly expressed on tumor-associated macrophages 
(TAMs) with an immune-suppressive phenotype and 
is associated with the adverse prognosis of patients 
with HGSC. A context with higher Siglec-9+TAMs 
had significant prognostic value in HGSC patients 
receiving programmed death-1 (PD-1) blockaded 
therapy. Therefore, the monoclonal antibody (mAbs) 
targeting Siglec-9 repolarize TAMs from protumor 
to antitumor phenotypes and enhance response to 
anti-PD-1 in ex vivo.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our study unravels Siglec-9+TAMs as a novel bio-
marker for predicting HGSC patients who would 
benefit from anti-PD-1/programmed death ligand-1 
therapy and as a promising target for cancer im-
munotherapy that could be exploited to enhance 
antitumor immunity and improve immunotherapy 
management in HGSC patients.
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are often effectively treated with surgery and chemo-
therapy containing platinum and are more prone to 
recover.4 Most patients with advanced-stage HGSC 
(International Federation of Gynecology and Obstetrics 
(FIGO) stage III and IV) rarely achieve a cure through 
treatment. Although antiangiogenic agents5 and PARP 
inhibitor therapy6 7 are combined, most patients with 
advanced disease suffer a relapse within 24 months 
of undergoing their initial chemotherapy treatment.8 
Recent clinical trials have demonstrated the potential 
of immunotherapies in treating HGSC, such as immune 
checkpoint blockade (ICB) targeting the programmed 
death receptor-1 (PD-1)/programmed death ligand-1 
(PD-L1) axis. While some patients may benefit greatly 
from second-line therapy with ICB due to an increase in 
T and B cell infiltration that heats the tumor microenvi-
ronment (TME), others may not respond to treatment 
at all.9–11 Thus, there is an urge to explore more effec-
tive combination therapies, such as combining ICB with 
chemotherapy or targeted therapies, than ICB alone in 
certain patients.

Recent research has shown that tumor cells also 
educate myeloid cells to evade the immune system,12 
besides directly suppressing T cell immune responses 
through binding immune checkpoints. Tumor-associated 
macrophages (TAMs), which are a significant type of 
myeloid cells within the TME, play a role in regulating 
the immune response to tumors.13 The ability of macro-
phages to adapt to changing conditions within the micro-
environment is a key characteristic known as plasticity, 
which encompasses both immunostimulatory and immu-
nosuppressive subsets.14 15 Hence, a noteworthy treatment 
strategy involves the reprogramming of immunosuppres-
sive TAMs, which is viewed as a complementary or syner-
gistic approach to be used in conjunction with existing 
backbone regimens.

Sialic acid sugars present on the surface of cancer cells 
have been identified as immune modulators, contributing 
to both the immunosuppressive microenvironment and 
the ability of tumors to evade the immune system.16 Sialic 
acid binding immunoglobulin-like lectin 9 (Siglec-9) 
belongs to the sialic acid binding immunoglobulin-
like lectins (Siglecs) family, which showed high affinity 
for α2,3 and α2,6 binding sialoglycans.17 Functions of 
Siglec-9 on myeloid cells, natural killer (NK) cells and T 
cells have been reported recently.17–19 Siglec-9 expression 
has been shown to skew macrophage polarization to a 
protumorigenic phenotype with upregulation of PD-L1 
in macrophages20 and contribute to forming an immu-
nosuppressive environment.21 Blockade and ablating of 
Siglecs-9 may potentially enhance the therapeutic effects 
of immune checkpoint inhibitors in animal models.22–25 
Additionally, high expression of Siglec-9 promotes mono-
cytes differentiating toward macrophages and pancreatic 
cancer tumorigenesis by inducing immune tolerance.26 
Currently, there is no research available on the impact 
of Siglec-9 on tumor immunity in HGSC, nor has its 
potential as a prognostic biomarker for prediction and as 

an adjuvant therapy to enhance ICB response has been 
investigated.

Here, we discovered that Siglec-9, highly expressed in 
both primary tumors and ascites, could be an indepen-
dent prognostic factor for predicting poor prognosis in 
HGSC. Furthermore, Siglec-9 is expressed predominantly 
on TAMs in HGSC, which displays an immunosuppres-
sive phenotype along with dysfunction of T cells. Siglec-9 
neutralizing antibody could reverse the immunosuppres-
sive effects of TAMs and restore the antitumor immune 
response of T cells. It is noteworthy that the combination 
of Siglec-9 and PD-1 blockades can significantly improve 
the antitumor activity compared with PD-1 blockade 
alone. Siglec-9 is expected to emerge as a new target 
for immunotherapy and a prognostic biomarker for 
predicting the response of HGSC patients.

MATERIALS AND METHODS
HGSC patient tissue
Specimens from 120 patients with primary carcinoma of 
HGSC (online supplemental table S1) who had under-
gone surgery between 2013 and 2015 were obtained 
from the Obstetrics and Gynecology Hospital of Fudan 
University with approval. All patients were followed 
up until April 2019. None of the patients had an auto-
immune disorder or a history of prior cancer. None of 
the patients was treated with chemotherapy, radiation, 
or any other antitumor medicines before tumor resec-
tion. Overall survival (OS) was calculated from the date 
of surgery to the date of death or last follow-up. Fresh 
tumor tissue samples were obtained from 40 patients with 
HGSC (online supplemental table S1) during surgery at 
the Department of Gynecology of our hospital, including 
24 HGSC tissues used for ex vivo stimulation and immu-
nofluorescence. For immunohistochemical and immuno-
fluorescence studies, once the surgical specimens were 
obtained, all specimens were snap-frozen immediately in 
liquid nitrogen. The clinical characteristics of all tissue 
samples from HGSC patients were summarized in online 
supplemental table S1. Written consent was obtained 
from all the donors. The detailed procedure of specimen 
processing was provided in online supplemental methods.

Monocyte isolation and macrophage stimulation
Buffy coats were obtained from healthy donors (Shanghai, 
China). Peripheral blood mononuclear cells (PBMCs) 
were isolated by density gradient centrifugation with 
a leukocyte separation solution (HISTOPAQUE-1077; 
Sigma-Aldrich), to later purify CD14+ monocytes using 
MACS CD14 MicroBeads (Miltenyi). To compare the 
phenotype with cytokine-induced macrophages, mono-
cytes were stimulated with 100 ng/mL macrophage 
colony-stimulating factor (M-CSF) or 100 ng/mL granu-
locyte macrophage colony-stimulating factor (GM-CSF) 
for 3 days. The polarization of M-CSF-induced macro-
phages was performed by incubation with 20 ng/mL 
IL-4, 20 ng/mL IL-13, or 20 ng/mL IFN-γ and 10 ng/mL 
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lipopolysaccharide (LPS). The phenotype was studied 
by flow cytometry. To stimulate macrophages with tumor 
cell-derived conditioned medium (TCM) or ascites, we 
cultured PBMC-derived macrophages with the complete 
medium containing 50% TCM or ascites (volume). For 
Siglec blocking experiments, macrophages were prein-
cubated with neutralizing antibodies for Siglec-9 (R&D 
Systems), with a final concentration of 5 µg/mL. The 
phenotype was studied by flow cytometry.

Assay methods
The details methods of flow cytometry and immunohis-
tochemistry were also listed in the online supplemental 
methods. The experimental procedures of in vitro and 
ex vivo treatment assay with human specimens were 
described as online supporting information. All anti-
bodies used in immunohistochemistry were listed in 
online supplemental table S2 and used in flow cytometry 
in online supplemental table S3.

Transcriptomics analysis
Transcriptomic, mutation, and clinical data of TCGA-OV 
were downloaded from the GDC Data Portal (https://​
portal.gdc.cancer.gov/) in December 2019. The endpoint 
OS from the TCGA Pan-Cancer Clinical Data Resource 
(TCGA-OV)27 was used to analyze patients’ clinical 
outcomes. The package limma28 was used for the analysis 
of the differential gene expression, with false discovery 
rate (FDR) correction for multiple comparisons. Gene 
set enrichment analysis (GSEA) on a single-sample 
basis using the GSVA package.29 Ecotype discovery was 
performed with EcoTyper.30 Cell ecotypes were discov-
ered in the TCGA bulk RNA-seq dataset according to steps 
in the analysis tutorial of Bulk Expression Data (https://​
ecotyper.stanford.edu/carcinoma/). The detailed proce-
dure of single-cell RNA sequencing data analysis was 
provided in online supplemental methods.

Statistics analysis
All statistical analysis was performed in R (V.4.1.3). 
Unpaired two-sided Wilcoxon rank-sum tests were used 
for pair-wise comparisons, and the Kruskal-Wallis rank 
sum test was used for comparisons between more than 
two groups, followed by Dunn’s test for multiple compar-
isons. Correlation between variables was performed using 
Spearman’s rank correlation, and CIs were calculated 
according to the method of Bonett and Wright. Statistical 
significance was accepted for p<0.05. Minimal p value 
method provided by X-tile (V.3.6.1, Yale University) was 
used to automatically find the cut-off for the ‘H score’ of 
Siglec-9 ligand and the number of Siglec-9+TAMs in Fudan 
cohort, which was 78 score and 1 cell/high-powered field 
(HPF) (online supplemental figure S1A,B), respectively. 
For differential expression calculations in single-cell gene 
expression data and bulk RNA-seq data, the R package 
limma fits gene-wise linear models and implements 
empirical Bayes moderated t-statistics to determine statis-
tical significance. For all differential expression and gene 

set testing analyses, p values were corrected for multiple 
testing using the Benjamini-Hochberg method. The 
cut-off value of Siglec-9+TAMs signature score was 6.94 
calculated by minimum log-rank p value. Survival of two 
groups of patients with different expression statuses using 
cut-offs determined by the X-Tile software (V.3.6.1) was 
compared by the Kaplan-Meier method and log-rank test.

RESULT
Subgroup high Siglec-9+TAMs infiltration associated with 
poor survival in HGSC
Given that sialylated structures can serve as ligands for 
Siglec receptors, we next evaluated whether HGSC 
could be recognized by a human Siglec-9 Fc chimera. 
Biotinylated human Siglec-9 Fc chimeras were used to 
detect the expression of Siglec-9 ligand (figure  1A–B). 
No correlation was observed between the Siglec-9 ligand, 
Siglec-9+TAMs and FIGO stages (online supplemental 
figure S1C,D). Grouping of HGSC patients based on 
Siglec-9 ligand did not show any correlation with overall 
survival (figure 1C). SKOV3 and HO-8190 cell lines had 
a significant level of Siglec-9 ligand expression compared 
with the A2780 cell line (online supplemental figure S1E). 
Treatment with neuraminidase was found to decrease the 
expression of the Siglec-9 ligand (online supplemental 
figure S1F).31

Siglec-9 expression has been observed on various cell 
types, including myeloid cells, NK cells, and certain 
subsets of T cells.19 Gating strategies (online supple-
mental figure S2A–C) were used to investigate the pattern 
of Siglec-9 expression in primary tumors, and results 
revealed that macrophages had the highest expression of 
Siglec-9, while T cells, B cells, and dendritic cells (DCs) 
did not exhibit any significant expression of Siglec-9 
(figure 1D–E). Siglec-9 had the highest expression level 
on macrophages compared with other members of the 
Siglec family in HGSC specimens (figure 1F–G). Double-
stain immunohistochemistry and immunofluorescence 
further identified the presence of CD68+macrophages 
expressing Siglec-9 in primary HGSC (figure  1H–I). 
Therefore, Siglec-9 expression was predominantly 
observed on TAMs in HGSC.

To verify the association between Siglec-9+TAMs and 
survival outcomes, a high level of infiltration of Siglec-
9+TAMs was associated with a significant decrease in 
overall survival rates (p=0.0446, figure  1J), which was 
confirmed in patients with high Siglec-9 ligand (p=0.0420, 
figure  1K), but not in those with low Siglec-9 ligand 
(p=0.4499, figure  1L). Furthermore, Siglec-9+TAMshigh 
was an independent prognostic marker for OS adjusted 
for age, FIGO staging, lymph node invasion, PD-L1, 
and CD163 (online supplemental table S4), which was 
confirmed in Siglec-9 ligandhigh subgroup (online supple-
mental table S5). Taken together, a high infiltration of 
Siglec-9+TAMs was linked to inferior survival outcomes in 
HGSC, and this association was especially significant in 
patients with high expression levels of the Siglec-9 ligand.
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Figure 1  Siglec-9+TAMs interacting with Siglec-9 ligand expressing on tumor cells associated with poor overall survival in 
HGSC. (A) Representative immunohistochemistry images show HGSC specimens with low (left) and high (right) infiltration of the 
Siglec-9 ligand. Scale bars: 100 mm. (B) Immunofluorescence staining of Siglec-9 ligand (red), pan CK (green) and DAPI (blue). 
Siglec-9 ligand coexpressing with pan CK was shown in HGSC. Scale bars: 10 mm. (C) Kaplan-Meier curves of overall survival 
(OS) stratified by expression of Siglec-9 ligand in Fudan cohort (n=120) using the log-rank test. Percentages of Siglec-9 among 
immune cells from HGSC tumor infiltrating lymphocytes (TILs). (D) Relative numbers of Siglec-9+immune cells from HGSC TILs. 
Kruskal–Wallis test. (E) Absolute cell counts of Siglec-9+immune cells from HGSC TILs. Kruskal–Wallis test. (F) Expression of 
Siglec receptors on macrophages in primary tumor tissues was detected by flow cytometry. (G) Flow cytometry analysis of 
mean fluorescence intensity (MFI) of Siglec in primary tumor tissues from HGSC. (H) Representative immunohistochemistry 
images (left) of double staining for Siglec-9 (red) and CD68 (brown). HGSC tissues were colabeled with Sigelc-9 and 
macrophage marker CD68. Black arrowheads indicate Siglec-9+CD68+cells. Scale bars: 100 and 50 µm for top and bottom 
panels, respectively. (I) Immunofluorescence staining of CD68 (red), Siglec-9 (green) and DAPI (blue). Siglec-9 coexpressing with 
CD68 was shown in HGSC. Scale bars: 10 mm. (J–L) Kaplan-Meier curves of OS stratified by infiltration of Siglec-9+TAMs (J) in 
Fudan cohort (n=120) as well as for high Siglec-9 ligand (K) and low Siglec-9 ligand (L) proportion in patients with HGSC tumors 
using the log-rank test. HGSC, high-grade serous ovarian cancer; Siglec-9, sialic acid-binding immunoglobulin-like lectin 9; 
TAMs, tumor-associated macrophages.



5Wang Y, et al. J Immunother Cancer 2023;11:e007099. doi:10.1136/jitc-2023-007099

Open access

Delineation of the protumoral phenotype of Siglec-9+TAMs in 
HGSC
To illustrate the variation of Siglec-9+TAMs between 
primary and ascitic environments, a higher percentage 
of Siglec-9+TAMs was observed in ascites than in primary 
tumors (79.9% vs 62.9%) (figure 2A). Specifically, Siglec-
9+TAMs decreased the expression of antitumor markers 
(like CD86 and HLA-DR) in primary tumors (figure 2B, 
online supplemental figure S3A,B) and increased the 
expression of protumor markers (like CD163, CD206, and 
arginase-1) in both primary and ascitic environment than 
Siglec-9−TAMs subgroup (figure  2B–C, online supple-
mental figure S3A–D). Under both TCM and ascitic 
treatment, an increase of Siglec-9+TAMs was observed 
(figure  2D–E). Siglec-9+TAMs upregulated the expres-
sion of proinflammatory markers (like CD86 and HLA-
DR) and immunosuppressive factors (like CD163, CD206 
and PD-L1) compared with Siglec-9−TAMs in the TCM 
treatment group (figure 2F, online supplemental figure 
S3E,F). Meanwhile, Siglec-9+TAMs showed relatively low 
expression of CD86 and HLA-DR in the ascites treatment 
group (figure 2G and online supplemental figure S3G,H). 
To validate the polarization status of Siglec-9+TAMs, the 
expression of Siglec-9 increased significantly in M2-like 
macrophages compared with the M1-like macrophages 
(figure  2H–I). To summarize, Siglec-9+TAMs possessed 
protumor traits with plasticity expressing proinflamma-
tory markers.

Protumoral phenotype of Siglec-9+TAMs was confirmed in 
scRNA
To further characterize the functional phenotype of 
Siglec-9+TAMs, we extracted myeloid cells identified 
from the full dataset based on marker expression and 
subclustered them including 4 scRNA-sequencing data-
sets(online supplemental figure S4A–C, online supple-
mental table S6), identifying one cluster of monocytes 
(classical CD14 monocytes), and five clusters of TAMs, 
which expressed a broad range of immunomodula-
tory genes (figure  3A–B).32–34 Most Siglec-9+TAMs were 
derived from ascites than primary tumors, accounting 
for more than 75% (figure  3C). Genes associated with 
the M2 phenotype, including CD163, IL10, and TGFB1, 
were upregulated in Siglec-9+TAMs (online supplemental 
figure S4D). Among these differentially expressed genes 
(DEGs), Siglec-9+TAMs expressed genes involved in the 
positive regulation of immune system processes including 
B and T cell chemoattractants (CXCL10, CCL3L1, and 
CCL4), antigen processing and presentation (B2M, 
HLA-DRA, and HLA-DRB1), and the marker of TAMs 
(SPP1) (figure 3D). Siglec-9+TAMs were enriched in two 
M2-like macrophage pathways (figure 3E) and five acti-
vated phagocytosis pathways (figure  3F, online supple-
mental figure S4E) and also were fueled by fatty acid 
uptake and oxidation in the mitochondria, identical to 
metabolic changes in M2 macrophage35 (online supple-
mental figure S4F). It was worth mentioning that phago-
cytosis markers in Siglec-9+TAMs, including significant 

expression of genes linked to FCN1, RACK1, IGLC2, and 
IGKC in the process by which immune cells engulf and 
digest foreign particles such as pathogens (online supple-
mental figure S4E). The immune signaling pathways were 
associated with Siglec-9+TAMs, such as positive regulation 
of leukocyte activation, antigen processing and presenta-
tion, cellular response to IFN-γ, and cellular response to 
tumor necrosis factor (figure 3G). An increase in IL-10 
production by not only cancer-associated fibroblasts and 
DCs but also Siglec-9+TAMs, which were regulated by the 
IL-10 produced by themselves36(figure  3D and online 
supplemental figure S4G). STAT3 and JUN were critical 
transcription factors and regulatory molecules involved in 
the IL-10 related signaling pathway (online supplemental 
figure S4H), which contributed to the development of 
a protumorigenic M2-like phenotype. Thus, the Siglec-
9+TAMs were identified as a protumoral phenotype.

To gain a deeper understanding of the transition from 
monocytes to macrophages, the developmental trajectory 
was found to have a branched structure, with the Siglec-
9+TAMs and PLTP+TAMs clusters located at the opposite 
end of the monocytes. C1QC+TAMs, SPP1+TAMs, and 
proliferative cells were located in between, indicating 
their intermediate functional states (figure  3H, online 
supplemental figure S4E). Hence, Siglec-9+TAMs repre-
sented terminally differentiated macrophages with protu-
moral characteristics.

To investigate the potential mechanism between 
CD8+T cells and Siglec-9+TAMs in scRNA analysis, 22 
out of 63 signaling pathways were highly active in both 
primary and ascitic microenvironments, which included 
nine pathways involved in inflammatory and immune 
responses, such as CXCL, GALACTIN, COMPLEMENT, 
MIF, integrin, and glycoprotein (black in online supple-
mental figure S4I). Chemokines (CCL5-CCR1), adhesive 
connection (ITGAL-ICAM1, ANXA1-FPR1), and immune 
regulation (HAVCR2-LGALS9, MIF-(CD74+CD44) were 
potential interaction pathways between CD8+T cells and 
Siglec-9+TAMs in the ascitic microenvironment (online 
supplemental figure S4J). Consequently, Siglec-9+TAMs, 
which are a type of macrophage with protumoral prop-
erties and have reached the final stage of macrophage 
development, can inhibit the immune response of CD8+T 
cells through both direct and indirect contact.

Identification of the immunosuppressive microenvironment in 
specimens of high Siglec-9+TAMs
To examine the distinct features of immune contexture 
concerning the expression of Siglec-9 and its ligand, a 
positive correlation between CD8+T cells and CD4+T 
cells, as well as CD163+macrophages and Th2 in Siglec-
9+TAMshighSiglec-9 ligandhigh subgroup (figure  4A). 
Conversely, CD163+macrophages exhibited a negative 
correlation with tumor necrosis factor-α (TNF-α), while 
both CD68+macrophages and CD163+macrophages were 
positively associated with CD66b+neutrophils, mast cells, 
and transforming growth factor-β (TGF-β) in the Siglec-
9+TAMshighSiglec-9 ligandhigh subgroup (figure  4A). 
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Figure 2  Protumoral phenotype of Siglec-9+TAMs presented in HGSC. (A) Flow cytometry gating and quantification of 
Siglec-9+ or Siglec-9− cells in total CD68+ (macrophages) cells in tumor tissues and corresponding ascites fluid samples. 
Significance was assessed by χ2 test. (B and C) Flow cytometry analysis of M1-like (CD86 and HLA-DR) and M2-like (CD163, 
CD206, arginase-1, and PD-L1) populations in TIL in Siglec-9+TAMs compared with Siglec-9−TAMs in primary tumor tissues 
(B) and ascites fluid samples (C) from HGSC. Cells were pregated on CD45 and CD68. (D and E) Statistical analysis of Siglec-
9+TAMs in human peripheral blood monocyte (PBMC)-derived macrophages treated with tumor cell conditioned medium (TCM) 
(D) or ascites (E) for 48 hours. (F and G) Radar chart of flow cytometric data demonstrating surface coexpression of Siglec-9 
with CD86, HLA-DR, CD163, CD206, arginase-1 and PD-L1 on human PBMC-derived macrophages from HGSC TILs treated 
with TCM (F) or ascites (G) for 48 hours. Blue and red lines: mean; light blue and light red lines: SD. (H and I) The expression 
of Siglec-9 in the different phenotypes of human PBMC-derived macrophages (lipopolysaccharide (LPS) plus IFN-γ induced 
M1 macrophages, IL-4 plus IL-13-induced M2 macrophages) was detected by flow cytometry (H) and quantified by the ratio 
of the relative mean fluorescence intensity (MFI), which was calculated by: relative MFI=MFI sample/MFI isotype (n = 3) (I). Plot 
showed the mean±SD. Significance was assessed by Mann-Whitney U test. HGSC, high-grade serous ovarian cancer; PD-L1, 
programmed death ligand-1; Siglec-9, sialic acid-binding immunoglobulin-like lectin 9; TAMs, tumor-associated macrophages.
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Figure 3  Phenotype of Siglec-9+TAMs by scRNA-seq in HGSC. (A and B) Characterization and quantification of the myeloid 
cell population found in the scRNA-seq analysis of HGSC tumors. (C) Heatmap highlighting the markers characterizing each 
myeloid population. (D) Volcano plots of differentially expressed genes between tumors with Siglec-9+TAMs and Siglec-9− 
TAMs in HGSC (adjusted p<0.05, |log2 fold change|>0.25). P value adjustment is performed using bonferroni correction. (E and 
F) Gene Set Enrichment Analysis (GSEA) plots of M2-like signature (E) and phagocytic pathways (F) were shown in Siglec-
9+TAMs compared with Siglec-9− TAMs. The signature was defined by genes with significant expression changes. (G) Barplot 
showing gene ontology (GO) analysis of the downregulated DEGs between Siglec-9−TAMs and Siglec-9+TAMs. Orange refers to 
enriched pathways in molecular function; blue refers to enriched pathways in cellular components, and green refers to enriched 
pathways in biological processes. P, multiple testing-corrected p values were determined using the Benjamini-Hochberg 
method. (H) Analysis of the differentiation of monocytes toward macrophages using the R package monocle2. Pseudotime 
trajectory analysis of selected myeloid cells (monocytes cells, C1QC+TAMs, SiGlec-9+TAMs, SPP1+TAMs, PLTP+TAMs and 
proliferative cells; n=13 249) with high variable genes. Each dot represents one single cell, colored according to its cluster 
label. The inlet plot showed each cell with a pseudotime score from dark blue to yellow, indicating early and terminal states, 
respectively. For myeloid cell clusters, 13 249 cells were randomly selected for the analysis. HGSC, high-grade serous ovarian 
cancer; Siglec-9, sialic acid-binding immunoglobulin-like lectin 9; TAMs, tumor-associated macrophages
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Figure 4  Identification of the immunosuppressive microenvironment with Siglec-9+TAMs infiltration. (A) A Spearman correlation 
dot plot between immune cells, effectors and suppressors as proportions out of all cells, divided by Siglec-9+TAMs infiltration 
and Siglec-9 ligand expression (n=31 Siglec-9+TAMshighSiglec-9 ligandhigh subgroup, n=29 Siglec-9+TAMslowSiglec-9 ligandlow 
subgroup). Dots in white background and light red background represent correlations in low-infiltrating Siglec-9+TAMs and low-
expressing Siglec-9 ligand tumors, respectively. Dots shaded purple represent positive correlations, while dots shaded blue 
represent negative correlations. Black lines separate the immune, effectors, and suppressor columns and rows. Correlations 
with a p value <0.05 were shown. (B) Violin plot showing portions of CD163 expression stratified by Siglec-9+TAMs and Siglec-9 
ligand in HGSC. In the box plots inside violin plots, the black horizontal lines represented the sample means, the boxes extend 
from the first to third quartile, and the whiskers indicated values at 1.5 times the IQR. Data were analyzed by Kruskal-Wallis test. 
(C) Ratio of M1-like to M2-like TAMs in Siglec-9+TAMs high/low infiltration group. (D) The frequency of T cells in Siglec-9+TAMs 
high/low infiltration group. (E) Expression of effector molecules on CD8+T cells in Siglec-9+TAMs high/low infiltration group. 
(F) Expression of coinhibitory receptors on CD8+T cells stratified by infiltration of Siglec-9+TAMs. Data were analyzed by Mann-
Whitney U test and presented as mean and SD. (G) Sankey diagram showing the percentages of Siglec-9+TAMs across immune 
phenotypes among HGSC patients and vice versa. The χ2 test was used to compare groups. (H) Unsupervised hierarchical 
clustering from TCGA cohorts showing relative enrichment of indicated 22 functional gene expression signatures (rows). Data 
were patient scaled and immune population z-scored for visualization. Each column represents one patient (n=316). Data were 
analyzed by Kruskal-Wallis test. HGSC, high-grade serous ovarian cancer; Siglec-9, sialic acid-binding immunoglobulin-like 
lectin 9; TAMs, tumor-associated macrophages.
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CD163+cells mostly infiltrate in high Siglec-9+TAMs 
despite the different levels of Siglec-9 ligand (figure 4B). 
Findings in the TCGA cohort supported the results in 
Fudan cohort, which annotated Siglec-9+TAMs manifested 
protumoral phenotype and had no association with FIGO 
stages (online supplemental figure S5A–C). Further-
more, high infiltration of Siglec-9+TAMs was found to be 
a predictor of poor prognosis (p=0.0005, online supple-
mental figure S5D). A higher M2/M1 ratio was observed 
in Siglec-9+TAMshigh subgroup rather than the Siglec-
9+TAMslow subgroup (figure  4C). CD163 expression 
did not show correlation between high and low Siglec-
9+TAMs subgroups (online supplemental figure S5E) and 
the combination of CD163 and Siglec-9+TAMs was not a 
prognostic indicator for OS (online supplemental figure 
S5F).

To investigate the impact of Siglec-9 and its ligand on 
the function of T cells, an increase of CD4+ and CD8+T 
cells was observed in the Siglec-9+TAMshigh subgroup 
(figure  4D), while the cytotoxic ability of CD8+T was 
remarkably attenuated with downregulation of effector 
molecules containing TNF-α, IFN-γ, granzyme B 
(GZMB) and perforin than Siglec-9+TAMslow subgroup 
(figure 4E). Meanwhile, the multifunctional CD8+T cell 
response in the Siglec-9+TAMshigh subgroup was impaired, 
as measured by the coexpression of TNF-α and IFN-γ 
(figure 4E, online supplemental figure S5G). Conversely, 
inhibitory receptor expression analysis revealed that 
CD8+T cells in Siglec-9+TAMshigh subgroup upregulated 
the expression of PD-1 and TIM-3 and downregulated 
CTLA-4 expression (figure  4A and F, online supple-
mental figure S5H) compared with Siglec-9+TAMslow 
subgroup. CD8+T cells predicted a favorable prognosis in 
patients with FIGO stage III/IV, which was not found in 
Siglec-9+TAMshigh subgroup (online supplemental figure 
S5I–K). An increase of Foxp3+CD4+T cells proportion 
and Tregs/CD8+T cells ratio was observed in the Siglec-
9+TAMshigh subgroup compared with Siglec-9+TAMslow 
subgroup (figure  4D). Taken together, Siglec-9+TAMs 
showed immunosuppressive phenotype and were closely 
associated with T cell immune suppression in HGSC.

To confirm the correlation between immune pheno-
type and Siglec-9+TAMs, an increase in tumors defined as 
depleted (D, 28%–45%) and immune enriched and non-
fibrotic (ie, 12%–31%), and a drastic decrease in tumors 
defined as immune enriched and fibrotic (IE/F, 28% 
to 17%) and fibrotic (F, 32% to 7%) from high Siglec-
9+TAMs to low Siglec-9+TAMs tumors (figure 4G).30 High 
Siglec-9+TAMs subgroup increased accumulation of CE1, 
CE9, and CE10, along with a higher infiltration of M2-like 
macrophages (figure  4H). As illustrated, a high Siglec-
9+TAMs signature score was associated with higher levels 
of both protumor immune infiltration (TAMs, immune 
suppression by myeloid cells, Tregs, Th2 signature, and 
checkpoint molecules) and matrix signature (angiogen-
esis and cancer-associated fibroblasts)37 (figure 4H). Two 
typical immune effector cells, CD8+T cells, and NK cells 
were more abundant in the Siglec-9+TAMshigh subgroup 

(figure 4H). Collectively, Siglec-9+TAMs displayed charac-
teristics that had both immunosuppressive and immuno-
reactive effects.

Siglec-9 blockade shifts macrophages to an antitumoral 
phenotype and restores the antitumor activity of CD8+T cells
To confirm that immunosuppressive signals were being 
transmitted through tumor lysate-pulsed Siglec-9+TAMs, 
rapid phosphorylation of SHP-1 within 5 min was 
observed,17 19 38 which was suppressed by the Siglec-9 
blockade (figure  5A,B). By blocking Siglec-9, Siglec-
9+TAMs reduced phagocytosis under coculture with non-
specific phagocytosis of latex beads and CFSE-labeled 
cells than the isotype-treated group (figure 5C,D). Conse-
quently, anti-Siglec-9 reprogrammed TAMs toward an 
immunogenic M1-like phenotype.

To investigate the impact of blocking Siglec-9 on 
macrophages and its effect on T cell function, CD8+T 
cells increased levels of cytotoxic markers, including 
IFN-γ, GZMB, and TNF-α, as well as enhanced prolif-
eration in anti-Siglec-9 compared with isotype group, 
which was observed both in direct and indirect cell–cell 
contact conditions (figure  5E–I, online supplemental 
figure S6A–C). Ex vivo results supported the in vitro 
findings that blocking Siglec-9 in the Siglec-9+TAMshigh 
subgroup could upregulate the expression of the M1/2 
ratio (CD86/CD206 ratio, figure  5J). Additionally, it 
upregulated the expression of proinflammatory markers 
(CD86 and HLA-DR) (online supplemental figure S6D) 
and downregulated the expression of CD163, CD206, 
PD-L1, and arginase-1 in the Siglec-9+TAMshigh subgroup 
with Siglec-9 blockade (online supplemental figure S6E, 
online supplemental figure S7A). Furthermore, blocking 
Siglec-9 in the Siglec-9+TAMshigh subgroup led to an 
expansion in the expression of effector cytokines, such 
as GZMB and TNF-α, in CD8+T cells (figure 5K, online 
supplemental figure S7B). Targeting Siglec-9 by mAb not 
only reversed the protumorigenic phenotype of macro-
phages but also enhanced CD8+T cell immune response 
through both direct and indirect cell–cell contact.

Combining PD-1 blockade with targeting Siglec-9 improved 
the CD8+T activity in tumors with high-infiltrating Siglec-
9+TAMs
To recognize the potential biomarker of Siglec-9+TAMs 
and targeted therapy augmenting ICB response by Siglec-9 
blockade,10 patients were classified into two groups, 
responders (n=8) and non-responders (n=16) to PD-1 
blockade treatment, based on changes observed in the 
level of cytotoxic T cells and tumor apoptosis (figure 6A). 
More Siglec-9+TAMs accumulated in responders towards 
anti-PD-1 therapy (figure 6B). Targeting PD-1 led to the 
induction of apoptotic tumor cells evidenced by upregu-
lation of active caspase-3 (figure 6C) and an increase in 
the cytotoxicity of CD8+T cells demonstrated by upregula-
tion of GZMB, IFN-γ, and TNF-α (figure 6D–F) in Siglec-
9+TAMshigh subgroup.
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Figure 5  Siglec-9 blockade decreases the number of intratumoral M2 macrophages and increases CD8+T effectors. 
(A) Representative histograms of SHP-1 phosphorylation staining in human peripheral blood mononuclear cells (PBMCs)-
derived Siglec-9+TAMs evaluated by flow cytometry. Statistical significance was determined by unpaired two-tailed Mann-
Whitney U-test. (B) Analysis of flow cytometry demonstrating SHP-1 or SHP-2 phosphorylation in Siglec-9+TAMs from healthy 
donors treated with α Siglec-9 or isotype control (both 5 µg/mL) for 1 or 5, 10, and 20 min compared with time-matched controls 
(ratio). Plots showed the mean±SEM. Significance was assessed by Mann-Whitney U test. (C–D) Representative flow cytometry 
plots and flow cytometry based quantification of phagocytosis depicting the phagocytosis of (C) carboxylate-modified red 
fluorescence latex beads and (D) HO-8190 cells treated with α Siglec-9, compared with the IgG control. (E–G) Intracellular 
cytokine production of (E) granzyme B or (F) IFN-γ or (G) TNF-α by healthy donor CD8+T cells cocultured with TCM-educated 
macrophages in direct or indirect contact on engagement by α Siglec-9 (5 µg/mL) (n=3–5, t-test). (H and I) T-cell proliferation 
in the presence of TCM-educated macrophages. Histograms showed the percentage of proliferating T cells cocultured (1:2) 
with macrophages treated by α Siglec-9 or isotype IgG (H). Bar graph showed the percentage of proliferating T cells cocultured 
with macrophages in direct or indirect contact (n=3–5) (I). (J and K) HGSC single cell suspension was incubated with control 
or Siglec-9-neutralizing antibody and subjected to flow cytometric analysis to determine the expression of the ratio of M1-like 
to M2-like TAMs (J), effector molecules (GZMB, IFN-γ, and TNF-α) on CD8+T cells (K) stratified by infiltration of Siglec-9+TAMs 
infiltration. Two-sided Wilcoxon rank-sum test was used for pairwise comparisons. CFSE, carboxyfluorescein succinimidyl ester; 
GZMB, granzyme B; HGSC, high-grade serous ovarian cancer; Siglec-9, sialic acid-binding immunoglobulin-like lectin 9; TCM, 
tumor-conditioned medium; TNF-α, tumor necrosis factor-α.
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To examine the effect of dual blockade of PD-1 and 
Siglec-9 on the cytotoxic function of CD8+T cells than 
the PD-1 blockade, no significant changes of GZMB or 
TNF-α on CD8+T cells were found in Siglec-9+TAMslow 
subgroup (figure  6G), whereas prominent increases 
in GZMB, IFN-γ, and TNF-α on CD8+T cells in Siglec-
9+TAMshigh subgroup (figure 6H). Furthermore, a signif-
icant correlation between Siglec-9+TAMs and various 
immune-responsive factors such as DNA damage immune 
response, immune checkpoint, tertiary lymphoid struc-
ture, and IFN-γ (online supplemental figure S8A), as well 
as good prognosis signatures that were responsive to ICB 

in patients with HGSC (online supplemental figure S8B). 
Generally, high infiltration of Siglec-9+TAMs predicted 
a better response toward PD-1 blockade than low infil-
tration and targeting Siglec-9 enhanced the therapeutic 
effects of PD-1 blockade in HGSC.

Characterization of Siglec-9+TAMs infiltration and PD-
L1 expression across survival outcomes and therapeutic 
implication
To categorize patients based on their PD-L1 expres-
sion and Siglec-9+TAMs infiltration in survival anal-
ysis, patients with higher levels of Siglec-9+TAMs 

Figure 6  Intratumoural CD8+T cells were functionally restored following PD-1 blockade in high-infiltrating Siglec-9+TAMs 
patients. (A) Hierarchical clustering of active caspase-3 among CD45− cells and cytotoxic markers (GZMB, IFN-γ, and TNF-α) of 
both CD8+T and CD4+Foxp3− T cells to identify the response of PD-1 blockade between Siglec-9+TAMs low and high subgroups 
(n=24). Expression values were scaled. Samples were clustered using complete linkage and Euclidean distance. (B) Relationship 
between response to PD-1 blockade and Siglec-9+TAMs infiltration in patients (n=24). Flow cytometric analysis by Mann-
Whitney U test (left) and χ2 test (right) was shown. (C–F) The effect of pembrolizumab on the expression of active caspase-3 
among CD45− cells (C) and cytotoxic markers (GZMB, IFN-γ, and TNF-α) of CD8+T cells (D–F) in Siglec-9+TAMs cells high/low 
infiltration group from HGSC tissue samples (n=24). Two-sided Wilcoxon rank-sum test was used for pairwise comparisons. 
(G and H) The frequency of cytotoxic markers after isotype, Siglec-9-neutralizing antibody, PD-1 blockade, and Siglec-9-
neutralizing antibody combined with PD-1 blockade treatment in HGSC tumor tissues between high and low Siglec-9+TAMs 
subgroups in Fudan cohort (n=16). GZMB, granzyme B; HGSC, high-grade serous ovarian cancer; PD-1, programmed death 
receptor-1; Siglec-9, sialic acid-binding immunoglobulin-like lectin 9; TAMs, tumor-associated macrophages; TNF-α, tumor 
necrosis factor-α.
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infiltration and increased PD-L1 expression had 
poorer outcomes (online supplemental figure S9A). 
Patients in the Siglec-9+TAMslowPD-L1pos subgroup 
revealed a survival advantage compared with other 
subgroups (online supplemental figure S9B). A 
positive correlation between the signature of Siglec-
9+TAMs and the expression of CD274 in the TCGA 
cohort was proved (online supplemental figure S9C). 
DNA damage immune response, ATR/BRCA pathway, 
VEGF-VEGFR pathway and immune-related pathways 
were associated with Siglec-9+TAMslowPD-L1pos and 
Siglec-9+TAMshighPD-L1pos subgroups, which indicated 
favorable clinical decisions (online supplemental 
figure S9D).

DISCUSSION
Enhancing our understanding of the mechanisms 
through which HGSC evades the immune system will aid 
in the development of new strategies to increase the effec-
tiveness of ICB therapy. Our study revealed that macro-
phages in HGSC expressed Siglec-9 to a significant extent, 
while the levels of Siglec-1 and Siglec-7 were relatively low. 
Siglec-9+TAMs correlated with adverse prognosis, which 
showed a protumor phenotype and promoted immune 
evasion. Inhibiting Siglec-9 could transform macrophages 
into a more proinflammatory phenotype and restore the 
functional ability of T cells based on in vitro and ex vivo 
experiments. Siglec-9+TAMs might be served as a prog-
nostic biomarker in HGSC. Targeting Siglec-9 expression 
on TAMs may be a possible strategy to improve the effec-
tiveness of immune checkpoint blockade therapy.

Previous studies showed the plasticity and diversity of 
TAMs can clarify their varying roles in the tumor micro-
environment.14 39 Various Siglec receptors have been 
shown to affect macrophage differentiation and trans-
formation toward an M2 immunosuppressive, protumor 
phenotype.26 35 40 In line with our observation, Siglec-
9+TAMs represented immunosuppressive macrophage 
populations demonstrating high plasticity and differen-
tiated from monocytes and progressed to a terminally 
differentiated state. Given that inhibitors of both Siglec-7 
and Siglec-9 are in preclinical development,38 we further 
found that TAMs expressed high levels of Siglec-9 on 
TAMs in HGSC, while Siglec-7 and Siglec-1 were expressed 
at relatively low levels.19 26 Siglec-9+TAMs were found to 
be correlated with worse patient outcomes and poorer 
prognosis in HGSC as well as in other cancers like glio-
blastoma.24 Siglec-9+TAMshigh subgroup showed immune 
evasion24 25 mechanisms with increased infiltration of 
CD8+T cells into the tumor, which involved downregula-
tion of effector molecules and upregulation of inhibitory 
receptors of the CD8+T cells.24 25

Numerous therapeutic strategies targeting TAMs have 
been studied, which include depleting, reprogramming 
TAMs, and preventing TAMs recruitment.14 Identical 
to the recent studies, Siglec receptors may be consid-
ered novel immune checkpoints, which can not only 

reverse the immunosuppression of M2-like TAMs but 
also restore the effector function of T cells using in vitro 
assays and an established ex vivo model.40 Furthermore, 
we observed Siglec-9+TAMshigh subgroup predicted a 
better response toward PD-1 blockade by upscaling the 
cytotoxic T cells.24 25 41 42 Congruously, the combined 
intervention of Siglec-9 and PD-1/PD-L1 could be 
highly effective in activating CD8 T cells against tumors, 
indicating Siglec-9+TAMs could be a prominent target in 
treatment.

Evidence has proved that mutations could drive immu-
noediting mutational signatures in HGSC.43 44 Siglec-9 
expression has been shown to skew macrophage polar-
ization to a protumorigenic phenotype and increase 
PD-L1 expression in macrophages.20 The Siglec-9+TAMs 
and PD-L1 panel may guide the identification of poten-
tial therapeutic targets (online supplemental figures S9E 
and S10A–D). Tumors of the Siglec-9+TAMslowPD-L1neg 
subtype could benefit from BET or Notch inhibitors, 
whereas the Siglec-9+TAMslowPD-L1pos subtype might 
be susceptible to Nrf2 pathway inhibitors. The Siglec-
9+TAMshighPD-L1neg subtype could be sensitive to Siglec-
9-targeted therapy and WNT or HIPPO inhibitor. The 
Siglec-9+TAMshighPD-L1pos subtype could benefit from 
Siglec-9-targeted therapy, ICB combined with TGF-β, or 
JAK-STAT inhibitor. Accumulatively, the combined inter-
vention of Siglec-9+TAMs and PD-1/PD-L1 was a potential 
target to improve the effects of assorted types of targeted 
therapies.

The limitations of this study are the following. Evidence 
showed the interaction of Siglec-9 and the aberrantly 
glycosylated MUC1 and MUC16 (CA125) on tumor cells 
modulates the TME.20 45 In our study, Siglec-9+TAMs 
upregulated PD-L1 and IL-10, and inhibiting Siglec-9 
downregulated PD-L1 and IL-10, which was consistent 
with previous studies.46 However, the specific mechanisms 
by which the tumor cell microenvironment or ascites fluid 
might lead to the expression of Siglec-9 on macrophages 
remain unknown. Furthermore, CCR1 negative TAMs 
ignited CD8+T cell-mediated antitumor immunity,47 
and CCL5 in cancer modulated the stability of PD-L1 
promoting immune escape.48 Although the actual inter-
action between CD8+T cells and Siglec-9+TAMs has not 
been fully explored, the impact of CD8+T cells on Siglec-
9+TAMs through direct (LGALS9-HAVCR2) and indirect 
(CCL5-CCR1) contact has been proposed. In addition, 
a randomized trial on a larger scale in the future will 
involve multiple centers and offer more robust evidence 
to validate the role of Siglec-9 as a prognostic biomarker 
and prominent target prospectively.

Overall, this study has revealed a distinct subset of 
TAMs in HGSC that express Siglec-9, exhibit a protu-
moral phenotype, and facilitate immune evasion. Further 
investigation into the potential of Siglec-9+TAMs as both a 
prognostic biomarker and therapeutic target, particularly 
in combination with ICB, is a promising avenue for future 
research in the treatment of HGSC.
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