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Targeting the Siglec–sialic acid axis promotes
antitumor immune responses in preclinical models of
glioblastoma
Philip Schmassmann1*, Julien Roux2,3, Alicia Buck4, Nazanin Tatari1, Sabrina Hogan1,
Jinyu Wang5, Natalia Rodrigues Mantuano5, Ronja Wieboldt5, Sohyon Lee6, Berend Snijder6,
Deniz Kaymak1, Tomás A. Martins1, Marie-Françoise Ritz1, Tala Shekarian1, Marta McDaid1,
Michael Weller4, Tobias Weiss4, Heinz Läubli5,7†, Gregor Hutter1,8†*

Glioblastoma (GBM) is the most aggressive form of primary brain tumor, for which effective therapies are ur-
gently needed. Cancer cells are capable of evading clearance by phagocytes such as microglia- and monocyte-
derived cells through engaging tolerogenic programs. Here, we found that high expression of sialic acid–
binding immunoglobulin-like lectin 9 (Siglec-9) correlates with reduced survival in patients with GBM. Using
microglia- and monocyte-derived cell-specific knockouts of Siglec-E, the murine functional homolog of
Siglec-9, together with single-cell RNA sequencing, we demonstrated that Siglec-E inhibits phagocytosis by
these cells, thereby promoting immune evasion. Loss of Siglec-E on monocyte-derived cells further enhanced
antigen cross-presentation and production of pro-inflammatory cytokines, which resulted in more efficient T cell
priming. This bridging of innate and adaptive responses delayed tumor growth and resulted in prolonged sur-
vival in murine models of GBM. Furthermore, we showed the combinatorial activity of Siglec-E blockade and
other immunotherapies demonstrating the potential for targeting Siglec-9 as a treatment for patients with GBM.
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INTRODUCTION
Glioblastoma (GBM) is a fatal disease without effective long-term
treatment options. The current standard of care consists of tumor
resection followed by adjuvant chemoradiotherapy, resulting in a
median overall survival of only 14months (1). Cancer immunother-
apy using immune checkpoint inhibitors (ICI) has improved the
outcomes of patients with different types of cancer (2), but clinical
trials of systemic T cell ICI showed only disappointing results in
GBM (3–5). This was attributed, in part, to the highly immunosup-
pressive immune tumor microenvironment (iTME) of GBM, which
mainly consists of yolk sac–derived microglia (MG)– and mono-
cyte-derived cells (MdCs) (6, 7), together termed glioma-associated
MG/macrophages (GAMs). Recent work identified GBM-associat-
ed MG and MdCs as effector cells of tumor cell phagocytosis in re-
sponse to blockade of the “don’t eat me” signal, CD47 (8–10).
However, variability in the magnitude and durability of this re-
sponse suggests the presence of additional, yet unknown,
such signals.

Up-regulation of sialic acid–containing glycans on the tumor cell
surface and in the tumor microenvironment (hypersialylation) is a

key change in malignant tissue and is capable of affecting tumori-
genesis by promoting cell invasion andmetastatic potential (11–14).
By engaging immunomodulatory sialic acid–binding immunoglob-
ulin (Ig)–like lectins (Siglecs), tumor hypersialylation can trigger
tolerogenic programs in different immune cell types and contrib-
utes to the establishment of the immunosuppressive iTME (15).
Recent work has shown that inhibitory CD33-related Siglecs, in-
cluding human Siglec-7, Siglec-9, and Siglec-10, promote tumor
progression in various models of pancreatic, breast, and ovarian
cancer by inducing a regulatory M2-like phenotype in tumor-asso-
ciated macrophages (TAMs) (15–18). Similarly, increased density of
sialylated glycans on cancer cells inhibits human natural killer (NK)
cell activation and cytotoxicity (19) and facilitates induction of reg-
ulatory T cells (Tregs) through the engagement of Siglec-7/-9 (20,
21). However, little is known about the induction of tolerogenic
programs through Siglec receptors on MG and MdCs in the
GBM iTME.

Here, we aimed to define the role of inhibitory Siglecs in innate-
centered GBM immunotherapy. We found high SIGLEC9 expres-
sion to be associated with worse clinical outcomes in patients
with glioma and identified Siglec-E, the murine functional
homolog of Siglec-9 (18), as an antiphagocytic signal in a preclinical
GBM model. Furthermore, we showed the synergistic activity of
Siglec-E blockade in combinatorial immunotherapies and demon-
strated its translational potential against GBM.

RESULTS
Expression of inhibitory Siglec receptors is associated with
reduced survival in patients with glioma
Stratification of patients with GBM by SIGLEC9 expression [using
the RNA sequencing (RNA-seq) dataset of the Cancer Genome
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Atlas, TCGA (22)] revealed a significant (P = 0.0221) overall surviv-
al advantage for patients with lower SIGLEC9 expression (Fig. 1A).
Focusing on all human Siglec receptors in patients with GBM re-
vealed a correlation between high expression and reduced overall
survival only for SIGLEC9 (fig. S1A). In contrast, in a combined

low-grade glioma (LGG) patient dataset, the expression of 8 of 15
Siglec receptors correlated with reduced patient survival (fig. S1B).
Among LGG, IDHwt LGG showed the highest rate of worse survival-
associated Siglec receptors (5 of 15, including SIGLEC9) (fig. S1C)
(22). IDHwt LGG is molecularly and clinically similar to GBM (23).

Fig. 1. High SIGLEC9 expression is associated
with reduced survival in patients with glioma,
and its mouse homolog Siglec-E inhibits MG
tumor cell phagocytosis. (A) Kaplan-Meier sur-
vival curve of patients with GBM stratified based
on their SIGLEC9 expression using the RNA-seq
dataset from TCGA (22). The median mRNA ex-
pression valuewas selected as cutoff for high and
low expression groups. (B) Uniform Manifold
Approximation and Projection (UMAP) plot
showing scRNA-seq cell type annotation in five
primary human glioblastoma samples (24) (left)
and UMAP showing expression of SIGLEC9 and
GNE in the respective clusters (right). Expression
is shown as normalized log2 counts. (C and D)
Representative histograms and quantification of
flow cytometry analysis of Siglec-9 expression by
human GBM-associated MG (n = 6 donors) (C)
and Siglec-E expression by mouse MG from
healthy and tumor-bearing mice (n = 3 mice per
group) (D). Black histograms indicate fluores-
cence minus one (FMO) control. (E and F) Rep-
resentative histograms and quantification of flow
cytometry analysis of Siglec-9 ligand expression
by human GBM CD45neg cells (n = 9 donors) (E)
and Siglec-E ligand expression by mouse glioma
cell lines derived from PDGF+ Trp53− murine
gliomas (gray) or cultured GL261 (yellow) or CT-
2A (blue) cell lines (n = 3 independent experi-
mental replicates) (F). Sec, secondary only; desial,
enzymatic desialylation. (G) Schematic of exper-
imental design. (H) Survival of Sall1CreERT2,
Siglecefl/fl, and Siglecefl/fl × Sall1CreERT2 CT-2A
tumor–bearing animals (left) and Siglecefl/fl and
Siglecefl/fl × Sall1CreERT2 GL261 tumor–bearing
animals (right) (n = 5 to 8 mice per group). (I)
Gating strategy to identify CD11b+CD45low

glioma-associated MG in mouse brain tumor
single-cell suspensions. The gating strategy was
confirmed in Sall1GFP reporter mice. PE-Cy7,
phycoerythrin cyanine 7; BV, brilliant violet. (J
and K) Flow cytometry analysis of Siglec-E (J) and
Ki-67 (K) expression in MG. (L to N) Representa-
tive contour plots showing MG CT-2A tumor cell
phagocytosis (L) and quantification of MG CT-2A
(M) and GL261 (N) tumor cell phagocytosis
measured as the percentage of tdTomato+MG by
flow cytometry (n = 4 to 8 mice per group).
Results shown are from one experiment, repre-
sentative of two independent experiments. (O)
Imaging cytometry showing mouse glioma-as-
sociated MG engulfing tdTomato-expressing CT-
2A tumor cells. The experiment was performed
once. Data are presented as means ± SD and
were analyzed by log-rank Mantel-Cox test (A
and H), unpaired two-tailed Student’s t test (D, J,
K, and N), and two-tailed Mann-Whitney test (M). *P ≤ 0.05, ***P ≤ 0.001, and ****P ≤ 0.0001; n.s., not significant.
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We investigated SIGLEC9 expression at the single-cell level in our
single-cell RNA-seq (scRNA-seq) dataset consisting of five patients
with primary GBM (24), where we found SIGLEC9 to be predom-
inantly expressed by GAMs (Fig. 1B). This was also the case for
other Siglec receptors (SIGLEC1, CD22, SIGLEC7, and SIGLEC10)
(fig. S1D). Besides GAMs, we observed the expression of CD22 and
SIGLEC10 in B cells and of SIGLEC7 in NK cells, as previously re-
ported by others (fig. S1D) (19, 25, 26). UDP-GlcNAc 2-epimerase/
ManNAc kinase (GNE), a rate-limiting enzyme in the sialic acid bi-
osynthesis pathway (27), was mainly expressed by GBM cells
(Fig. 1B), as well as the sialyltransferase ST3GAL4, which has
been identified as the main contributor to the synthesis of Siglec-
9 ligands (fig. S1E) (15, 28), suggesting the idea that there could
be interactions between Siglec-9 in GAMs and sialic acid in GBM
cells. Flow cytometry analysis of primary humanGBM- and glioma-
associated mouse MG revealed the high expression of Siglec-9 and
Siglec-E protein, respectively (Fig. 1, C and D, and fig. S1, F and G).
Up-regulation of Siglec-E was observed on mouse MG in the ortho-
topic tumor context (Fig. 1D). Staining of CD45neg cells in primary
human GBM single-cell suspensions with recombinant Siglec-9 Fc
chimeras to determine their sialic acid composition revealed a
highly sialylated cell surface (Fig. 1E). Staining of different mouse
glioma cell lines with recombinant Siglec-E Fc chimeras showed
high sialylation in the mouse malignant astrocytoma cell line CT-
2A (29) but not GL261 or the retrovirally induced primary mouse
glioma cell line PDGF+Trp53− (Fig. 1F) (30).

Inhibitory Siglec receptors on microglia reduce tumor cell
phagocytosis
To investigate the role of Siglec–sialic acid signaling in regulating
the MG-mediated antitumor immune response, we used an ortho-
topic GBMmouse model withMG-specific spatiotemporal deletion
of Siglece by crossing Siglecefl/fl mice (31) with Sall1CreERT2 mice (32)
(Siglecefl/fl × Sall1CreERT2). Sall1CreERT2 mice harbor a tamoxifen-in-
ducible Cre activity under transcriptional control of the Sall1 pro-
motor. Sall1 represents an MG signature gene, not expressed by
peripheral MdCs (33). We induced Siglece deletion by intraperito-
neal (ip) tamoxifen injections beginning 7 days after inoculation of
Luc2-tdTomato–labeled tumor cells and after confirmation of
tumor engraftment by bioluminescence imaging (BLI) (Fig. 1G).
We did not observe survival differences in CT-2A or GL261
tumor–bearing mice (Fig. 1H), despite the efficient deletion of
Siglec-E in MG (Fig. 1, I and J, and fig. S1H). Nevertheless, flow
cytometry analysis of the iTME unveiled high MG proliferation
upon Siglec-E knockout (Fig. 1K), accompanied by an enhanced
GBM cell uptake by the MG, measured as the percentage of
tdTomato+ MG (Fig. 1, L to N). The Siglec-E deletion–mediated
prophagocytic effect in MG was more prominent in CT-2A
tumor–bearing animals than in GL261-grafted mice (Fig. 1, M
and N), probably because of the higher Siglec-E ligand expression
on CT-2A than in GL261 cells (Fig. 1F). Intracellular uptake of
tumor-derived tdTomato fluorescence by MG was microscopically
confirmed using imaging flow cytometry (Fig. 1O and fig. S1I). To-
gether, these results indicated that the inhibitory Siglec-E receptor
plays a role in regulating MG-mediated tumor cell phagocytosis.
However, perturbing Siglec-E signaling in MG was not sufficient
to improve survival, leading us to comprehensively investigate dif-
ferences between iTME in Siglecefl/fl and Siglecefl/fl × Sall1CreERT2.

MG activation through Siglec-E deletion induces a
counteracting, compensatory MdC response
Coexpression patterns of CD163 and CD86 in infiltrating MdCs
(Fig. 2A) revealed an “M2-like” protumorigenic polarization shift
in Siglecefl/fl × Sall1CreERT2 mice in both the percentage of MdCs
and the mean fluorescence intensity (MFI) (Fig. 2, B and C). Fur-
thermore, we observed a counteracting up-regulation of Siglec-E in
the total MdC population upon MG-specific Siglec-E deletion
(Fig. 2D), which was particularly prevalent in the more abundant
CD163highCD86low M2-like MdCs (Fig. 2B). This compensatory
up-regulation on MdCs was only observed for Siglec-E, whereas
we did not measure expression changes in other Siglec receptors
(fig. S2A).

Using scRNA-seq, we profiled the iTME from Siglecefl/fl and Si-
glecefl/fl × Sall1CreERT2 CT-2A tumor–bearing mice (Fig. 2E), iden-
tifying 23 distinct cell clusters, including 7 GAM clusters, 10
lymphoid clusters, 1 NK cell cluster, 3 dendritic cell (DC) clusters,
and 1 B cell cluster (Fig. 2F and fig. S2, B to D). Focusing on MG
clusters (Fig. 2G), two clusters were identified (MG_1 and MG_2).
A differential expression analysis between cells from Siglecefl/fl and
Siglecefl/fl × Sall1CreERT2 CT-2A tumor–bearing mice for these MG
clusters revealed a partial reversal of a disease-associated MG
(DAM) phenotype upon Siglec-E deletion (fig. S2E). DAMs were
initially described in a genetic mouse model of Alzheimer ’s
disease (34) but have been reported in other models of neurodegen-
eration and neuroinflammation (35, 36), where excessive activation
of MG proinflammatory functions may be detrimental and acceler-
ate the disease (37). Upon Siglec-E deletion, we observed the down-
regulation of DAM-signature genes (37), including tetraspanins
(Cd9), chemokines (Cxcl13), and molecules involved in Trem2 sig-
naling (Lgals3) and tissue remodeling (Spp1 and Gpnmb). In con-
trast, genes involved in phagocytosis (Axl and Arg1) and cellular
activation (Trpm2) were up-regulated (fig. S2E). Along the same
line, gene set enrichment analysis (GSEA) on the differentially ex-
pressed genes (DEGs) using the MSigDB Hallmark collection (38)
identified tumor necrosis factor–α (TNF-α) signaling through
nuclear factor κB (NF-κB) to be up-regulated in Siglec-E–deleted
MG (fig. S2F).

Focusing on MdCs (Fig. 2G; fig. S3, A to E; and data file S1), we
identified two phenotypically distinct MdC clusters (MdC_Ly6clow
CD11c+ and MdC_Ly6clowCD11c−), probably representing inter-
mediate stages of differentiation toward monocyte-derived DCs
and monocyte-derived macrophages, respectively (39, 40). Among
MdCs clusters, differential expression analysis attributed the highest
number of DEGs to the MdC_Ly6clowCD11c+ cluster [57 DEGs in
MdC_Ly6clowCD11c+, 12 DEGs in monocytes, 10 DEGs in
MdC_Ly6clowCD11c−, 12 DEGs in TAMs, and 10 DEGs in
MdC_Proliferating, at a 5% false discovery rate (FDR); data file
S2]. GSEA on the DEGs ascribed a highly immunosuppressive phe-
notype to these MdC_Ly6clowCD11c+ cells upon MG-specific
Siglec-E deletion, with down-regulation of genes modulating type
I and type II interferon (IFN) responses and TNF-α signal-
ing (Fig. 2H).

Using the same markers as in the scRNA-seq analysis, we iden-
tified the MdC subclusters by flow cytometry as well (fig. S3F). By
applying this gating strategy, we noted that the increase of Siglec-E
expression in the MdC compartment was not specific to one MdC
subcluster (fig. S3G), but rather showed an increased coexpression
pattern with CD163 among all MdCs (fig. S3, H and I). Therefore,
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Fig. 2. MG activation through cell-specific Siglec-E deletion induces counteracting MdC responses. (A toD) Flow cytometry analysis of CD86 and CD163 expression
on tumor-infiltrating MdCs, identified as CD11b+CD45high events. (A) The gating strategy was confirmed in Sall1GFP reporter mice. (B) Representative dot plots, overlaid
with Siglec-E expression. APC, allophycocyanin. (C) Quantification of CD163highCD86low- and CD163lowCD86high-coexpressing MdCs (left), MFI of CD86 on MdCs (middle),
and MFI of CD163 on MdCs (right) (n = 6 to 8 mice per group). (D) Quantification of Siglec-E expression on MdCs (n = 4 or 5 mice per group). Results shown are from one
experiment, representative of two independent experiments. (E) t-Distributed stochastic neighbor embedding (tSNE) plot from scRNA-seq analysis showing the distri-
bution of sorted immune cells from Siglecefl/fl (gray) and Siglecefl/fl × Sall1CreERT2 (red) tumors. (F) tSNE plot showing the annotated cell populations. (G) tSNE plot of scRNA-
seq analysis showing the subset of GAMs and their annotation. (H) Heatmap representation of GSEA results between MdC_Ly6clowCD11c+ cells from Siglecefl/fl ×
Sall1CreERT2 and Siglecefl/fl tumors using the MSigDB Hallmark collection. The colors on the heatmap represent the fraction of overlap (Jaccard coefficient) between
genes annotated to the gene sets. NGenes represents the size of the gene sets, and absLog2FC represents the average absolute log2 fold change of genes in the
gene sets. (I) tSNE plot showing Ptprc (Cd45) expression across cells. Expression is shown as normalized log2 counts. (J) Heatmap representation of GSEA results
between CD45neg cells from Siglecefl/fl × Sall1CreERT2 and Siglecefl/fl tumors, similar to (H). (K) Schematic of experimental design. (L to N) Flow cytometry analysis of
tumor-infiltrating MdCs from Siglecefl/fl and Siglecefl/fl × Sall1CreERT2 CT-2A tumor–bearing mice treated with anti-CCL2 (aCCL2) or isotype control. Percentage of MdCs
(L), percentage of CD163highCD86low-coexpressing MdCs (M), and survival (N) are shown for the treatment groups (n = 4 or 5 mice per group). The experiment was
performed once. Data are presented as means ± SD and were analyzed using multiple unpaired Student’s t test with Holm-Šidák’s correction for multiple comparison
test (C, left), unpaired two-tailed Student’s t test (C, middle and right, and D), Kruskal-Wallis test with Dunn’s multiple comparisons test (L) or one-way ANOVAwith Šidák’s
correction for multiple comparison test (M). *P ≤ 0.05 and **P ≤ 0.01.
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the increase in Siglec-E expression among MdCs is potentially
caused by the increased infiltration of M2-like MdCs (Fig. 2C), in-
dicating that Siglec-E might be associated with a protumorigenic
phenotype in these cells.

In addition, differential abundance analysis revealed an increase
in CD8+ T cell cluster 9 (CD8+ T cells_Pre-exhausted/Effector) in
Siglecefl/fl × Sall1CreERT2 mice (fig. S3, J and K). This corroborates the
hypothesis that the infiltrating MdCs render the iTME protumori-
genic. Although we focused our analysis on immune cells, we still
captured transcripts originating from CD45neg cells (Fig. 2I), which
acquired a progressive phenotype with up-regulation of genes in-
volved in epithelial-mesenchymal transition (EMT), KRAS signal-
ing, and increased transforming growth factor–β signaling after
MG-specific Siglec-E deletion (Fig. 2J), which might facilitate the
immunosuppressive shift of the MdC subcluster. Together, these
data identified a population of early-phase MdCs as a main driver
of the counteracting immunosuppressive response upon Siglec-E
deletion–induced MG activation.

To test our hypothesis of early-phase MdCs as the main coun-
teracting force to the antitumor MG response, we combined MG-
specific Siglec-E deletion with C-C chemokine ligand 2 (CCL2)
neutralization (Fig. 2K). This inhibits the recruitment of CCR2-ex-
pressing inflammatory monocytes to the tumor by retaining them
in the bone marrow (41). Anti-CCL2 treatment led to less excessive
infiltration of MdCs to the tumor site, mainly driven by a reduction
of TAMs among MdCs (fig. S3L) and converted their M2-like po-
larization state upon concomitant MG-specific Siglec-E deletion.
However, both treatments only restored the M2-like state to the
same degree as the control (Fig. 2, L andM, and fig. S3L), indicating
that recruitment of MdCs to the GBM iTME is a highly redundant
mechanism that cannot be perturbed by antagonizing the action of
a single tumor-attracting chemokine. Accordingly, the combination
of MG-specific Siglec E deletion and anti-CCL2 treatment did not
improve survival (Fig. 2N). These results showcase thatMG-specific
Siglec-E deletion promotes tumor cell phagocytosis, which is sub-
sequently counteracted by infiltrating MdCs that acquire an immu-
nosuppressive phenotype in the perturbed iTME.

Siglec-E deficiency in whole GAM population improves
innate antitumor immunity
To test the role of inhibitory Siglec receptors on all GAMs, we used
Cx3cr1CreERT2 mice (42), which harbor tamoxifen-inducible Cre ac-
tivity under transcriptional control of the C-X3-C motif chemokine
receptor 1 (Cx3cr1) promoter. This allowed us to target both GAM
populations in the GBM iTME (MG, as well as Cx3cr1-expressing
MdCs) (Fig. 3A and fig. S4A). CT-2A–engrafted mice in the Sigle-
cefl/fl × Cx3cr1CreERT2 group showed a delayed tumor growth mea-
sured by in vivo BLI (Fig. 3, B and C, and fig. S4B) resulting in
prolonged survival compared with Siglecefl/fl and Cx3cr1CreERT2

control mice (Fig. 3D). Flow cytometry–based immune profiling re-
vealed increased MG- and MdC-mediated tumor cell phagocytosis
by dual MG- and MdC-specific Siglec-E deletion (Fig. 3, E and F),
accompanied by the increased production of TNF-α (Fig. 3F). In
addition, MG displayed accentuated antigen presentation capacity
with increased surface major histocompatibility complex II
(MHC-II) and costimulatory CD86 expression upon Cx3cr1-specif-
ic Siglec-E deletion. The induction of an M2-like polarization of
MdCs that we observed in Siglecefl/fl × Sall1CreERT2 (Fig. 2, B and
C) was abolished in Siglecefl/fl × Cx3cr1CreERT2 mice (fig. S4C).

However, the MdC compartment showed no difference in CD86
and MHC-II expression (Fig. 3F). The proportion of intratumoral
MdCs was comparable between cohorts at an endpoint, indicating
that recruitment of these cells to the tumor site remained intact in
Cx3cr1-specific Siglec-E–deleted mice (fig. S4D). MdCs were the
dominant CD45+ cell population at the endpoint (fig. S4D), high-
lighting the potent myeloid influx during CT-2A tumor progres-
sion. Applying the flow cytometry–based MdC subcluster analysis
(Fig. 3G), we were able to identify the same populations as seen by
scRNAseq in the Siglecefl/fl × Sall1CreERT2 model (Fig. 2G and fig.
S3F). Although we did not observe any difference in MdC subclus-
ter frequency between Siglecefl/fl and Siglecefl/fl × Cx3cr1CreERT2 mice
(fig. S4E), we identified TAMs to be the main phagocytic subpopu-
lation upon Siglec-E deletion (Fig. 3H), which was accompanied by
the greatest decrease in Siglec-E expression (by both percentage and
MFI) in TAMs compared with other MdC subpopulations (fig.
S4F). To test Siglec-E deletion in an additional model, we used
the mouse glioma stem cell (GSC) line 005 (43). 005 GSC–
derived brain tumors have been shown to share characteristics
with human GBM, including heterogeneous stem cell–like proper-
ties and invasiveness (43), and to resemble more closely the
immune-phenotypic signature than CT-2A (44). On the other
hand, we found only a moderate sialylation, with around 30% of
cells expressing Siglec-E ligands (fig. S4G). Using Siglecefl/fl ×
Cx3cr1CreERT2 mice engrafted with 005 GSC–derived tumors (fig.
S4H), we recapitulated the main findings of the CT-2A model, in-
cluding prolonged survival upon GAM-specific Siglec-E deletion
and increased tumor phagocytosis (fig. S4, I and J).

Siglec-E–deficient MdCs show increased antigen cross-
presentation and T cell cross-priming capacity
Within tumor-infiltrating lymphocytes, we observedmainly a CD8+
T cell–driven response upon GAM-specific Siglec-E deletion with
increased activation signature (CD69+Ki-67+ coexpression) and ef-
fector cytokine IFN-γ production (Fig. 4, A and B). Together with
the absent MHC-II response in MdCs after increased tumor cell
phagocytosis, we hypothesized that loss of Siglec-E on MdCs
could enhance antigen cross-presentation and cross-priming of
CD8+ T cells. Therefore, we pulsed the CD11b+ GAM fraction iso-
lated from mice on day 15 after tumor inoculation with ovalbumin
protein ex vivo (Fig. 4C) and evaluated the presence of MHC-I–
bound ovalbumin-derived peptide SIINFEKL. We noted an in-
crease in antigen cross-presentation by MdCs, but not MG, upon
Siglec-E deletion (Fig. 4D). MdC subclustering by flow cytometry
revealed TAMs to display the most differential SIINFEKL/H-2Kb

staining among MdCs (fig. S5, A and B). To estimate the antigen-
presenting capacity of MdCs and MG individually upon Siglec-E
deletion, we sorted tumor-associated MdCs and MG 15 days after
tumor injection and cocultured them with naive CD8+ OT-I or
CD4+OT-II T cells, respectively (Fig. 4E). This resulted in increased
OT-1 T cell activation in an antigen-specific manner by MdCs from
Siglecefl/fl × Cx3cr1CreERT2 mice compared with Siglecefl/fl control
(Fig. 4F). Siglec-E–deleted MG only moderately increased CD4+
T cell activation (Fig. 4G), which might explain the lack of a differ-
ential CD4+ T cell response (Fig. 4B). In addition, we observed a
reduced number of MG in the tumor-bearing hemisphere com-
pared with the non–tumor-bearing hemisphere, especially at later
disease stages (fig. S5, C and D). It has been shown that MG are
more prominent in the tumor periphery and less within the
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Fig. 3. GAM-specific Siglec-E deletion boosts innate antitumor immunity. (A) tSNE plot of scRNA-seq analysis showing Cx3cr1 expression in the GAM clusters subset.
Expression is shown as normalized log2 counts. (B) Schematic of experimental design. (C) Surrogate tumor growth assessed by BLI between Siglecefl/fl and Siglecefl/fl ×
Cx3cr1CreERT2 CT-2A tumor–bearing animals (n = 12 or 13 mice per group). (D) Survival of Cx3cr1CreERT2, Siglecefl/fl, and Siglecefl/fl × Cx3cr1CreERT2 CT-2A tumor–bearing
animals (n = 8 mice per group, except n = 4 mice in the Cx3cr1CreERT2 group). Results were pooled from two independent experiments. (E and F) Flow cytometry analysis
of MdCs (top row) and MG (bottom row) from Siglecefl/fl and Siglecefl/fl × Cx3cr1CreERT2 CT-2A tumor–bearing mice. Representative contour plots showing tumor cell
phagocytosis assessed by tdTomato+ MdCs and MG (E) and bar graphs showing quantified phagocytosis as well as expression of Siglec-E, TNF-α, CD86, and MHC-II
within MdCs (top row) and MG (bottom row) upon GAM-specific Siglec-E deletion and respective Cre-negative littermate controls (F) (n = 6 mice per group). Results
shown are from one experiment, representative of two independent experiments. (G and H) Flow cytometry analysis of MdC subclusters as identified by scRNA-seq
(Fig. 2G) from Siglecefl/fl and Siglecefl/fl × Cx3cr1CreERT2 CT-2A tumor–bearingmice. Representative gating strategy (G) and quantification of phagocytic MdC subpopulations
(H) (n = 5 mice per group). FITC, fluorescein isothiocyanate; PerCP, peridinin chlorophyll protein; AF, Alexa Fluor; Trans., transitory. Results were pooled from two inde-
pendent experiments. Data are presented as median (C and H) or means ± SD (F) and were analyzed by two-way ANOVAwith Šidák’s correction for multiple comparison
test (C and H), log-rank Mantel-Cox test (D), or unpaired two-tailed Student’s t test (F). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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Fig. 4. Intratumoral Siglec-E–deleted MdCs show increased antigen cross-presentation and T cell cross-priming capacity ex vivo. (A and B) Flow cytometry
analysis of CD69 and Ki-67 coexpression (left) and intracellular IFN-γ production (right) in tumor-infiltrating CD8+ (A) and CD4+ T cells (B) from Siglecefl/fl and
Siglecefl/fl × Cx3cr1CreERT2 CT-2A tumor–bearing animals (n = 6 mice per group). Results shown are from one experiment, representative of two independent experiments.
(C) Schematic of experimental design to magnetically enrich for tumor-associated CD11b+ cells used in (D). (D) Flow cytometry analysis of SIINFEKL peptide bound to H-
2Kb on MdCs (left) and MG (right) (n = 6 mice per group). Results were pooled from two independent experiments. (E) Sorting strategy to individually isolate tumor-
associated MdCs andMG used in (F) and (G) at day 15 after tumor injection. (F and G) Flow cytometry analysis of CD69+CD25+ OT-I T cells (F) and CD69+CD44+ OT-II T cells
(G) after a 24-hour coculture with unpulsed or ovalbumin-pulsed MdCs or MG, respectively (n = 10 mice per genotype). T cell–only peptide-pulsed condition serves as a
positive control for T cell activation. Results were pooled from two independent experiments. (H and I) BLI as surrogate for tumor growth (n = 6 to 13 mice per group) (H)
and survival (n = 6 to 8 mice per group) (I) of in vivo CD8+ T cell–depleted Siglecefl/fl × Cx3cr1CreERT2 CT-2A tumor–bearing animals, compared with animals from Fig. 3 (C
and D). The blue arrows in (I) indicate anti-mouse CD8a intraperitoneal administrations (days −2, 0, 7, 14, and 21). Results shown are from one experiment, representative
of two independent experiments. (J) QPCR analysis of NF-κB target genes in MdCs sorted from Siglecefl/fl and Siglecefl/fl × Cx3cr1CreERT2 CT-2A tumor–bearing mice on day
15 after tumor cell injection and 8 days after induction of GAM-specific Siglec-E deletion (n = 9 or 10 mice per group). Results were pooled from three independent
experiments, with n = 3 or 4mice pooled per genotype each. QPCR analysis of Siglecewas done separately, n = 4mice per genotype. Data are presented as means ± SD (A,
B, and D), box plots (F and G), or median (H). Data were analyzed using unpaired Student’s t test (A and B), two-tailed Mann-Whitney test (D), one-way ANOVAwith Šidák’s
correction for multiple comparison test (F and G), two-way ANOVAwith Šidák’s correction for multiple comparison test (H), log-rank Mantel-Cox test (I), two-way ANOVA
for NF-κB target genes, or unpaired two-tailed Student’s t test for Siglece (J). *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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tumor bulk (45) and, therefore, might contribute less to the antitu-
mor immunity, which represents a limitation of orthotopic tumor
implantation models. To further argue for the predominant role of
Siglec-E–deleted MdCs in this model, we used Siglecefl/fl × Lyz2Cre

mice (also known as LysmCre) to targetMdCs alone (fig. S5E). MdC-
restricted Siglec-E deletion (fig. S5F) was sufficient to delay tumor
growth, although survival was not improved (fig. S5, G and H). To
experimentally test the contribution of theMdC-CD8+ T cell axis as
observed in the ex vivo coculture assay, we depleted CD8+ T cells in
vivo using an anti-CD8 antibody that reversed the survival advan-
tage gained by GAM Siglec-E deletion (Fig. 4, H and I).

Efficient priming of CD8+ T cells and promoting their effector
functions require both antigen cross-presentation and secretion of
pro-inflammatory cytokines by MdCs (46). To identify activated
pathways downstream of Siglec-E deletion, we conducted an unbi-
ased proteomic analysis of sorted, tumor-associated MdCs and
compared the list of differentially expressed proteins with the
Kyoto Encyclopedia of Genes and Genomes pathway database
(47). This revealed the overrepresentation of proteins also involved
in the interleukin-17 (IL-17) signaling pathway in Siglec-E–deleted
compared with wild-type MdCs (fig. S5I). IL-17 is known to trigger
the activation of the canonical NF-κB cascade and subsequently up-
regulates the expression of various pro-inflammatory genes (48). To
test the hypothesis that, similar to the activation of the IL-17
pathway, loss of Siglec-E in MdCs might induce expression of
NF-κB target genes, we profiled signature genes within the NF-κB
signaling pathway in tumor-associated MdCs 15 days after tumor
engraftment by quantitative real-time PCR (QPCR). This revealed
increased expression of pro-inflammatory genes (Il1b and Ccl5) and
genes associated with the activator protein 1 transcription-complex
(AP-1) (Fos) in MdCs from Siglecefl/fl × Cx3cr1CreERT2 mice versus
Siglecefl/fl animals (Fig. 4J and fig. S5J). Increased NF-κB signaling
induced negative feedback circuits by increased expression of
Nfkbia, which is one of the earliest genes induced after NF-κB acti-
vation leading to termination of NF-κB signaling (49). Collectively,
these findings indicate that GAM-specific Siglec-E deletion pro-
motes tumor cell phagocytosis by MG and MdCs, enhances intra-
tumoral CD8+ T cell responses by antigen cross-presentation, and
increases the production of pro-inflammatory cytokines by MdCs,
potentially mediated by NF-κB signaling axis.

Genetic targeting of sialic acid on CT-2A cells recapitulates
the main findings of GAM-specific Siglec-E deletion in vivo
To complement the effect of immune evasion mediated by the
Siglec-E receptor, we targeted its sialic acid ligands on CT-2A
cells by knocking out the GNE enzyme (CT-2AΔGNE) (Fig. 5A
and fig. S6A). CT-2AΔGNE cells showed no differences with regard
to their in vitro proliferation and viability compared to the wild-
type control (CT-2AWT) (fig. S6B). Orthotopic transplantation of
CT-2AΔGNE cells into C57BL/6 mice resulted in prolonged survival
and increased tumor cell phagocytosis, TNF-α production, and
MG-expressed MHC-II (Fig. 5, B to E), recapitulating the main
findings from Siglecefl/fl × Cx3cr1CreERT2 mice. When applying the
flow cytometry–based MdC subclustering, we similarly identified
the TAM subcluster as the main responsive cell type upon disrup-
tion of the Siglec–sialic acid axis, with increased infiltration, TNF-α
production, and phagocytosis (the latter in the MHC-IIlow TAM
subpopulation) (fig. S6, C to E). To validate the role of Siglec-E as
the main receptor for tumor sialylation, we assessed the survival of

CT-2AWT– and CT-2AΔGNE–injected Siglecefl/fl and Siglecefl/fl ×
Cx3cr1CreERT2 mice. Whereas the survival of CT-2AΔGNE–injected
Siglecefl/fl mice was superior compared with CT-2AWT tumors, no
difference in survival between CT-2AWT and CT-2AΔGNE tumors
was observed in Siglecefl/fl × Cx3cr1CreERT2 mice (Fig. 5F). This in-
dicates that the therapeutic effects of desialylation in vivo are largely
dependent on functional Siglec-E expression in the innate immune
compartment, which is in accordance with previous findings (50,
51). Although we observed a favorable CD4+ T cell response with
less CD25+Foxp3+ Tregs and more Cxcr3+T-bet+ T helper 1 CD4+
T cells in CT-2AΔGNE tumor-bearing animals at endpoint (fig.
S6F), the main driver of the adaptive immune response after
innate immune activation was CD8+ T cells. This was exemplified
by less abundant programmed cell death protein 1 (PD-1)+, T cell Ig
and mucin domain-containing protein 3 (TIM-3)+, lymphocyte ac-
tivation gene 3 (LAG-3)+, and cytotoxic T lymphocyte–associated
protein 4 (CTLA-4)+–coexpressing CD8+ T cells; greater degranu-
lation capacity; and increased IFN-γ production in CT-2AΔGNE

tumor-bearing animals (Fig. 5, G and H). Together, targeting
Siglec receptor ligands in the tumor recapitulates the main findings
of GAM-specific Siglec-E deletion in the host.

GAM-specific Siglec-E deletion improves survival of anti-
CD47 and anti–PD-1 cotreated animals
To harness and further elucidate the therapeutic potential of GAM-
specific Siglec-E deletion (Siglecefl/fl × Cx3cr1CreERT2), we initiated
combination treatments with CD47 blockade (Fig. 6A), an estab-
lished innate immunotherapeutic agent (8–10). It has been previ-
ously shown that CD47 blockade enhances tumor cell
phagocytosis and T cell cross-priming (52). We observed a reduc-
tion in tumor growth (Fig. 6B) and one of nine animals showing
tumor rejection in the combinatorial condition (Fig. 6C). In Sigle-
cefl/fl × Cx3cr1CreERT2 tumors collected at endpoint, tumor-infiltrat-
ing CD8+ T cells demonstrated high PD-1 expression (Fig. 6D), and
programmed cell death ligand 1 (PD-L1) was up-regulated on
CD45neg and CD45pos cells (Fig. 6E). This compensatory T cell
checkpoint up-regulation could be caused by increased CD8+ T
cell activation and IFN-γ production after GAM-specific Siglec-E
deletion (Fig. 4A) (53). To overcome this potential resistance mech-
anism, we additionally treated tumor-bearing Siglecefl/fl ×
Cx3cr1CreERT2 mice with both CD47 and PD-1 blocking antibodies
(Fig. 6, F to H), which showed prolonged survival compared with
Siglecefl/fl mice receiving anti-CD47 and anti–PD-1 treatment
(Fig. 6H). Although we did not observe an improved initial tumor
control in the triple-therapy–treated animals compared to Siglecefl/fl

× Cx3cr1CreERT2 + anti-CD47 (Fig. 6, G and H, and fig. S7), we iden-
tified complete tumor rejection in 3 of 13 of animals (Fig. 6H). Con-
tralateral hemisphere tumor-rechallenging of surviving animals in
the triple-treatment cohort led again to tumor rejection, whereas
GAM–Siglec-E–deleted/anti-CD47–treated mice succumbed to
tumor progression after rechallenge (Fig. 6I). Together, these data
suggest that, by targeting both innate and adaptive immune check-
points, a lasting immunological memory can be achieved.

Siglec-E/9 blockade induces immune responses and
antitumor activity in mice and in human GBM explants
To determine the translational potential of Siglec-E blockade, we
implanted osmotic minipumps with brain infusion catheters to
continuously infuse Siglec-E blocking or IgG control antibodies
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Fig. 5. Genetic targeting of sialic acid on CT-2A cells phenocopies Siglec-E deletion in the host. (A) Representative histogram of Siglec-E Fc staining on CT-2AWT,
enzymatically desialylated (desial) CT-2A, and CT-2AΔGNE cells. (B) Schematic of experimental design. (C) Survival of CT-2AWT– and CT-2AΔGNE–injected C57BL/6 wild-type
mice (n = 11 to 15 mice per group). Results were pooled from two independent experiments. (D and E) Flow cytometry analysis of phagocytosis, TNF-α expression, and
MHC-II expression on MdCs (D) and MG (E) from CT-2AWT– and CT-2AΔGNE–injected C57BL/6 wild-type mice (n = 6 mice per group for phagocytosis, n = 8 to 11 mice per
group for other analyses). Results were pooled from two independent experiments. (F) Survival of CT-2AWT– and CT-2AΔGNE–injected Siglecefl/fl and Siglecefl/fl ×
Cx3cr1CreERT2 mice (n = 5 or 6 mice per group). Results are from one experiment. (G) Flow cytometry analysis of inhibitory T cell receptors on intratumoral CD8+ T
cells visualized on tSNE map (tSNE maps show concatenated CD8+ T cells from n = 8 mice per group). Red cluster marks exhausted CD8+ T cells identified by high
coexpression of inhibitory receptors (PD-1, TIM-3, LAG-3, and CTLA-4), indicated by histograms. Red histogrammarks median marker expression in red cluster (exhausted
CD8+ T cell cluster), and black dotted histogram indicates median marker expression in the remaining cells. (H) Quantification of flow cytometry analysis, showing per-
centage of exhausted CD8+ T cells (PD-1high, TIM-3high, LAG-3high, and CTLA-4high) (left), CD107a+ (middle), and IFN-γ+ (right) intratumoral CD8+ T cells between CT-2AWT–
and CT-2AΔGNE–injected C57BL/6 wild-typemice (n = 8 to 11mice per group). Results were pooled from two independent experiments. Data are presented asmeans ± SD
andwere analyzed by unpaired two-tailed Student’s t test (D and H), two-tailedMann-Whitney test (E), or log-rankMantel-Cox test (C and F). *P ≤ 0.05, **P ≤ 0.01, and ***P
≤ 0.001.
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into the tumor parenchyma of glioma-bearing mice (Fig. 7A and
fig. S8A). After randomization into the respective treatment
groups according to bioluminescence count on day 6 after tumor
injection, we observed delayed tumor growth in the intervention
group on day 14 after tumor injection (6 days after pump implan-
tation) (fig. S8B). Flow cytometry analysis revealed increased

phagocytosis and TNF-α production by MG in the anti–Siglec-E–
treated mice, whereas no difference among MdC subclusters was
observed (fig. S8, C and D). However, other innate immune cells
previously not targeted by the genetic Siglecefl/fl × Cx3cr1CreERT2

model like Cx3cr1−CD11c+ DCs (fig. S8E) displayed increased
tumor cell phagocytosis (fig. S8F). Ultimately, this contributed to

Fig. 6. Siglec-E deletion boosts GBM immunotherapy. (A) Schematic of experimental design. (B and C) Surrogate tumor growth assessed by BLI (B) and survival (n = 7
to 11 mice per group) (C) of Siglecefl/fl and Siglecefl/fl × Cx3cr1CreERT2 CT-2A tumor-bearing animals treated with anti-CD47 or isotype control. Results were pooled from two
independent experiments. (D) Flow cytometry analysis of inhibitory T cell receptors on intratumoral CD8+ T cells shown on tSNE map (tSNE maps show concatenated
CD8+ T cells from n = 6 mice per group). (E) Flow cytometry analysis of PD-L1 expression on CD45neg (left) and CD45pos cells (right) from of Siglecefl/fl and Siglecefl/fl ×
Cx3cr1CreERT2mice (n = 3 or 4 mice per group). (F) Schematic of experimental design. (G and H) Surrogate tumor growth assessed by BLI (G) and survival (n = 7 to 13 mice
per group) (H) of Siglecefl/fl and Siglecefl/fl × Cx3cr1CreERT2 CT-2A tumor–bearing animals treated with anti-CD47 and anti–PD-1 (aPD-1) or isotype control. Results were
pooled from two independent experiments. (I) Rechallenge of the tumor-freemice from (C) and (H) and tumor-naive control micewith intracranial injection of 5 × 104 CT-
2A tumor cells into the contralateral hemisphere (n = 1 for Siglecefl/fl × Cx3cr1CreERT2 + aCD47 treated, n = 3 mice per group for other two groups). Data are presented as
median (B and G) or means ± SD (E) and were analyzed by two-way ANOVA with Holm-Šidák’s correction for multiple comparison test (B and G), unpaired two-tailed
Student’s t test (E), or RMST comparison (C and H). *P ≤ 0.05 and **P ≤ 0.01.
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the prolonged survival of the anti–Siglec-E–treated animals
(Fig. 7B). Next, we prospectively collected GBM specimens from
four primary and one recurrent GBM patient undergoing neurosur-
gical resection. All samples were neuropathologically diagnosed as
GBM grade 4, Isocitrate Dehydrogenase 1/2 (IDH) wild type (table
S1). Intact tumor fragments (explants) were subsequently cultured
in three-dimensional (3D) perfusion bioreactors for 5 days in the
presence or absence of Siglec-9 blocking antibody (Fig. 7C) (54).
As previously reported by our group, this culture system provides

a flow of the media through the tissue, enabling culturing intact
tissue of greater thickness and thereby better preserving the GBM
iTME compared with static conditions (Fig. 7D) (55).

An analysis of secreted soluble proteins by highly sensitive prox-
imity extension assay (PEA) technology after 5 days in culture iden-
tified three out of five patients (60%) as responders to Siglec-9
blockade, as indicated by a signature of induced TNF-α, IFN-γ,
and granzyme B (GZMB) expression (Fig. 7E). One of the nonre-
sponders was the patient with recurrent GBM (BTB 700R).

Fig. 7. Siglec-9 blockade induces immune response and antitumor activity in mice and in human GBM explants. (A) Schematic of experimental design. (B) Survival
(n = 6 or 7 mice per group) of C57BL/6 CT-2A tumor–bearing animals treated with anti–Siglec-E or isotype control antibody intracranially delivered by implanted osmotic
minipumps. (C) Schematic of experimental design. Fresh tumor biopsies were taken and directly transferred into 3D perfusion bioreactors. Explants were cultured for 5
days in the presence or absence of anti–Siglec-9 blocking antibody. Soluble proteins from bioreactor mediaweremeasured by PEA to assess response per patient sample.
(D) Representative hematoxylin and eosin–stained images of formalin-fixed paraffin-embedded explants on the day of tumor resection (day 0) and after 5 days of culture
in perfusion bioreactors. Scale bars, 1000 μm (overview) and 50 μm (close-up). (E) Fold change in TNF-α, IFN-γ, and GZMB secretion measured in the media of anti–Siglec-
9–treated versus control bioreactors, for each individual patient. (F) Schematic of experimental design. Glioma samples (n = 9) were dissociated and cultured for 48 hours
in the presence of Siglec-9 blocking antibody or isotype control. (G) Representative immunofluorescence images of one patient sample (BTB 688) treated with isotype
(left) or anti–Siglec-9 (right). White arrows denote cancer cells. Scale bars, 50 μm. (H) Fold change in median cancer cell count in anti–Siglec-9–treated versus control. Per
patient, six technical replicates for control and three technical replicates for anti–Siglec-9 samples (fig. S8H). The median of technical replicates is used and plotted as fold
change. Data were analyzed using log-rank Mantel-Cox test (B) or Wilcoxon signed-rank test (H). *P ≤ 0.05 and **P ≤ 0.01. DAPI, 40 ,6-diamidino-2-phenylindole.
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Within the responders, the observed increase was significant (P <
0.05) for IFN-γ and GZMB (fig. S8G).

Next, we assessed the antitumor activity of Siglec-9 blockade–
induced immune activation on a single-cell level. Single-cell sus-
pensions from nine additional patients with newly diagnosed
glioma (eight GBM, grade 4, IDH wild type, and one LGG; table
S1) were exposed to Siglec-9 blocking antibody or control for 48
hours (Fig. 7F). Using an automated image-based screening plat-
form (56) to read out S100B+CD45− or NESTIN+CD45− glioma
cell counts (Fig. 7G), Siglec-9 disruption efficiently reduced the
number of glioma cells despite interpatient heterogeneity (Fig. 7H
and fig. S8H).

DISCUSSION
Here, we identified the Siglec-sialic acid axis as an innate immune
inhibitory pathway in GBM mediating an immunosuppressive
iTME. We demonstrate that the deletion of Siglec receptors on
MG and MdCs or reduction of Siglec ligands on tumor cells can
reverse this immune suppression, allowing successful combinatorial
immunotherapy in preclinical models. As the main mechanism, we
show that Siglec-E deletion leads to increased tumor cell phagocy-
tosis by MG and MdC, mainly TAMs, and elevated expression of
NF-κB target genes in MdCs. This mediates cross-priming of
CD8+ T cells (fig. S9) and, when combined with other cancer im-
munotherapies, conveyed a survival benefit in an aggressive and
poorly immunogenic CT-2A GBM preclinical model (44).

Previous preclinical studies have shown similar antiphagocytic
(17, 57–59) and macrophage differentiating properties (15, 16, 60)
for Siglec receptors in cancer and other diseases. Our study expands
this knowledge on the interactions of Siglec receptors with sialogly-
cans by dissecting the interplay between the two main innate
immune populations in the GBM iTME. We found a counteracting
MdC response upon Siglec-E deletion-driven MG activation and
proliferation. Yeo and colleagues (61) recently reported similar
changes in their study investigating longitudinal changes in the
immune cell composition throughout tumor progression in a
genetic mouse GBM model. Specifically, they identified a highly
proliferating population of GBM-associated MG, for which the
authors discussed a decisive role in activating emergency myelopoi-
esis in GBM and recruiting bone marrow–derived immunosuppres-
sive myeloid cells to the GBM iTME (61). This paralleled our
observation of a Siglec-E deletion–induced activation and prolifer-
ation of MG cells, and the counteracting ingress of immunosup-
pressive MdCs, which could only be reverted to the frequency
observed in control animals by CCL2 inhibition. Although the
tumor cells were not the primary focus of our scRNA-seq analysis
after MG Siglec-E disruption, we found changes in the CT-2A tran-
scriptome as well, particularly concerning EMT pathways. This
might unveil further tumor cell–intrinsic plasticity and resistance
mechanisms upon perturbance of iTME components such as MG
and highlights potential paracrine and intercellular reactions
between neoplastic cells and MG induced by selective deletion of
Siglec-E.

By extending the cell type–specific Siglec-E deletion to the MdC
compartment, we observed increased antitumor immunity and up-
regulation of NF-κB target genes. Others similarly attributed a role
as a negative modulator of NF-κB activity to Siglec-9 (58, 62). In our
RNAvalidation data, Ccl5 was among the highest up-regulated NF-

κB target genes upon MdC-specific Siglec-E deletion. Several
studies showed positive correlations between the expression of in-
flammatory chemokine CCL5 and immune cell recruitment to the
tumor (63–65). However, some controversy arose regarding the role
of CCL5 in cancer, because other studies suggested that CCL5 has
potential tumor-promoting effects by either directly affecting tumor
growth by expanding cancer stem cells (66) or promoting immune
escape by stabilizing PD-L1 (67). Unlike IFN-γ, which enhances
PD-L1 expression at the transcriptional level (53), CCL5 has been
shown to modulate the deubiquitination and stability of PD-L1
(67). This might contribute to the adaptive resistance after Siglec-
E deletion and illustrates the complex relationship between innate
and adaptive immune responses.

Our data highlight the Siglec–sialic acid axis as an attractive ther-
apeutic target in patients with GBM. Together with recent findings,
our study further underlines the importance of combining innate
and adaptive immunotherapies, especially in less immunogenic
and ICI-resistant tumors, such as GBM (52). Using combined im-
munotherapy, we noted the separation of “responding” and “non-
responding” animals as early as day 14 after tumor injection. This
highlights the need for future characterization of the nonrespond-
ing tumor cell subsets to tailor treatments. One possible approach in
this direction was recently pursued by Zemek et al. (68) where they
identified the temporally restricted activity of IFN-β within inflam-
matory monocytes to underlie the response to combined immune
checkpoint therapy. By targeting IFN-β in a time-dependent
manner, they were able to improve the response rate to combined
immune checkpoint blockade.

Targeting sialic acids as ligands for Siglec receptors on tumor
cells represents an alternative approach to therapeutically disrupt-
ing the Siglec–sialic acid pathway, as demonstrated by genetically
targeting sialic acid biosynthesis in CT-2A cells. By applying this
strategy, concerns regarding functional redundancy and potential
compensatory mechanisms after the blockade of one Siglec receptor
would be mitigated. In line with this, recent work showcased the
high efficacy of tumor cell desialylation (17, 50, 51, 59, 69).
However, even a targeted approach, for example, by using anti-
body-sialidase conjugates (51), would most likely cause severe
adverse events, given that sialic acid participates as an integral
part of ganglioside structure in synaptogenesis and neural transmis-
sion (70). Additional work will be needed to identify GBM cell–spe-
cific sialylation patterns enabling cancer cell–targeted desialylation
therapies.

No difference in phagocytosis upon antibody-mediated Siglec-E
blockade was observed amongMdCs, specifically TAMs. This could
be caused by the intracranial delivery method, which might target
primarily peri-tumoral MG, rather than bone marrow–derived
TAMs, which are dispersed inside the tumor bulk and enriched
in the perivascular area (45). Therefore, more animal studies are
needed to determine the most efficient route of administration,
time point, and dosage to target all relevant immune populations.
Using cultured, perfused 3D tumor explants [as recently described
by our group (55)] and an image-based ex vivo drug screening plat-
form, we showcased the translational relevance of Siglec-9 disrup-
tion within GBM. We observed the biggest decrease in tumor cell
count after Siglec-9 blockade in the patient with LGG, and consid-
ering the TCGA survival data, further studies on the role of Siglec
receptors in LGG are needed.
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A limitation of our study is that we did not resolve the mecha-
nisms leading to immunological memory after combined anti-
CD47 and anti–PD-1 treatment in the subset of GAM–Siglec-E–de-
ficient responding animals. The exact contribution, as well as the
temporal aspects of each individual immunotherapeutic agent,
remains unclear. It will be of considerable interest to dissect the
host response upon Siglec-E/9 disruption in combination with im-
munotherapeutic agents in a time-dependent manner in different
mouse models (syngeneic, xenograft, and viral induction) and
patient explants to pinpoint conserved response mechanisms.
Whereas our study provides functional data for the TAM subset
to be the main responsive population upon Siglec-E deletion, it
does not resolve its origin, transcriptional regulation, and particu-
larly its recruitment into the iTME. Recent studies advanced our
understanding in this regard: first, by identifying the skull and ver-
tebral bone marrow as myeloid cell reservoirs for the CNS paren-
chyma (71); second, by describing differentiation programs in the
monocyte-to-phagocyte transition (72); and, third, dissecting tran-
scriptional clusters within inflammatory macrophages (73). It will
be of considerable interest in future studies to investigate how
these mechanisms might be perturbed during tumorigenesis and
specifically upon Siglec-E deletion, giving rise to new combinatorial
interventions.

Together, we showed that loss of inhibitory Siglec receptors pro-
motes glioma-associated MG and mainly TAMs among MdCs to
phagocytize GBM cells and improve cross-presentation and subse-
quent T cell activation. Using a poorly immunogenic GBM preclin-
ical model, we demonstrated the therapeutic potential of combined
Siglec-E blockade with ICI against GBM to facilitate innate and
adaptive antitumor immune responses. Furthermore, we demon-
strated the translational potential of Siglec-9 blockade–induced
immune activation in patient-derived explant cultures, paving the
way to local therapy regimens. These results build on a growing in-
terest in designing combination immunotherapies with innate and
adaptive ICI and underscore the value of Siglec blockade in liberat-
ing innate immune responses to potentiate antitumor immunity.

MATERIALS AND METHODS
Study design
The experiments were focused on deciphering the role of Siglec-E in
mediating an immunosuppressive iTME in GBM and the functional
consequences of perturbing Siglec-E signaling in MG and later in
MdCs. The immunocompetent murine studies were complemented
by in vitro experiments using primary human tumor material to
confirm findings in a human setting. Human adult GBM tissue
samples were obtained from the Neurosurgical Clinic of University
Hospital of Basel, Switzerland, in accordance with the Swiss Human
Research Act and institutional ethics committee (EKNZ 02019-
02358). All patients gave written informed consent for tumor
biopsy collection and signed a declaration permitting the use of
their biopsy specimens in scientific research, including storage in
our brain tumor biobank (Req-2019-00553). All patient-identifying
information was removed, and tissues were coded for identification.
Patient characteristics from all participating patients are listed in
table S1. We used flow cytometry, scRNA-seq, proteomics, in vivo
depletion studies, bioreactor cultures, and automatedmicroscopy to
identify treatment responses. For most animal experiments, ran-
domization was not possible because the comparison point was

mouse genotype. Mice of different treatment groups were cohoused
in the same cage to blind experimenters in determining the humane
endpoint. No power analyses were used to predetermine sample
sizes in mouse experiments. However, sample sizes were chosen
on the basis of prior literature using similar experimental para-
digms. The n values and particular statistical methods are indicated
in the figure legends and in the “Statistical analysis” section.

Statistical analysis
scRNA-seq and proteomic statistical analysis were completed as de-
scribed in the SupplementaryMaterials. All other statistical analyses
were performed using GraphPad Prism (GraphPad Software
v.9.4.0). Raw, individual-level data are presented in data file S3.
The number of experimental replicates and the number of indepen-
dent experiments and statistical tests used are given in the figure
legends. In general, for normally distributed datasets, as assessed
by Shapiro-Wilk or D’Agostino-Pearson’s test, we used an unpaired
two-tailed Student’s t test when two groups were compared. For
comparing more than two groups, a one-way analysis of variance
(ANOVA) was applied. When variables were not normally distrib-
uted, we used the nonparametric Mann-Whitney or Kruskal-Wallis
test. For comparing a quantitative variable between two groups,
two-way ANOVAwas used, followed by Šidák’s post hoc corrections
for multiple comparisons. Survival data were analyzed using the
log-rank Mantel-Cox test or restricted mean survival time
(RMST). RMST analysis was used to account for the presence of
censoring. The calculations were performed in R using the
survRM2 package. We used max τ (largest observed time in each
of the two groups), and the differences in RMST between subgroups
were calculated as 95% confidence intervals with P values. P < 0.05
was considered statistically significant. Data collection and analysis
were not performed blind to the conditions of the experiments.
Outliers were removed using GraphPad Outlier Calculator, which
uses the Grubbs’ test (www.graphpad.com/quickcalcs/Grubbs1.
cfm). This was the case for Fig. 6 (C and H), where we excluded a
survival outlier in the Siglecefl/fl group. All graphical illustrations
were created with BioRender.com.

Supplementary Materials
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Figs. S1 to S9
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