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Immune checkpoint blockade (ICB) has substantially improved the prognosis of patients with 

cancer, but the majority experiences limited benefit, supporting the need for new therapeutic 

approaches. Up-regulation of sialic acid–containing glycans, termed hypersialylation, is a 

common feature of cancer-associated glycosylation, driving disease progression and immune 

escape through the engagement of Siglec receptors on tumor-infiltrating immune cells. Here, 

we show that tumor sialylation correlates with distinct immune states and reduced survival in 

human cancers. The targeted removal of Siglec ligands in the tumor microenvironment, using 

an antibody-sialidase conjugate, enhanced antitumor immunity and halted tumor progression 

in several murine models. Using single-cell RNA sequencing, we revealed that desialylation 

repolarized tumor-associated macrophages (TAMs). We also identified Siglec-E as the main 

receptor for hypersialylation on TAMs. Last, we found that genetic and therapeutic desialylation, 

as well as loss of Siglec-E, enhanced the efficacy of ICB. Thus, therapeutic desialylation 

represents an immunotherapeutic approach to reshape macrophage phenotypes and augment the 

adaptive antitumor immune response.

INTRODUCTION

Cancer immunotherapy using immune checkpoint blockade (ICB), including antibodies 

blocking cytotoxic T lymphocyte protein 4 (CTLA-4) and programmed cell death protein 

1 [PD-(L)1], has improved the outcomes of patients with cancer, although overall, only a 

minority benefit from the currently available ICB (1, 2). New target pathways are under 

investigation, and combination approaches with CTLA-4– and PD-(L)1–blocking agents 

have shown promising preclinical and early clinical activity (3). The up-regulation of sialic 

acid–containing glycans in the tumor microenvironment, termed tumor hypersialylation, 

contributes to the establishment of an immunosuppressive milieu and dampens antitumor 

immune responses through the engagement of immunomodulatory Siglecs expressed on 

tumor-infiltrating immune cells (4-7). Recent work has suggested the sialoglycan-Siglec axis 

as a new immune checkpoint that can be targeted to drive innate and adaptive antitumor 

immunity (8). However, given the existence of multiple Siglecs and their broad pattern of 

expression in the immune system, the exact mechanism remains unclear.

The expression of inhibitory CD33-related Siglecs, including human Siglec-7 and Siglec-9 

and murine Siglec-E, on tumor-associated macrophages (TAMs) was shown to support 

cancer progression by driving macrophage polarization toward the tumor-promoting M2 

phenotype (9-13). Similarly, natural killer (NK) cell–mediated killing of tumor cells can 

be blocked in a dose-dependent manner by the interactions between tumor sialoglycans 

and Siglec-7 and Siglec-9 on human NK cells (14, 15). Recent work by us and others 

identified Siglec-9 as an inhibitory receptor expressed on tumor-infiltrating T cells in 

different cancers, including non–small cell lung cancer, epithelial ovarian cancer, colorectal 

cancer, and melanoma (5, 16-18). We previously showed that genetic desialylation of tumor 

cells halts tumor growth and leads to improved antitumor immunity in mouse models (5) 

and demonstrated that treatment with sialidase can achieve similar results (19). Although a 

growing body of evidence supports the potential of targeting tumor sialylation, the feasibility 

of therapeutic interventions and enhancement of classical ICB remained to be demonstrated.
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Here, we investigated the cellular and molecular mechanisms by which therapeutic 

desialylation augments antitumor immunity and halts tumor growth. We identified Siglec-E 

expression on TAMs as a mediator of the effects of desialylation. Last, we demonstrated 

improved efficacy of therapeutic desialylation in combination with ICB.

RESULTS

Tumor sialylation is associated with immune suppression and reduced survival in patients 
with cancer

As increased tumor sialylation has previously been linked to immune suppression (20, 21), 

we wanted to test whether the expression of sialic acid–modifying enzymes is associated 

with distinct immune states in human cancer. To that end, we assembled a set of 34 

genes encoding for proteins involved in sialoglycan biosynthesis and adopted a previously 

published set of 3021 immune genes (22). The expression of sialoglycan genes was 

correlated with that of the immune genes using the data of all solid cancers from The 

Cancer Genome Atlas (TCGA) database. K-mean clustering was applied to the correlation 

matrix, and the sialoglycan genes were best clustered into five gene sets. These gene sets 

were tested for their association with patient survival (Fig. 1A and fig. S1A), leading to 

the identification of gene set 1, consisting of α-2,3- and α-2,6-sialyltransferases, which 

was positively correlated with regulation of immune function and reduced cytokine activity. 

Expression of gene set 1 strongly correlated with reduced survival of patients with several 

cancer types (fig. S1B), particularly patients with clear cell kidney cancer (KIRC; Fig. 1B) 

and squamous cell lung cancer (LUSC; Fig. 1C and fig. S1C). To corroborate this finding, 

we stained a tissue microarray of 75 primary human KIRC samples and corresponding 

healthy control tissues with a hexameric human Siglec-9 Fc protein (HYDRA, Palleon 

Pharmaceuticals) (23) to quantify the expression of sialic acid–containing Siglec ligands. 

Analysis of the linked survival data revealed a worse overall survival in patients with KIRC 

with increasing Siglec-9 Fc binding (fig. S1, D and E), validating the use of gene set 

1 expression as a proxy for hypersialylation and supporting the association with reduced 

survival.

Then, we correlated the expression of gene set 1 with gene expression signatures of different 

tumor-infiltrating immune cell types in all patients with LUSC and found the strongest 

positive correlations with immunosuppressive and tumor-promoting cell types (Fig. 1D), 

such as regulatory T cells (Tregs) and TAMs (Fig. 1E). In contrast, the correlation with 

conventional CD4+ T cells was significant (P = 0.004) but negative (fig. S1F), and no 

correlations were found with other myeloid cell types such as dendritic cells (DCs) or 

monocytes (fig. S1G). Although a small positive correlation could be observed with CD8+ T 

cells, it was weaker than the correlation with an established signature of T cell dysfunction 

in cancer (Fig. 1F) (24). To test the correlation between tumor sialylation and T cell 

dysfunction, we cultured primary tumor suspensions from patients with LUSC with or 

without sialidase. In line with our findings, sialidase treatment led to a significant (P = 

0.025) increase in CD8 T cell activation, measured by the expression of the activation 

marker CD137 (Fig. 1G). These data link tumor sialylation to specific changes in immune 
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infiltration, predominantly by immunosuppressive and tumor-promoting cell types and 

reduced survival of patients.

To corroborate the association between tumor sialylation and T cell dysfunction, we used 

a mouse tumor model of genetic desialylation in combination with anti–PD-1 and anti–

CTLA-4 ICB. We previously showed that the growth of tumors lacking the rate-limiting 

enzyme for sialic acid biosynthesis, uridine diphosphate–N-acetylglucosamine 2-epimerase 

(GNE), was delayed, and survival of mice prolonged (5). We confirmed the delayed tumor 

growth of MC38 GNE-knockout (KO) tumors and were able to show the delay to be 

dependent on CD8+ T cells, evidenced by its abrogation when CD8+-depleting antibodies 

were applied (fig. S1, H and I). To test the effect of tumor sialylation on the ability of ICB to 

reinvigorate tumor-infiltrating CD8 T cells, we subcutaneously injected mice with wild-type 

or GNE-KO MC38 tumor cells and treated mice bearing palpable tumors with four doses of 

PD-1–blocking antibodies alone or in combination with CTLA-4–blocking antibodies (Fig. 

1H). Treatment of GNE-KO tumors with anti–PD-1 resulted in a stronger reduction in tumor 

growth and prolonged survival of mice compared to treatment of wild-type tumors (Fig. 

1I and fig. S1J). Application of both PD-1 and CTLA-4 blockade led to the rejection of 

wild-type tumors in 4 of 15 mice (27%), whereas the rejection rate was increased to 10 of 17 

(59%) in mice bearing GNE-KO tumors (Fig. 1J and fig. S1K).

To exclude a cell line or mouse strain–specific effect, we used the EMT6-HER2 (human 

epidermal growth factor receptor-2) mammary carcinoma model injected orthotopically into 

the mammary fat pads of female BALB/c mice. Again, we observed a delayed tumor 

growth of GNE-KO tumors compared to wild-type tumors and an increased rejection rate 

of GNE-KO tumors treated with anti–PD-1 antibodies compared to wild-type tumors (50% 

versus 33%; fig. S1, L and M). In addition, we applied the poorly immunogenic and highly 

aggressive B16F10 melanoma model, again demonstrating that GNE-KO delayed tumor 

growth, prolonged survival, and increased sensitivity to PD-1/CTLA-4 blockade, resulting in 

a more pronounced delay in tumor growth and a longer survival of mice bearing GNE-KO 

tumors (fig. S1, N and O). To functionally test the reinvigoration of CD8 T cell function 

by desialylation in combination with ICB, we treated mice bearing established (about 500 

mm3) wild-type or GNE-KO MC38 tumors with two doses of PD-1– and CTLA-4–blocking 

antibodies and isolated tumor-infiltrating immune cells 7 days after the first treatment (Fig. 

1K and fig. S1, P and Q). T cells from the single-cell suspensions of those tumors were 

restimulated in vitro and intracellularly stained for the expression of CD8+ effector T 

cell cytokines. Although ICB alone increased the frequencies of both interferon-γ–positive 

(IFN-γ+) and IFN-γ+ tumor necrosis factor–positive (TNF+) CD8+ T cells (fig. S1R), 

desialylation augmented T cell activation, particularly when assessing the frequency of 

multifunctional IFN-γ+TNF+ interleukin-2–positive (IL-2+) CD8+ T cells, which were not 

induced by ICB alone (Fig. 1L). These findings support the association between tumor 

sialylation, immunosuppression, and dysfunction of CD8 T cells and also demonstrate an 

increased reinvigoration of tumor-infiltrating T cells by ICB in desialylated tumors.
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Tumor-targeted sialidase effectively desialylates the tumor microenvironment

Next, we aimed to study the cellular and molecular mechanisms underlying sialic acid–

mediated immune suppression in greater detail using therapeutic desialylation in different 

mouse tumor models. To achieve tumor-specific desialylation in vivo, we used an anti-body-

sialidase fusion protein to target the enzyme to the tumor microenvironment, similarly 

to a previously used sialidase-antibody construct (19). Specifically, we used the antibody 

trastuzumab, which recognizes HER2. The trastuzumab-sialidase construct, termed E-301, 

was bioengineered on the Enzyme-Antibody-Glycan-Ligand-Editing platform (Palleon 

Pharmaceuticals) (25) by fusing two sialidase domains to the C-terminal Fc region of 

trastuzumab. As controls, we used unmodified trastuzumab, as well as an enzymatically 

inactive E-301 variant carrying two loss-of-function (LOF) mutations in the catalytic sites 

of its sialidases (E-301 LOF; Fig. 2A). We confirmed dose-dependent desialylation of 

HER2-expressing EMT6 mammary carcinoma cells (EMT6-HER2) by E-301 but not by 

trastuzumab or E-301 LOF (Fig. 2B and fig. S2A). To evaluate tumor cell desialylation in 

vivo, we established orthotopic EMT6-HER2 tumors in BALB/c mice until they reached 

a size of 400 to 500 mm3, upon which the mice were treated systemically with a single 

intraperitoneally administered dose of 10 mg/kg of E-301 or trastuzumab (Fig. 2C). We 

observed increased staining with peanut agglutinin (PNA), detecting galactosyl residues 

uncovered by the removal of sialic acids, and decreased staining with Maackia amurensis 
lectin II (MAL II), binding to α-2,3-sialic acids, in the E-301–treated tumors compared 

with the trastuzumab-treated and untreated tumors. Desialylation was confirmed both by 

immunofluorescence (Fig. 2, D and E) and by flow cytometry (Fig. 2F) and was most 

pronounced at 24 hours but still detectable at 72 hours after injection (fig. S2, B and C). 

Staining with a Siglec-E Fc fusion protein at 72 hours after treatment confirmed the loss of 

Siglec ligands after E-301 treatment (fig. S2D). Flow cytometric staining for human Fc not 

only further confirmed successful targeting of E-301 into the tumor but also suggested an 

accelerated clearance of E-301 compared to trastuzumab (Fig. 2F and fig. S2E). In addition, 

staining with Sambucus nigra lectin (SNA) showed a clear reduction of α-2,6–linked sialic 

acids in tumors treated with E-301 (fig. S2F). Our results confirm that targeting of sialidase 

to tumor cells results in a strong but transient reduction of sialoglycan abundance in vivo.

Then, we wanted to assess whether direct interactions between the sialidase′s glycan-

binding domains and tumor sialoglycans might influence sialidase targeting. To this end, 

we used EMT6-HER2 cells lacking GNE (GNE-KO) and confirmed comparable expression 

of the HER2 antigen (fig. S2G). We then injected wild-type EMT6-HER2 and EMT6-HER2 

GNE-KO cells into opposing mammary glands of individual mice and again treated mice 

bearing established tumors with a single intraperitoneal dose of E-301 or E-301 LOF (Fig. 

2G). At 48 hours after E-301 treatment, the wild-type EMT6-HER2 tumors showed strong 

desialylation, as evidenced by an increase in PNA and a decrease in MAL II staining; 

the GNE-KO tumors, although already presenting reduced sialylation at baseline, showed 

a slight further desialylation after treatment (Fig. 2H and fig. S2H), possibly reflecting 

scavenging of sialic acids form the environment. In contrast, CD45+ immune cells showed 

an equally strong loss of sialylation in both wild-type and GNE-KO tumors (Fig. 2I). A 

similar degree of staining with the mannosebinding lectin Concavalin A (ConA) across all 
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groups confirmed the observed changes in cancer glycosylation to be specific to sialic acid–

containing glycans (fig. S2I).

To further delineate which immune cells are desialylated by sialidase treatment, we 

combined PNA staining with a comprehensive flow cytometric immune phenotyping of 

EMT6-HER2 tumors 48 hours after E-301 treatment. We found desialylation of nearly all 

immune cells, including TAMs, DCs, polymorphonuclear myeloid-derived suppressor cells 

(PMN-MDSCs), Tregs, and CD8+ T cells. In contrast, monocyte (M)–MDSCs, conventional 

CD4+ T cells, and NK cells did not exhibit increased PNA staining (Fig. 2J).

Next, we performed liquid chromatography–mass spectrometry (MS)–based N-glycan 

analysis on in vitro E-301–treated EMT6-HER2 tumor cells to characterize the effect of 

sialidase treatment in further detail. A reduction in complex sialylated N-glycans was 

observed in E-301–treated EMT6-HER2 cells compared to E-301 LOF–treated controls 

(Fig. 2K), as well as in GNE-KO B16F10 cells compared to wild-type controls, whereas 

a reduction in both complex and hybrid sialylated N-glycans was observed in GNE-KO 

EMT6-HER2 and MC38 cells compared to their respective wild-type controls (fig. S2, J to 

L).

We further assessed the capacity of E-301 to target and desialylate HER2-expressing 

melanoma B16D5 (B16D5-HER2) tumors. C57BL/6 mice were subcutaneously injected 

with B16D5-HER2 tumor cells in the right and parental B16D5 cells in the left flank (Fig. 

2L). Although desialylation was detected in both tumor types when treated with E-301, it 

was more pronounced in the B16D5-HER2 tumors compared to the B16D5 tumors (Fig. 

2, M and N, and fig. S2M). Whereas the presence of all compounds could be detected 

in the B16D5-HER2 tumors by staining for human Fc, no staining was observed in the 

B16D5 tumors (fig. S2N), suggesting a prolonged retention of the constructs in the HER2-

expressing tumors. Again, staining with ConA confirmed the sialic acid specificity of these 

changes (fig. S2O). These findings demonstrate the feasibility of using E-301 to target 

systemically administered sialidase into HER2-expressing tumors and confirm effective 

desialylation of the tumor microenvironment.

Tumor-targeted sialidase inhibits tumor growth by activating the adaptive immune system

Our next aim was to test the therapeutic efficacy of systemic E-301 treatment in different 

HER2-expressing tumor models. As a first model, we used the orthotopic, intramammary 

EMT6-HER2 model (Fig. 3A). Tumor growth was delayed and survival prolonged in mice 

treated with four doses of E-301, and 1 tumor of 12 was rejected (Fig. 3, B and C). Although 

only one mouse showed complete tumor rejection, rechallenge with both wild-type EMT6 

and EMT6-HER2 cells, in opposing flanks, resulted in no tumor growth on either side, 

indicating the development of immunological memory not restricted to the antigenicity of 

HER2 (Fig. 3D). The body weights of treated mice increased similarly over the course of 

the experiment among all treatment groups, suggesting no signs of acute toxicity (fig. S3A). 

Similarly, B16D5-HER2 tumor growth was clearly delayed and survival prolonged after 

E-301 monotherapy (Fig. 3, E to G). Again, no signs of acute toxicity of the treatment could 

be observed (fig. S3B). Seeing the development of immunological memory after E-301–

induced tumor rejection, we performed an antibody-mediated depletion experiment to test 
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the involvement of the adaptive immune system. We found that depletion of CD8+ T cells 

fully abrogated the delay in tumor growth by E-301 (Fig. 3, H and I). These data show that 

therapeutic tumor-targeted desialylation is efficacious in delaying tumor growth in different 

mouse models by activating the adaptive immune system and induces the generation of 

immunological memory.

Therapeutic desialylation repolarizes TAMs

To dissect the cellular and molecular mechanism by which targeted desialylation augments 

anticancer immune responses, we injected mice bearing palpable subcutaneous B16D5-

HER2 tumors intraperitoneally with two doses of either E-301 or E-301 LOF alone or 

in combination with PD-1– and CTLA-4–blocking antibodies and performed single-cell 

RNA sequencing (scRNA-seq) on CD45+ tumor-infiltrating immune cells 7 days after 

the first treatment (Fig. 4A). Globally, treatment with E-301 induced distinct changes in 

populations of both myeloid cells and lymphocytes (Fig. 4, B to D). Most prominently, 

E-301 affected macrophage populations, resulting in decreased frequencies of clusters 3 and 

6 (Fig. 4C, highlighted in blue) and an increase in cluster 14 (Fig. 4C, highlighted in red). 

Subsetting and reclustering of all macrophages yielded 21 TAM clusters (Fig. 4E), which 

again showed notable differences after desialylation (Fig. 4, F and G). Pathway enrichment 

analysis among all macrophages showed increases in pathways related to cell migration, 

as well as the response to chemokines and proinflammatory cytokines in E-301–treated 

tumors (fig. S4A). Our differential gene expression analysis revealed that tumors from 

untreated and E-301 LOF–treated mice predominantly contained immunosuppressive TAMs 

expressing a high abundance of genes characteristic of alternatively activated (M2-polarized) 

and proangiogenic macrophages, such as Arg1 or Mrc1 (CD206; clusters 5, 6, and 11; Fig. 

4H and fig. S4B). In contrast, E-301–treated tumors contained fewer immunosuppressive 

TAMs and instead displayed a distinct shift toward macrophages predominantly expressing 

antitumoral effector molecules, such as Il1b, Tnf, Cd80, and Arg2 (Fig. 4I, clusters 2 and 13, 

highlighted with black boxes).

Treatment with E-301 also affected intratumoral NK and T cell populations (fig. S4, C to G). 

Among NK cells (fig. S4C), desialylation increased the frequencies of all antitumoral NK 

cell subsets (fig. S4, D and E). Similarly, analysis of all T cells (fig. S4F) revealed decreases 

in naïve CD4+ T cells (CD4+ TN, cluster 7) and exhausted CD8+ T cells (CD8+ TEX, cluster 

8) and the expansion of effector CD8+ T cells (CD8+ TEFF, clusters 5 and 13) and both T 

helper 1 (TH1) and TH2 CD4+ T cells (CD4+ TH1 and TH2, clusters 4 and 6; fig. S4, G and 

H).

Tumor desialylation repolarizes TAMs in murine and human tumors

We confirmed our findings by flow cytometric immunophenotyping of established B16D5-

HER2 tumors, treated with two doses of E-301, E-301 LOF, or trastuzumab (Fig. 5A). We 

found a higher absolute number of both total CD45+ cells and CD8+ T cells in tumors 

treated with E-301 compared with the control-treated tumors (fig. S5A). In agreement with 

our scRNA-seq results, we further observed an increase in M1-polarized and a decrease in 

M2-polarized TAMs, evidenced both by major histocompatibility complex (MHC) II and 

CD206 staining (Fig. 5B) and by the expression of the activation marker CD80 (fig. S5B). 
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Consequently, the M1:M2 ratio was increased upon E-301 treatment (Fig. 5B). Similarly, 

DCs displayed an increase in the activation marker CD40 (fig. S5C). Last, CD8+ T cells 

showed increased expression of the effector molecules granzyme B and Ki67 (fig. S5D). 

Similar findings were made in EMT6-HER2 tumors (fig. S5E), with E-301 treatment 

resulting in a shift from M2- to M1-polarized TAMs (fig. S5F) and an increase in granzyme 

B– and Ki67-expressing CD8+ T cells (fig. S5G). Analysis of macrophages from ICB-

treated wild-type and GNE-KO tumors (fig. S5H) revealed a similar repolarization of TAMs 

in the desialylated tumors, which was further increased by ICB (fig. S5I). Restimulation of 

NK cells in single-cell suspensions of those tumors showed an increase in the frequency 

of IFN-γ+ NK cells in the GNE-KO tumors compared to the wild-type tumors but no 

further increase in combination with ICB (fig. S5J). Multiplex analysis of serum cytokine 

concentrations from E-301–treated mice bearing B16D5-HER2 tumors revealed increased 

concentrations of cytokines including IL-13, IL-3, IFN-α, IL-6, and IL-27 (fig. S5K).

To further study the cellular mechanism of tumor-targeted desialylation, we used an in vitro 

coculture of TAMs and T cells. Mice bearing established B16D5-HER2 tumors (500 mm3) 

were treated intraperitoneally with two doses of trastuzumab or E-301, and CD11b+ TAMs 

were bead-isolated 7 days after treatment. After a 48-hour coculture with naïve CD8 T 

cells, macrophage polarization, as well as T cell proliferation and activation, was measured 

(Fig. 5C). Treatment with E-301 resulted in an increase in M1-polarized and a decrease in 

M2-polarized TAMs (Fig. 5D). T cells cocultured with TAMs from E-301–treated tumors 

were more proliferative and showed increased expression of the activation markers CD25 

and granzyme B (Fig. 5E). Similarly, we cocultured bone marrow–derived macrophages 

(BMDMs) with E-301 LOF– or E-301– treated irradiated B16D5-HER2 tumor cells and 

proinflammatory macrophage activation measured by intracellular TNF staining (fig. S5L). 

Coculture with sialylated tumor cells led to a decrease in TNF expression, which was partly 

abrogated when desialylated tumor cells were used (fig. S5M). In addition, phagocytosis, 

measured by the macrophage-intrinsic fluorescence intensity of CypHer5E, a pH-sensitive 

fluorophore, was increased after intraperitoneal injection of desialylated CypHer5E-labeled 

MC38 GNE-KO tumor cells, compared to labeled wild-type MC38 cells (fig. S5N). This 

goes in line with previous work and the description of sialic acids as “do not eat me” 

signals (7) and supports our findings linking tumor sialylation to a protumorigenic TAM 

polarization.

Last, we wanted to test our findings using primary human LUSC samples. To that end, 

we isolated CD14+ TAMs from single-cell suspensions of primary human LUSC tumors, 

treated them with E-301 LOF or E-301, and cocultured them with autologous CD8 tumor-

infiltrating lymphocytes (TILs; Fig. 5F). Again, desialylation resulted in a shift of TAM 

polarization toward M1 (Fig. 5G), and CD8 TILs cocultured with desialylated macrophages 

proliferated more and expressed more CD25 (Fig. 5H). Coculture of monocyte-derived 

macrophages from healthy peripheral blood mononuclear cells (PBMCs) with autologous 

CD8 T cells showed a similar result, with desialylation resulting in a more proinflammatory 

macrophage phenotype and CD8 T cells cocultured with desialylated macrophages being 

more activated (fig. S5, O to Q). Together, these results demonstrate profound remodeling of 

the tumor immune microenvironment after therapeutic desialylation by E-301. The specific 

increase in antitumoral macrophage populations results in an overall shift in intratumoral 

Stanczak et al. Page 8

Sci Transl Med. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



macrophage polarization and augments the generation of an antitumoral CD8+ T cell 

response.

Efficacy of tumor-targeted sialidase is dependent on Siglec-E on TAMs

Next, we set out to identify the mechanism by which desialylation affects the polarization 

of intratumoral macrophages. To that end, we analyzed and compared the expression 

of the most common inhibitory CD33-related Siglecs, Siglece, Siglecf, and Siglecg, as 

well as Siglec1, in all TAMs in our scRNA-seq data, finding Siglece to be the most 

prominently expressed (Fig. 6A). Besides being broadly expressed on most TAMs, Siglece 
was most highly expressed on the antitumorigenic TAM cluster 13, which was strongly 

increased in E-301–treated tumors. This falls in line with previous results, showing it to 

be the most broadly expressed inhibitory Siglec in mice (4, 26). Further comparison of 

Siglece expression among all CD45+ cells confirmed it to be predominantly expressed 

on macrophages (Fig. 6B). To validate this finding at the protein level and to include 

granulocytes, which are commonly underrepresented in scRNA-seq, we used multicolor 

immunophenotyping of single-cell suspensions from both B16D5-HER2 and EMT6-HER2 

tumors. T-stochastic next neighbor dimensional reduction of 10 concatenated samples 

allowed the identification of all major intratumoral immune cell types, including M-MDSCs 

and PMN-MDSCs (Fig. 6C and fig. S6, A to D). Overlay of the intensity of anti–Siglec-E 

staining (Fig. 6D and fig. S6E) revealed the strongest expression of Siglec-E on TAMs 

and PMN-MDSCs (Fig. 6E). Among CD11b+ cells, Siglec-E expression coincided with the 

strongest expression of F4/80 and CD11c expression (fig. S6B).

To validate the role of Siglec-E as the receptor for tumor sialylation, we assessed the 

growth of subcutaneous B16D5-HER2 tumors in C57BL/6 mice lacking Siglec-E (EKO; 

Fig. 6F). Treatment of EKO mice bearing B16D5-HER2 tumors with E-301, E-301 LOF, 

or trastuzumab did not delay tumor growth (Fig. 6G and fig. S6F), supporting the role 

of Siglec-E in mediating the effects of desialylation. This finding was in accordance with 

earlier experiments (19). To further corroborate this result, we used MC38 GNE-KO tumor 

cells as a genetic model of desialylation (Fig. 6H). Again, whereas the growth of MC38 

GNE-KO tumors was delayed and survival prolonged in C57BL/6 mice when compared to 

wild-type MC38 tumors, no difference in tumor growth between MC38 and desialylated 

MC38 GNE-KO tumors was observed in EKO mice (Fig. 6I and fig. S6, G and H).

In a next step, we wanted to test the effect of TAM-specific loss of Siglec-E expression. 

To this end, we generated a new conditional KO mouse strain carrying two loxP sites 

flanking exons 1 to 3 of Siglece (Sigleceflox/flox, Elox; fig. S7). Crossing Elox mice with 

CD11ccre mice achieved conditional KO of Siglec-E on all CD11c+ cells (SigleceΔCD11c). 

Although CD11c is widely used as a marker for DCs, it is also described as a marker 

specific for TAMs (27), which we were able to confirm by finding the highest expression 

of Siglec-E among TAMs to coincide with the highest expression of CD11c (Fig. 6C and 

fig. S6B). Growth of MC38 tumors was delayed in SigleceΔCD11c mice, lacking Siglec-E 

on CD11c+ cells, compared to their SigleceWT control littermates (Fig. 6, J and K). Flow 

cytometric immunophenotyping of Siglec-E expression on tumor-infiltrating immune cells 

confirmed the loss of Siglec-E on both DCs and TAMs, as well as on PMN-MDSCs (Fig. 6L 
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and fig. S8A), whereas no difference was detected on lymphoid cells (fig. S8B). Although 

intratumoral macrophages and DCs showed comparable expression of Siglec-E, splenic 

macrophages expressed much less Siglec-E than splenic DCs and showed no reduction in 

Siglec-E expression in SigleceΔCD11c mice, whereas splenic DCs remained affected, further 

supporting the use of CD11ccre as a driver for TAM-specific KO (fig. S8C). Analysis of 

TAM phenotypes revealed a reduction in M2 polarization in SigleceΔCD11c tumors (Fig. 

6M). To address the potential contribution of DCs to the tumor growth delay in the CD11ccre 

model, we crossed Elox mice with Xcr1cre mice to obtain a cDC1-specific deletion of 

Siglec-E. In contrast to the delay observed in SigleceΔCD11c mice, SigleceΔXcr1 mice showed 

no difference in tumor growth compared to their SigleceWT littermate controls (fig. S8D).

We then tested whether TAM-specific loss of Siglec-E would affect the antitumor efficacy 

of therapeutic desialylation. Whereas treatment of SigleceWT mice with E-301 again delayed 

tumor growth, its effect was abrogated in SigleceΔCD11c mice (Fig. 6N and fig. S8E). 

However, in light of the pleiotropic cellular effects of the CD11ccre model, we wanted 

to further delineate the cellular mechanism underlying the effect of desialylation. To that 

end, we injected wild-type and GNE-KO MC38 tumor cells into C57BL/6 mice while 

depleting either Ly6G+ granulocytes or colony-stimulating factor 1 receptor 1–positive 

(CSF1R+) TAMs (Fig. 6O). Although both depletions delayed the growth of wild-type 

MC38 tumors, only anti-CSF1R treatment abrogated the growth delay of GNE-KO MC38 

tumors compared to wild-type MC38 tumors (Fig. 6, P and Q). These findings confirm that 

Siglec-E expression on TAMs is the main mechanistic driver in our tumor model.

Last, we again used an in vitro coculture of TAMs and CD8+ T cells. Here, we grew 

B16D5-HER2 tumors in SigleceWT or SigleceΔCD11c mice and bead-isolated CD11b+ 

TAMs. Macrophages were treated with E-301 LOF or E-301 in vitro and cocultured 

with CD8 T cells from naïve C57BL/6 mice for 48 hours in the presence of agonistic 

anti-CD3/28 antibodies (Fig. 6R). Treatment of SigleceWT, but not SigleceΔCD11c, TAMs 

with sialidase shifted macrophage polarization from M2 toward M1 (Fig. 6S) and increased 

T cell activation (Fig. 6T and fig. S8F).

Together, these experiments identify Siglec-E on TAMs as the receptor for tumor sialylation. 

Deletion of Siglec-E on all cells or TAMs specifically, as well as depletion of TAMs, 

delayed tumor growth, enhanced antitumor immunity, and abrogated the effects of both 

genetic and therapeutic desialylation.

Targeting tumor sialylation or Siglec-E enhances ICB

We then asked whether tumor-targeted desialylation could be combined with PD-1 and 

CTLA-4 blockade in the B16D5-HER2 model (Fig. 7A). Combination of E-301 with PD-1– 

and CTLA-4–blocking antibodies augmented the inhibition of tumor growth and delayed 

time to progression compared with both E-301 and ICB in combination with E-301 LOF 

(Fig. 7, B and C). This finding corroborated the benefits of combining desialylation and 

ICB, which we had observed using several genetic models of desialylation (Fig. 1, H to J). 

Together, these data clearly demonstrate an enhancing effect of targeting tumor sialylation 

and PD-1/CTLA-4 blockade.
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On the basis of our finding that Siglec-E mediates the effect of therapeutic desialylation, 

we wanted to test whether the loss of Siglec-E would similarly improve ICB efficacy. To 

that end, we inoculated MC38 tumors in both wild-type C57BL/6 and EKO mice (Fig. 

7D). PD-1 blockade was more efficacious in delaying tumor growth and prolonging survival 

in EKO mice than in wild-type C57BL/6 mice (Fig. 7, E and F). This effect was further 

enhanced when a combination of PD-1 and CTLA-4 blockade was used, with 14 of 18 

(78%) EKO mice rejecting their tumors, compared to 4 of 15 (27%) wild-type mice (Fig. 

7, G and H). These findings further support the sialoglycan-Siglec axis as a target for 

immunotherapy, as both genetic and therapeutic desialylation and loss of Siglec-E enhances 

ICB.

DISCUSSION

Because tumor sialylation dampens antitumor immune responses, targeting the sialoglycan-

Siglec axis has been proposed as a new immunotherapeutic approach. Our data provide 

mechanistic evidence for tumor sialylation–mediated immune suppression, demonstrate 

the efficacy and feasibility of therapeutic desialylation, and highlight its potential for 

use in combination with classical ICB. We show that inhibitory Siglec-E on TAMs is 

the main receptor for cancer-associated sialic acids and demonstrate specific antitumoral 

repolarization of TAMs upon tumor desialylation or loss of Siglec-E (fig. S9).

Specifically, we demonstrated that genetic and therapeutic desialylation of tumor cells 

delayed tumor growth, enhanced ICB, and resulted in an antitumorigenic polarization 

of TAMs. These findings confirm previous reports using a range of tumor models and 

experimental approaches (5, 17, 19, 28). Loss of Siglec-E abrogated the efficacy of 

therapeutic and genetic desialylation, and KO of Siglec-E on TAMs was sufficient to 

delay tumor growth and repolarize macrophages. This confirms and expands on work 

showing increased tumor growth and protumorigenic M2 macrophage polarization in 

tumors overexpressing a sialyltransferase. Mirroring our results, the effect was abrogated 

in Siglece−/− animals (12, 13). Desialylation of TAMs from primary human LUSC tumors 

resulted in a shift toward M1 polarization and increased T cell activation, corroborating 

data from human TAMs, showing a similar sialylation-dependent M2 polarization, which is 

mediated by human Siglec-7 and Siglec-9 and reversible by desialylation (9-11). In addition, 

we observed enhanced phagocytosis of desialylated tumor cells by macrophages, in line with 

previous work demonstrating sialidase treatment to increase phagocytosis of lymphocytes 

and the recent (29) description of human Siglec-10 as a receptor for do not eat me signals 

in cancer (7). Similarly, Siglec-2 (CD22) has been shown to mediate sialic acid–induced 

inhibition of microglial phagocytosis (30). At this time, it remains unclear whether either 

mechanism predominates in our models or whether other factors such as direct TAM–T cell 

interactions in the tumor microenvironment might be at play (31).

Other work using desialylated tumor cell lines or intratumoral administration of a 

fluorinated sialic acid mimetic, blocking de novo biosynthesis of sialoglycans, revealed 

similar antitumor immunity–promoting effects (5, 17, 28). The uptake of sialylated antigens 

by DCs was shown to enhance the induction of Tregs through engagement of Siglec-E, which 

might reflect the interactions between DCs and naïve CD4+ T cells in the hypersialylated 
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tumor microenvironment (18, 32). We observe a reduction in the frequency of naïve CD4+ 

cells upon E-301 treatment (fig. S4F). We recently described the up-regulation of human 

Siglec-9 and murine Siglec-E on tumor-infiltrating T cells in humans and mice (5, 16). 

This up-regulated expression dampens T cell activation in the presence of Siglec-ligands, 

which can be reversed by blockade of sialoglycan binding. It is conceivable that direct 

reinvigoration of T cell effector function in the tumor microenvironment might contribute to 

the results obtained in this work, as has been shown for N-glycan branching and chimeric 

antigen receptor (CAR) T cell function (33). Furthermore, a recent screen for surface 

proteins inhibiting T cell activation led to the identification of Siglec-15 as a potential target 

for cancer immunotherapy, which could be influenced by sialylation (34).

Besides binding to Siglecs, sialic acid–containing glycans could also inhibit adaptive 

immunity by acting as alternative ligands for CD28 and inhibiting CD28-CD80 interactions 

(35). In addition, sialylation can affect the stability of receptors (36), such as epidermal 

growth factor receptor 1, where it modulates signaling by mediating dimerization (37). 

Desialylation could further enhance the formation of galectin lattices by exposing 

underlying galactose residues (38). It is therefore possible that the effects of tumor 

desialylation extend beyond those mediated by Siglec receptors. However, our data point 

to Siglec-E–expressing TAMs being a main molecular and cellular mediator of desialylation 

of the tumor microenvironment. Combined, these findings suggest a clear role for tumor 

sialylation in dampening antitumor immune responses, both through direct action on T cells 

and indirectly by affecting the phenotypes of other tumor-infiltrating immune cells, such as 

DCs and TAMs.

Therapeutic targeting of the sialoglycan-Siglec axis can be achieved by either targeting 

of the sialic acid–containing ligands or the Siglec receptors. Although the latter can 

be accomplished using blocking antibodies (8), functional redundancy and potential 

compensation among the human Siglec repertoire might ultimately dampen the efficacy 

of such an approach. Therefore, direct targeting of tumor sialylation might prove a more 

effective option (19). Blocking tumor hypersialylation with chemical inhibitors of sialic acid 

biosynthesis results in pronounced desialylation, increased T cell infiltration, and CD8+ T 

cell–dependent delay in tumor growth (28). However, systemic application in mice leads 

to strong desialylation of all tissues, lasting up to several weeks, and is ultimately fatal, 

limiting the applicability of this approach to localized intratumoral applications (39). In 

addition, complete abrogation of tumor sialylation has been shown to induce apoptosis in 

CD8+ T cells, which might limit the efficacy of such approaches (40). In contrast, mice 

systemically injected with Vibrio cholerae sialidase only show transient toxicity, reflecting 

the short-lived nature of enzymatic desialylation (41). We demonstrate further reduced 

toxicity by targeting sialidase to tumor antigens, thereby restricting the sialidase activity to 

the tumor microenvironment. We suggest this approach to be favorable both in terms of 

antitumor efficacy and potential toxicity.

A limitation of our study is the requirement of a tumor antigen as the target for therapeutic 

desialylation. Here, we used HER2 as a well-studied cancer-associated antigen. Although 

HER2 targeting is effective and has improved the prognosis of patients with HER2-positive 

breast and gastric cancer (42), many cancer types lack a selectively and consistently 
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expressed target. Additional work will be needed to specify the requirements for cancer-

associated targets for therapeutic desialylation. The relative contributions of the desialylation 

of tumor cells and immune cells to the observed antitumor activity remain undefined. It 

remains unclear whether the desialylation of tumor cells is an essential prerequisite for the 

effectiveness of therapeutic desialylation or whether targeting of intratumoral immune cells 

might elicit comparable effects. This could open the possibility of constructing antibody-

sialidase constructs against antigens expressed on intratumoral immune cells, expanding the 

range of potential cancer types that may be targeted.

Our work demonstrates that therapeutic targeting of tumor sialylation is effective in vivo 

and enhances the efficacy of PD-1 and CTLA-4 blockade. Using scRNA-seq, we showed 

mechanistically how therapeutic desialylation repolarizes TAMs toward an antitumorigenic 

phenotype and augments the adaptive antitumor immune response. We identified inhibitory 

Siglec-E on TAMs as the main target of desialylation. Together, these results provide a 

strong rationale for the further clinical development of sialoglycan-Siglec targeting agents 

and their combination with PD-1– and CTLA-4–blocking immunotherapies.

MATERIALS AND METHODS

Study design

The purpose of this study was to evaluate the efficacy of therapeutic desialylation and 

to investigate the underlying mechanism of action. Mice bearing HER2-expressing tumors 

were treated with sialidase-trastuzumab fusion proteins, and tumor sizes were monitored 

over time. Where specified, tumors were harvested, and their immune compositions 

were analyzed by flow cytometry. Mice that developed ulcerations were excluded from 

experiments. All experiments were randomized and blinded where possible. Sample sizes 

were determined on the basis of expected effect sizes from pilot experiments. In general, 

group sizes of five or more mice were used. Differences in tumor growth were tested using 

two-way analyses of variance (ANOVAs), correcting for multiple measurements.

Mice

All mouse experiments were approved by the local ethics committee (approval 2747, 

Basel Stadt, Switzerland) and performed in accordance with the Swiss federal regulations. 

C57BL/6 and BALB/c mice were obtained from Janvier Labs (France) and bred in-

house at the Department of Biomedicine, University Hospital Basel, Switzerland. The 

full-body Siglec-E–deficient mouse strain (EKO) was received from A. Varki (University 

of California, San Diego) and had been previously described (43). EKO mice were bred 

in-house and backcrossed to the local C57BL/6 strain in heterozygous pairings for more 

than nine generations. Sigleceflox/flox mice were generated by Biocytogen as previously 

described (32). Itgaxcre (CD11ccre) mice were provided by D. Finke (University of Basel, 

Switzerland). Xcr1cre mice were a gift from T. Kaisho (Wakayama Medical University, 

Japan) (44). All animals were housed under specific pathogen–free conditions.
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Cells and cell culture

All cell lines were maintained in Dulbecco’s modified Eagle’s medium, supplemented with 

10% heat-inactivated fetal bovine serum (FBS; PAA Laboratories), 2 mM L-glutamine, 

1 mM sodium pyruvate, streptomycin (100 μg/ml), and penicillin (100 U/ml; Gibco). 

The B16D5-HER2, EMT6-HER2, EMT6-HER2 GNE-KO, and MC38 GNE-KO cell lines 

have been described previously (5, 45). The parental B16F10 cell line was obtained from 

the American Type Culture Collection, and the generation of B16F10 GNE-KO cells is 

described below. All cells were cultured at 37°C under 5% CO2 atmosphere and cultured for 

a minimum of three passages before being used.

Tumor models

For tumor experiments, 7- to 11-week-old mice were used. Sex-matched wild-type 

littermates were used as controls for all experiments involving transgenic mice. Experiments 

were approved by the local ethical committee (BS, cantonal number 3036). Tumor cell 

injections were performed as described previously (45). For the subcutaneous MC38 

and B16 models (wild-type, GNE-KO, and HER2 expressing), mice were subcutaneously 

injected with 500,000 tumor cells in phosphate-buffered saline (PBS) in their right flank 

or, in some cases, in both the right and left flanks. For the orthotopic EMT6 model, 

mice were injected with 1,000,000 EMT6 cells in PBS (wild-type, GNE-KO, and HER2 

expressing) in the right or left mammary fat pad of female BALB/c mice. Tumor size and 

overall health score, as well as body weights in some experiments, were measured and 

monitored three times per week. Perpendicular tumor diameters were measured using a 

caliper, and tumor volume was calculated according to the following formula: tumor volume 

(in mm3) = (d2 × D)/2, where d and D are the shortest and longest diameters (in mm) of 

the tumor, respectively. Mice were euthanized before the size of their tumors reached 1500 

mm3. Animals that developed ulcerated tumors were euthanized and excluded from further 

analysis.

In vivo treatments

Antibodies for in vivo depletion of CD8+ T cells (anti-mouse CD8a, 53-6.7), macrophages 

(anti-mouse CSF1R, AF598), and granulocytes (anti-mouse Ly6G, 1A8 and anti-rat kappa 

light chain, MAR 18.5), as well as in vivo immune checkpoint inhibitor (ICI) treatment 

(anti-mouse PD-1, RMP1-14 and anti-mouse CTLA-4, 9D9), were purchased from Bio X 

Cell. For T cell depletion, anti-CD8 depleting antibody was administered intraperitoneally at 

10 mg/kg on days −2 and 0 relative to the time of tumor cell injection, and depletion was 

maintained by weekly treatments throughout the duration of the experiment. Depletion of 

macrophages was achieved by intraperitoneal administration of anti-CSF1R antibody at 400 

μg per mouse twice per week, beginning on days −1 and +1 relative to the time of tumor 

cell injection. Granulocytes were depleted by a combination of rat anti-mouse Ly6G and 

anti-rat kappa light chain antibodies, both at 100 μg per mouse twice per week, following the 

same schedule used for macrophage depletion (46). For ICB experiments, treatments were 

administered intraperitoneally at 10 mg/kg once the tumors reached an average size of 80 to 

100 mm3, and a total of four doses were given every second to third day, unless specified 

otherwise. For 7-day treatments, tumors were allowed to grow until they reached a size of 
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about 500 mm3, and they were then treated intraperitoneally at 10 mg/kg for a total of two 

doses.

Antibody-sialidase constructs

The sequences encoding for E-301 and E-301-LOF containing Salmonella typhimurium 
sialidase were cloned into the mammalian expression vector pCEP4 (Thermo Fisher 

Scientific). Human embryonic kidney 293T cells were then transiently transfected with 

the DNA constructs using the Expi293 system and following standard protocols according 

to the manufacturer’s instructions (Thermo Fisher Scientific). Purification of E-301 and 

E-301 LOF was performed directly from transfection harvests using a HiTrap Protein A 

affinity column (GE Healthcare) and eluted with 1 M arginine (pH 3.9). Anion-exchange 

chromatography was used as a secondary purification method, and the final product was 

dialyzed into PBS (pH 7.4). The biochemical characterization of E-301 and E-301 LOF, 

including purity, HER2 binding affinity, and enzymatic activity, was conducted as described 

previously (25).

Generation of B16F10 GNE-KO tumor cells

KO of Gne in B16F10 tumor cells was performed using clustered regularly interspaced 

short palindromic repeats (CRISPR)–Cas9–mediated gene editing. Guide RNAs were 

designed online using E-CRISP (e-crisp.org), synthesized by Microsynth, and cloned into 

the pSpCas9(BB)-2A-GFP (green fluorescent protein) (PX458) vector, which is a gift 

from F. Zhang (Massachusetts Institute of Technology; Addgene plasmid #48138; http://

n2t.net/addgene:48138; RRID: Addgene_48138) (47). The parental cell line was transiently 

transfected, and single GFP+ cells were sorted into 96-well plates. After their recovery and 

expansion, individual clones were screened for cell surface sialylation by lectin staining, 

and candidates were confirmed to be GNE-KO. Multiple GNE-KO clones were selected and 

pooled to avoid clonal effects. The wild-type parental cell line and transfected and sorted 

clones showing normal cell surface sialylation were used as controls. Cell surface sialylation 

was analyzed by flow cytometry using lectin staining.

Tumor digests

Primary tumor samples were collected during surgery. Sample collections were approved 

by the local ethical committee [Ethikkom-mission Nordwestschweiz (EKNZ) 2018-01990]. 

For the preparation of single-cell suspensions from both human and mouse tumors, tumors 

were collected, and surgical specimens were mechanically dissociated and subsequently 

digested using Accutase (PAA Laboratories), collagenase IV (Worthington), hyaluronidase 

(Sigma-Aldrich), and deoxyribonuclease type IV (Sigma-Aldrich) for 1 hour at 37°C under 

constant agitation. Cell suspensions were filtered through a 70-μm mesh, and for the analysis 

of tumor-infiltrating immune cells, CD45+ cells were further enriched by Histopaque-1119 

density gradient centrifugation (Sigma-Aldrich). Splenocytes were isolated by mechanical 

disruption using the end of a 1-ml syringe, filtration through a 70-μm mesh, and lysis of red 

blood cells using red blood cell lysis buffer (eBioscience). Samples were frozen in 90% FBS 

and 10% dimethyl sulfoxide and stored in liquid nitrogen until the time of analysis.
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Multicolor flow cytometry

Flow cytometry was performed on single-cell suspensions of cell lines, blood samples, 

splenocytes, and tumor digests with the antibodies listed in tables S1 and S2. To prevent 

unspecific staining, cells were initially blocked with anti-mouse Fcγ III/II receptor (CD16/

CD32) antibodies, and dead cells were excluded by staining with a fixable live/dead cell 

exclusion dye (BioLegend). Then, cell suspensions were stained for cell surface antigens 

with primary fluorophore-conjugated antibodies for 20 min at 4°C in fluorescence-activated 

cell sorting (FACS) buffer (PBS, 2% FBS, and 0.5 mM EDTA). Stained samples were fixed 

with IC fixation buffer (eBioscience) until the time of analysis. For intracellular antigens 

(IL-2, IFN-γ, TNF, FoxP3, and Ki67), cells were first stained against cell surface antigens, 

fixed, and permeabilized (eBioscience) followed by staining with antibodies directed against 

intracellular antigens. For intracellular cytokine staining, single-cell suspensions of tumor 

digests were restimulated ex vivo with phorbol 12-myristate 13-acetate (20 ng/ml) and 

ionomycin (500 μg/ml) for 6 hours, and brefeldin A (BD Pharmingen) was added for the last 

4 hours. All samples were acquired on a LSRII Fortessa flow cytometer (BD Biosciences) 

or Cytek Aurora (Cytek Biosciences) and analyzed using FlowJo 10.3 (TreeStar Inc.) after 

sequential doublet exclusion [forward scatter (FSC)–area (A) versus FSC-height (H) and 

side scatter (SSC)–A versus SSC-W] and live/dead cell discrimination.

Lectin staining

For analysis of lectin binding by immunofluorescence, frozen sections of optimal 

cutting temperature compound–embedded tumors were cut and prepared using a cryostat. 

Biotinylated PNA, MAL II, SNA, and ConA lectins (Vector Laboratories) were used at 10 

μg/ml and incubated in FACS buffer for 20 min at 4°C. Binding of lectins for microscopy 

was then detected by incubation with Streptavidin-Cy3, quantified, and normalized to the 

respective area of 4′,6-diamindino-2-phenylindole staining. For flow cytometric analysis 

of lectin binding, single-cell suspensions of tumor digests were blocked, live/dead stained, 

and incubated with biotinylated lectins at 10 μg/ml. After detection using streptavidin–

phycoerythrin (PE)–Cy7, samples were fixed (IC fixation buffer, eBioscience) and acquired 

on a CytoFLEX flow cytometer (Beckman Coulter). Lectin staining was quantified after 

doublet and live/dead exclusion using the geometric mean fluorescence intensity. ConA was 

used as a sialic acid–independent control. A direct staining with PNA-PE (GeneTex) was 

used to assess desialylation of intratumoral immune cells.

Multiplex cytokine measurements

Cytokine concentrations in the serum of B16D5-HER2–bearing C57BL/6 mice were 

measured 7 days after treatment with E-301, E-301 LOF, and trastuzumab. Blood was 

collected retro-orbitally at the time of euthanasia and clotted for a minimum of 30 min in 

Microvette 200 Z-Gel tubes containing a clotting activator (Sarstedt). Clotted samples were 

centrifuged at 10,000g for 10 min at room temperature and frozen at −80°C. Measurement 

of cytokine concentrations was performed using the Luminex Cytokine & Chemokine 36-

Plex Mouse ProcartaPlex Panel 1A kit (Thermo Fisher Scientific). Statistical significance 

was determined using multiple unpaired t tests with post hoc Bonferroni’s correction for 

multiple comparisons.
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Generation of sialylation gene expression signatures from TCGA data

First, a set of genes involved in sialic acid biosynthesis and metabolism was generated by 

merging genes from the Reactome gene set “sialic acid metabolism” (ID R-HSA-4085001) 

and the Gene Ontology gene set “sialylation” (ID GO:0097503). The merged gene set 

contained the following genes: ST3GAL3, ST6GALNAC5, ST6GAL-NAC3, ST3GAL5, 
ST6GAL2, ST3GAL6, ST6GAL1, ST8SIA4, ST3GAL1, ST6GALNAC4, ST6GALNAC6, 
ST8SIA6, ST3GAL4, ST8SIA1, ST8SIA2, ST3GAL2, ST6GALNAC2, ST6GALNAC1, 
ST8SIA5, ST8SIA3, C20orf173, NPL, NEU2, NEU4, GLB1, NEU1, SLC17A5, SLC35A1, 
GNE, NANS, NEU3, CMAS, NANP, and CTSA. The immune gene set used was described 

previously and contains 3021 immune-related genes (22). The fragments per kilo-base of 

transcript per million mapped reads upper quartile (FPKM-UQ) gene expression values 

of the TCGA database were retrieved with TCGAbiolinks (48). The log2 FPKM-UQ 

expression of each sialylation-associated gene was Pearson correlated with the expression of 

each immune-related gene using the solid cancers from the TCGA dataset. The correlation 

begin{bmatrix} was used as input for k-means clusterings using k values ranging from 

1 to 10. The clustering was done with the kmeans function in R using the following 

settings: nstart = 50 and iter.max = 15. The elbow method indicated that k = 5 minimized 

total intracluster variation; hence, a total of five sialylation clusters (gene sets) were kept 

for further analyses. Median expression values of each gene set were used for statistical 

analyses.

Survival analysis of TCGA data

For each cancer type, the median of the expression values of the genes in each gene set was 

calculated. Patient data were divided into quartiles based on their expression values (low, 

intermediate-low, intermediate-high, and high). Survival analysis was performed for all five 

clusters.

Correlation with immune cell proportions, immune gene sets from Reactome, and T cell 
dysfunction and exhaustion scores

The median log2 FPKM-UQ expression of gene set 1 was Pearson correlated with the 

proportion of 10 immune cell types. The proportions of immune cells were adopted from 

The Cancer Immunome Atlas database (https://tcia.at/cellTypeFractions). The proportions 

used were retrieved using the method “quanTIseq lsei TIL10.” Relevant immune gene sets 

were selected from the Reactome database. The median log2 FPKM-UQ expression of each 

sialylation gene of a gene set was Pearson correlated with each gene from the respective 

immune gene set. The mean of all absolute correlation coefficients was calculated to obtain a 

correlation score. The median log2 FPKM-UQ gene set 1 expression from the TCGA LUSC 

and KIRC datasets was Pearson correlated with published T cell dysfunction and exclusion 

scores (24).

Tissue microarray analysis

The tissue microarray HKid-CRCC150CS-01, containing 75 cores of KIRC tumors with 

adjacent control tissue and survival information, was obtained from Biomax. Patient 

characteristics including age, sex, grade, stage, and outcome are publicly available at 
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www.biomax.us/tissue-arrays/Kidney/HKid-CRCC150CS-01. Slides were deparaffinized 

and stained with a hexameric Siglec-9 Fc construct (HYDRA, Palleon Pharmaceuticals) 

(23). Binding was detected and visualized by immunohistochemistry; slides were scanned, 

and staining intensities were quantified using Fiji (ImageJ). Patients were linearly divided 

into tertiles based on their staining intensities, and survival analysis was performed.

Patient samples

The local ethics committee in Basel, Switzerland approved the sample collection and the use 

of the corresponding clinical data (EKNZ, Basel Stadt, Switzerland). Informed consent was 

obtained from all patients before sample collection. Tumor samples were collected locally at 

the thoracic surgery of the University Hospital Basel, digested and processed as described 

above, and frozen as single-cell suspensions.

Human tumor-infiltrating T cell stimulation

Single-cell suspensions of human tumor digests were prepared as described above, thawed, 

and seeded in RPMI 1640 medium supplemented with 10% heat-inactivated FBS (PAA 

Laboratories), 2 mM L-glutamine, 1 mM sodium pyruvate, streptomycin (100 μg/ml), 

and penicillin (100 U/ml) (all Gibco). The cells were then treated with V. cholerae 
neuraminidase (10 mU/ml; Roche) for 48 hours. Supernatants were frozen at −80°C, and 

the cells were stained for markers of T cell activation.

Generation of conditional Siglec-E KO mice

Conditional Sigleceflox/flox C57BL/6 mice (Elox mice) were generated by the introduction 

of two loxP sites flanking exons 1 to 3 of Siglece using CRISPR-Cas9 (fig. S7). Specific 

deletion of Siglec-E in TAMs was achieved by breeding Sigleceflox/flox mice with Itgaxcre 

mice. Cre-negative littermates were used as controls. Conditional KO was confirmed by flow 

cytometry (Fig. 6L).

Analysis of scRNA-seq data

Samples were demultiplexed and aligned using Cell Ranger 6.1 (10X Genomics) to genome 

build GRCm38 to obtain a raw read count begin{bmatrix} of barcodes corresponding to 

cells and features corresponding to detected genes. High-quality sequenced libraries had 

comparable technical characteristics. Read count matrices were processed, analyzed, and 

visualized in R v.4.0.0 (R Core Team, 2013) using Seurat v.4 (49) with default parameters 

in all functions, unless specified. Cells with more than 200 detected genes were initially 

retained, and then those with greater than 10% of mitochondrial genes as a fraction of 

all detected genes were removed from the analysis. These latter low-quality cells also 

displayed low total unique molecular identifier counts. Filtered samples were normalized 

using a regularized negative binomial regression (SCTransform) (50) and integrated with the 

reciprocal principal components analysis approach followed by mutual nearest neighbors, 

using 50 principal components. Integrated gene expression matrices were visualized with a 

uniform manifold approximation and projection (UMAP) (51) as a dimensionality reduction 

approach. Resolution for cell clustering was determined by evaluating hierarchical clustering 

trees at a range of resolutions (0 to 1.2) with Clustree (52), selecting a value inducing 
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minimal cluster instability. Datasets were subset to include only specific cells based on 

gene expression. Subset datasets were then split along conditions and processed anew as 

described above.

Differentially expressed genes between clusters were identified as those expressed in at 

least 25% of cells with a greater than 0.3 natural log fold change and an adjusted P value 

of less than 0.01, using the FindMarkers function in Seurat v.4 with all other parameters 

set to default. The dataset was uploaded to Gene Expression Omnibus (accession number 

GSE208133).

Mouse coculture model

To study macrophage–T cell interactions, mice bearing established B16D5-HER2 tumors 

were treated with two injections of trastuzumab or E-301 (10 mg/kg) when tumors reached 

about 500 mm3. CD11b+ intratumoral macrophages were bead-isolated using the EasySep 

positive selection kit (STEMCELL Technologies). In some experiments, SigleceΔCD11c mice 

were used to generate TAMs lacking Siglec-E expression. CD8+ T cells were bead-isolated 

with an EasySep positive selection kit (STEMCELL Technologies) from the spleens of 

naïve C57BL/6 mice and T cells labeled with CellTrace Violet per the manufacturer’s 

instructions (Invitrogen). Isolated TAMs were cultured overnight, and attached cells were 

analyzed for their polarization or cocultured for 48 hours at a 1:5 ratio with CD8+ T cells, 

in the presence of agonistic anti-CD3 (2.5 μg/ml; BioLegend) and anti-CD28 (5 μg/ml; BD 

Biosciences) antibodies (table S3), at which point T cell activation was analyzed. TAMs 

from SigleceΔCD11c mice were treated with E-301 or E-301 LOF during their overnight 

culture, as well as during the coculture with CD8+ T cells.

BMDMs were generated by plating bone marrow cells freshly isolated from tibias and 

femurs into 10-cm dishes. Cells were maintained in RPMI 1640 medium (Sigma-Aldrich) 

supplemented with 10% heat-inactivated FBS (PAA Laboratories), 1 mM sodium pyruvate 

(Gibco), 1× MEM Non-essential Amino Acid Solution (Sigma-Aldrich), streptomycin (100 

μg/ml), penicillin (100 U/ml; Gibco), 0.05 mM 2-mercaptoethanol (Gibco), and mouse 

macrophage colony-stimulating factor (M-CSF; 10 ng/ml; PeproTech) for 5 days. BMDMs 

were incubated with lipopolysaccharide (40 ng/ml) and IFN-γ (100 ng/ml) or IL-4 (20 

ng/ml) and irradiated B16D5-HER2 tumor cells (5 grays) for 24 hours at a 1:2 ratio in the 

presence of E-301 or E-301 LOF.

Human coculture model

For the coculture of human monocyte-derived macrophages (momacs), human PBMCs 

were isolated by density gradient centrifugation using Histopaque-1077 (Sigma-Aldrich) 

from buffy coats obtained from healthy blood donors (Blood Bank, University Hospital 

Basel, Switzerland). Macrophages were differentiated by culturing adherent monocytes with 

human M-CSF (10 ng/ml; PeproTech) for 7 days. Autologous human T cells were isolated 

from frozen PBMCs of matched samples using the EasySep Human T cell isolation kit 

(STEMCELL Technologies) according to the manufacturer’s instructions. T cells were 

stained with CellTrace Violet per the manufacturer’s instructions (Invitrogen) for 20 min 

at 37°C, and cells were washed twice with complete medium. T cells were cultured 
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either alone or cocultured with mo-macs (1:5 ratio), and T cell activation and proliferation 

were induced by ImmunoCult Human, anti-CD3/CD28/CD2 T cell activator (25 μl/ml; 

STEMCELL Technologies; table S3), and IL-2 (100 IU/ml; Proleukin).

In the case of primary LUSC tumors, CD14+ TAMs were bead-isolated using an EasySep 

positive selection kit (STEMCELL Technologies), cultured overnight in the presence of 

E-301 or E-301 LOF to adhere, washed, and analyzed for macrophage polarization. 

Adherent TAMs were cocultured with autologous CD8+ TILs (1:5 ratio) for 5 days in 

the presence of E-301 LOF or E-301. T cells were labeled with CellTrace Violet per 

the manufacturer’s instructions, and proliferation was induced by ImmunoCult Human anti-

CD3/CD28/CD-2 cell activator (25 μl/ml; STEMCELL Technologies) and IL-2 (100 IU/ml; 

Proleukin).

Glycan extraction and MS

The enzymatic release, extraction, reduction, and purification of glycans were as described 

previously with slight modifications (53, 54). Briefly, confluent cells were harvested with 

a non-enzymatic method, such as scraping from plates using cell dissociation buffer 

(13151014, Gibco) for 5 to 10 min. The cell pellet was then washed three times with 

PBS. The cells were then lysed using radio-immunoprecipitation assay (RIPA) buffer 

(Genesearch; catalog no. 9806S) in the presence of complete protease inhibitor cocktail 

(CO-RO, Roche or 11697498001, Merck). A volume of 500 μl of RIPA buffer was added 

to each tube and left at 4°C overnight with periodic gentle shaking. The samples were 

then sonicated for 30 min in a sonication bath. The cell lysis was then centrifuged at 4°C 

for 10 min at 16,000g, and the supernatant was collected in a new microfuge tube. The 

supernatant containing the cell lysate was subjected to chlorform:methanol:water (1:2:2) 

extraction to separate the lipids, glycolipids, and proteins. Samples were briefly vortexed 

and then incubated on ice for 1 hour. They were then centrifuged for 20 min at 10,000 

rpm. The aqueous top layer was removed followed by the addition of two volumes of 

methanol to precipitate the proteins. The precipitated protein pellet was resuspended in 200 

μl of 4 M urea and quantified using a bicinchoninic acid assay. Protein lysate (20 μg) from 

each sample and replicates (n = 3) were dot blotted onto an ethanol-wetted polyvinylidene 

fluoride (PVDF) membrane and dried overnight at room temperature. The PVDF membrane 

was then washed in methanol for 15 min at room temperature with shaking, followed by 

water for 15 min at room temperature with shaking. To visualize the immobilized protein, 

the membrane was stained with direct blue staining solution and then destained. Individual 

sample spots 6 mm in diameter were excised from the PVDF membrane and submerged into 

wells containing 100 μl of 1% polyvinylpyrrolidon (PVP) 40, where they were incubated for 

5 min, and then washed thrice with 200 μl of water. N-linked glycans were enzymatically 

released using peptide N-glycosidase F (2 μl of 1000 U; New England Biolabs), and 28 

μl of water was added to each well and incubated overnight at 37°C. The wells were then 

rinsed with 50 μl of water, and the solutions were collected in individual microfuge tubes. 

The samples were then acidified with 10 μl of 100 mM ammonium acetate (pH 5) and 

incubated for an additional 1 hour at room temperature. Released N-glycans were reduced 

under alkaline conditions by the addition of 20 μl of 1.25 M NaBH4 in 100 mM KOH 
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and incubated for 3 hours at 50°C. After cooling to room temperature, the reaction was 

neutralized with 2 μl of glacial acetic acid.

Sodium salts of N-glycan solutions were removed by passage through and subsequent 

washing of cation exchange microcolumns constituted by packing 50 μl of Dowex 50W 

X8 (Sigma-Aldrich) in a ZipTip C18 tip (Merck Millipore), activated with 50 μl of 1 

M HCl, followed by washing with methanol and water before addition of the sample. 

Reduced sample solutions were passed through the prepared columns using a bench top 

microcentrifuge at full speed for 15 to 30 s. Sodium-desalted samples were vacuum dried in 

a SpeedVac Concentrator (Thermo Fisher Scientific). Samples were then dried three times 

with the consecutive additions of 200 μl of methanol to remove residual borate.

The desalted samples were further purified by homemade porous graphitized carbon (PGC) 

stage tips. Columns were created with 10 μl of PGC material from Extract Clean Carbograph 

cartridges in methanol, deposited onto a ZipTip C18 tip. The columns were conditioned 

by initially washing with elution buffer [80% (v/v) acetonitrile (ACN) and 0.1% (v/v) 

trifluoroacetic acid (TFA)] and subsequently equilibrated in loading buffer [0.1% (v/v) 

TFA]. Dried sample was dissolved in 50 μl of loading buffer and passed through the 

prepared columns, with flowthrough reloaded into the columns. Enriched glycans were 

eluted in 50 μl of elution buffer and vacuum dried. Dried, purified glycans were stored at 

−20°C until analysis using MS analysis.

Purified glycans were resuspended in 30 μl of water before MS analysis. Sample 

handling and injections were performed using Ultimate 3000 ultrahigh-performance liquid 

chromatography (Thermo Fisher Scientific). Samples were injected in loading buffer (10 

mM NH4HCO3) through a PGC precolumn (3 μm, Hypercarb, 320 μm inside diameter × 100 

mm) at a flow rate of 1 μl/min and subsequently through a PGC analytical column (3 μm, 

Hypercarb, 75 μm inside diameter × 100 mm) at a flow rate of 300 nl/min. Chromatographic 

separation was achieved using a 95-min gradient for N-glycans [0 to 70% (v/v) ACN]. The 

eluting glycans were detected using an amaZon electron transfer dissociation speed ion trap 

(Bruker) in the negative ion mode using a captive spray source. A mass/charge ratio range 

of 500 to 1800 was fixed for data-dependent precursor scanning. Both MS and tandem MS 

(MS/MS) data were recorded in the instrument’s ultrascan mode with an ion charge control 

target of 20,000 and accumulation time of 200 ms. Capillary exit voltage was set to 140 V, 

dry gas temperature at 77°C, and flow rate of 300 liters/min. High-voltage (HV) capillary 

was set to 1300 V, and HV end plate was offset to 500 V. Collision-induced dissociation 

fragmentation was performed on the five most intense precursors of each MS scan.

Data analyses were carried out in Compass Data Analysis 4.2 (Bruker Corporation) for 

manual glycan structural assignment and confirmation and in Byologic Software (Protein 

Metrics) for quantitation. Quantitation was performed for each isomer identified by MS/MS 

spectra and retention time by calculating the area under the curve.

Statistical analyses

Raw, individual-level data are presented in data file S1. Statistical analyses were performed 

using Prism 9.0 (GraphPad). Comparisons between two groups were performed using paired 
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or unpaired two-tailed Student’s t test. Differences among more than two groups were 

assessed using one- or two-way nonparametric ANOVA, followed by post hoc corrections 

for multiple comparisons (Tukey’s, Bonferroni’s, or Šidák’s). Survival data were analyzed 

using the log-rank (Mantel-Cox) or the Gehan-Wilcoxon test with post hoc Bonferroni’s 

correction for multiple comparisons, and the multivariate analysis of gene set 1 expression 

on patient survival was performed by Cox proportional hazard analysis. A P value <0.05 

was considered statistically significant (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 

0.0001). n indicates the number of biological replicates, all bars within the graphs represent 

mean values, and the error bars represent SEMs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

The results shown here are, in part, based on data generated by the TCGA Research Network: www.cancer.gov/
tcga. We thank P. Herzig, R. Ritschard, and M. Buchi for technical assistance. We thank J. Fridén for work on the 
graphical summary and P. Apostolova for critical feedback. We also thank all the patients who allowed us to use 
their materials and made this work possible.

Funding:

This work was supported by funding from the Goldschmidt-Jacobson Foundation (to H.L.), Promedica Foundation 
(to M.A.S. and A.Z.), Krebsliga Beider Basel (KLBB; to H.L. and M.A.S.), Lichtenstein Foundation (to H.L.), 
Schoenemakers-Müller Foundation (to H.L.), Swiss National Science Foundation (SNSF Nr. 310030_184720/1 
to H.L.), German Research Foundation (DFG) under Germany’s Excellence Strategy (CIBSS EXC-2189 Project 
ID 390939984 to D.E.S.), and the Max Planck Society (to E.L.P.), as well as a grant from the NIH (no. NIH 
CA227942 to C.R.B.). Researchers were also supported by the NSF Graduate Research Fellowship (to M.A.G.) and 
the Stanford ChEM-H Chemistry/Biology Interface Predoctoral Training Program (to M.A.G.), as well as the Swiss 
Government Excellence Scholarship for Foreign Scholars and Artists (to N.R.M.) and the Conselho Nacional de 
Desenvolvimento Científıco e Tecnológico (to N.R.M.).

Data and materials availability:

All data associated with this study are present in the paper or the Supplementary Materials. 

The scRNA-seq data generated and analyzed in this manuscript can be accessed at the 

Gene Expression Omnibus under accession number GSE208133. Code used for the analysis 

of the scRNA-seq data, as well as the TCGA gene expression database, is available at 

https://doi.org/10.5281/ZENODO.7116858. Reagents will be made available to the scientific 

community by contacting the corresponding authors and completion of a material transfer 

agreement.

REFERENCES AND NOTES

1. Wei SC, Duffy CR, Allison JP, Fundamental mechanisms of immune checkpoint blockade therapy. 
Cancer Discov. 8, 1069–1086 (2018). [PubMed: 30115704] 

2. Topalian SL, Drake CG, Pardoll DM, Immune checkpoint blockade: A common denominator 
approach to cancer therapy. Cancer Cell 27, 450–461 (2015). [PubMed: 25858804] 

3. Chen DS, Mellman I, Elements of cancer immunity and the cancer-immune set point. Nature 541, 
321–330 (2017). [PubMed: 28102259] 

4. Fraschilla I, Pillai S, Viewing Siglecs through the lens of tumor immunology. Immunol. Rev 276, 
178–191 (2017). [PubMed: 28258691] 

Stanczak et al. Page 22

Sci Transl Med. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.cancer.gov/tcga
http://www.cancer.gov/tcga


5. Stanczak MA, Siddiqui SS, Trefny MP, Thommen DS, Boligan KF, von Gunten S, Tzankov A, 
Tietze L, Lardinois D, Heinzelmann-Schwarz V, von Bergwelt-Baidon M, Zhang W, Lenz H-J, 
Han Y, Amos CI, Syedbasha M, Egli A, Stenner F, Speiser DE, Varki A, Zippelius A, Läubli H, 
Self-associated molecular patterns mediate cancer immune evasion by engaging Siglecs on T cells. 
J. Clin. Invest 128, 4912–4923 (2018). [PubMed: 30130255] 

6. Läubli H, Pearce OMT, Schwarz F, Siddiqui SS, Deng L, Stanczak MA, Deng L, Verhagen A, 
Secrest P, Lusk C, Schwartz AG, Varki NM, Bui JD, Varki A, Engagement of myelomonocytic 
Siglecs by tumor-associated ligands modulates the innate immune response to cancer. Proc. Natl. 
Acad. Sci. U.S.A 111, 14211–14216 (2014). [PubMed: 25225409] 

7. Barkal AA, Brewer RE, Markovic M, Kowarsky M, Barkal SA, Zaro BW, Krishnan V, Hatakeyama 
J, Dorigo O, Barkal LJ, Weissman IL, CD24 signalling through macrophage Siglec-10 is a target for 
cancer immunotherapy. Nature 572, 392–396 (2019). [PubMed: 31367043] 

8. Ibarlucea-Benitez I, Weitzenfeld P, Smith P, Ravetch JV, Siglecs-7/9 function as inhibitory immune 
checkpoints in vivo and can be targeted to enhance therapeutic antitumor immunity. Proc. Natl. 
Acad. Sci. U.S.A 118, e2107424118 (2021). [PubMed: 34155121] 

9. Rodriguez E, Boelaars K, Brown K, Eveline Li RJ, Kruijssen L, Bruijns SCM, van Ee T, Schetters 
STT, Crommentuijn MHW, van der Horst JC, van Grieken NCT, van Vliet SJ, Kazemier G, 
Giovannetti E, Garcia-Vallejo JJ, van Kooyk Y, Sialic acids in pancreatic cancer cells drive tumour-
associated macrophage differentiation via the Siglec receptors Siglec-7 and Siglec-9. Nat. Commun 
12, 1270 (2021). [PubMed: 33627655] 

10. Beatson R, Tajadura-Ortega V, Achkova D, Picco G, Tsourouktsoglou TD, Kiausing S, Hillier M, 
Maher J, Noll T, Crocker PR, Taylor-Papadimitriou J, Burchell JM, The mucin MUC1 modulates 
the tumor immunological microenvironment through engagement of the lectin Siglec-9. Nat. 
Immunol 17, 1273–1281 (2016). [PubMed: 27595232] 

11. Beatson R, Graham R, Grundland Freile F, Cozzetto D, Kannambath S, Pfeifer E, Woodman N, 
Owen J, Nuamah R, Mandel U, Pinder S, Gillett C, Noll T, Bouybayoune I, Taylor-Papadimitriou 
J, Burchell JM, Cancer-associated hypersialylated MUC1 drives the differentiation of human 
monocytes into macrophages with a pathogenic phenotype. Commun. Biol 3, 644 (2020). 
[PubMed: 33149188] 

12. Friedman DJ, Crotts SB, Shapiro MJ, Rajcula M, McCue S, Liu X, Khazaie K, Dong H, Shapiro 
VS, ST8Sia6 promotes tumor growth in mice by inhibiting immune responses. Cancer Immunol. 
Res 9, 952–966 (2021). [PubMed: 34074677] 

13. Friedman DJ, Kizerwetter M, Belmonte P, Rajcula M, Theodore K, Kim Lee HS, Shapiro MJ, 
Dong H, Shapiro VS, Cutting edge: Enhanced antitumor immunity in ST8Sia6 knockout mice. J. 
Immunol 208, 1845–1850 (2022). [PubMed: 35379746] 

14. Hudak JE, Canham SM, Bertozzi CR, Glycocalyx engineering reveals a Siglec-based mechanism 
for NK cell immunoevasion. Nat. Chem. Biol 10, 69–75 (2014). [PubMed: 24292068] 

15. Jandus C, Boligan KF, Chijioke O, Liu H, Dahlhaus M, Demoulins T, Schneider C, Wehrli M, 
Hunger RE, Baerlocher GM, Simon HU, Romero P, Munz C, von Gunten S, Interactions between 
Siglec-7/9 receptors and ligands influence NK cell-dependent tumor immunosurveillance. J. Clin. 
Invest 124, 1810–1820 (2014). [PubMed: 24569453] 

16. Haas Q, Boligan KF, Jandus C, Schneider C, Simillion C, Stanczak MA, Haubitz M, Seyed Jafari 
SM, Zippelius A, Baerlocher GM, Laubli H, Hunger RE, Romero P, Simon HU, von Gunten S, 
Siglec-9 regulates an effector memory CD8+ T-cell subset that congregates in the melanoma tumor 
microenvironment. Cancer Immunol. Res 7, 707–718 (2019). [PubMed: 30988027] 

17. Perdicchio M, Cornelissen LAM, Streng-Ouwehand I, Engels S, Verstege MI, Boon L, Geerts 
D, van Kooyk Y, Unger WWJ, Tumor sialylation impedes T cell mediated anti-tumor responses 
while promoting tumor associated-regulatory T cells. Oncotarget 7, 8771–8782 (2016). [PubMed: 
26741508] 

18. Perdicchio M, Ilarregui JM, Verstege MI, Cornelissen LA, Schetters ST, Engels S, Ambrosini M, 
Kalay H, Veninga H, den Haan JM, van Berkel LA, Samsom JN, Crocker PR, Sparwasser T, Berod 
L, Garcia-Vallejo JJ, van Kooyk Y, Unger WW, Sialic acid-modified antigens impose tolerance via 
inhibition of T-cell proliferation and de novo induction of regulatory T cells. Proc. Natl. Acad. Sci. 
U.S.A 113, 3329–3334 (2016). [PubMed: 26941238] 

Stanczak et al. Page 23

Sci Transl Med. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Gray MA, Stanczak MA, Mantuano NR, Xiao H, Pijnenborg JFA, Malaker SA, Miller CL, 
Weidenbacher PA, Tanzo JT, Ahn G, Woods EC, Laubli H, Bertozzi CR, Targeted glycan 
degradation potentiates the anticancer immune response in vivo. Nat. Chem. Biol 16, 1376–1384 
(2020). [PubMed: 32807964] 

20. Duan S, Paulson JC, Siglecs as immune cell checkpoints in disease. Annu. Rev. Immunol 38, 
365–395 (2020). [PubMed: 31986070] 

21. Manni M, Läubli H, Targeting glyco-immune checkpoints for cancer therapy. Expert Opin. Biol. 
Ther 21, 1063–1071 (2021). [PubMed: 33502268] 

22. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Yang THO, Porta-Pardo E, Gao GF, 
Plaisier CL, Eddy JA, Ziv E, Culhane AC, Paull EO, Sivakumar IKA, Gentles AJ, Malhotra R, 
Farshidfar F, Colaprico A, Parker JS, Mose LE, Vo NS, Liu J, Liu Y, Rader J, Dhankani V, 
Reynolds SM, Bowlby R, Califano A, Cherniack AD, Anastassiou D, Bedognetti D, Rao A, Chen 
K, Krasnitz A, Hu H, Malta TM, Noushmehr H, Pedamallu CS, Bullman S, Ojesina AI, Lamb A, 
Zhou W, Shen H, Choueiri TK, Weinstein JN, Guinney J, Saltz J, Holt RA, Rabkin CE; Cancer 
Genome Atlas Research Network, Lazar AJ, Serody JS, Demicco EG, Disis ML, Vincent BG, 
Shmulevich L, The immune landscape of cancer. Immunity 48, 812–830.e14 (2018). [PubMed: 
29628290] 

23. Petrone A, Peng L, Xu L, Shoemaker A, Multimeric proteins for detecting a carbohydrate and/or 
treating a siglec-mediated disorder, WIPO, Ed. (US, 2019).

24. Jiang P, Gu S, Pan D, Fu J, Sahu A, Hu X, Li Z, Traugh N, Bu X, Li B, Liu J, Freeman GJ, Brown 
MA, Wucherpfennig KW, Liu XS, Signatures of T cell dysfunction and exclusion predict cancer 
immunotherapy response. Nat. Med 24, 1550–1558 (2018). [PubMed: 30127393] 

25. Cao L, Peng L, Xu L, Recombinant human sialidases, sialidase fusion proteins, and methods of 
using the same, WIPO, Ed. (US, 2019).

26. Macauley MS, Crocker PR, Paulson JC, Siglec-mediated regulation of immune cell function in 
disease. Nat. Rev. Immunol 14, 653–666 (2014). [PubMed: 25234143] 

27. Broz ML, Krummel MF, The emerging understanding of myeloid cells as partners and targets in 
tumor rejection. Cancer Immunol. Res 3, 313–319 (2015). [PubMed: 25847968] 

28. Bull C, Boltje TJ, Balneger N, Weischer SM, Wassink M, van Gemst JJ, Bloemendal VR, Boon L, 
van der Vlag J, Heise T, den Brok MH, Adema GJ, Sialic acid blockade suppresses tumor growth 
by enhancing T-cell-mediated tumor immunity. Cancer Res. 78, 3574–3588 (2018). [PubMed: 
29703719] 

29. Meesmann HM, Fehr EM, Kierschke S, Herrmann M, Bilyy R, Heyder P, Blank N, Krienke S, 
Lorenz HM, Schiller M, Decrease of sialic acid residues as an eat-me signal on the surface of 
apoptotic lymphocytes. J. Cell Sci 123, 3347–3356 (2010). [PubMed: 20826457] 

30. Pluvinage JV, Haney MS, Smith BAH, Sun J, Iram T, Bonanno L, Li L, Lee DP, Morgens DW, 
Yang AC, Shuken SR, Gate D, Scott M, Khatri P, Luo J, Bertozzi CR, Bassik MC, Wyss-Coray 
T, CD22 blockade restores homeostatic microglial phagocytosis in ageing brains. Nature 568, 
187–192 (2019). [PubMed: 30944478] 

31. Peranzoni E, Lemoine J, Vimeux L, Feuillet V, Barrin S, Kantari-Mimoun C, Bercovici N, Guérin 
M, Biton J, Ouakrim H, Régnier F, Lupo A, Alifano M, Damotte D, Donnadieu E, Macrophages 
impede CD8 T cells from reaching tumor cells and limit the efficacy of anti-PD-1 treatment. Proc. 
Natl. Acad. Sci. U.S.A 115, E4041–E4050 (2018). [PubMed: 29632196] 

32. Wang J, Manni M, Bärenwaldt A, Wieboldt R, Kirchhammer N, Ivanek R, Stanczak M, Zippelius 
A, König D, Rodrigues Manutano N, Läubli H, Siglec receptors modulate dendritic cell activation 
and antigen presentation to T cells in cancer. Front. Cell Dev. Biol 10, 828916 (2022). [PubMed: 
35309936] 

33. Greco B, Malacarne V, De Girardi F, Scotti GM, Manfredi F, Angelino E, Sirini C, Camisa B, 
Falcone L, Moresco MA, Paolella K, Di Bono M, Norata R, Sanvito F, Arcangeli S, Doglioni C, 
Ciceri F, Bonini C, Graziani A, Bondanza A, Casucci M, Disrupting N-glycan expression on tumor 
cells boosts chimeric antigen receptor T cell efficacy against solid malignancies. Sci. Transl. Med 
14, eabg3072 (2022). [PubMed: 35044789] 

34. Wang J, Sun J, Liu LN, Flies DB, Nie X, Toki M, Zhang J, Song C, Zarr M, Zhou X, Han X, 
Archer KA, O’Neill T, Herbst RS, Boto AN, Sanmamed MF, Langermann S, Rimm DL, Chen L, 

Stanczak et al. Page 24

Sci Transl Med. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Siglec-15 as an immune suppressor and potential target for normalization cancer immunotherapy. 
Nat. Med 25, 656–666 (2019). [PubMed: 30833750] 

35. Edgar LJ, Thompson AJ, Vartabedian VF, Kikuchi C, Woehl JL, Teijaro JR, Paulson JC, Sialic acid 
ligands of CD28 suppress costimulation of T cells. ACS Cent. Sci 7, 1508–1515 (2021). [PubMed: 
34584952] 

36. Mereiter S, Balmaña M, Campos D, Gomes J, Reis CA, Glycosylation in the era of cancer-targeted 
therapy: Where are we heading? Cancer Cell 36, 6–16 (2019). [PubMed: 31287993] 

37. Liu YC, Yen HY, Chen CY, Chen CH, Cheng PF, Juan YH, Chen CH, Khoo KH, Yu CJ, Yang PC, 
Hsu TL, Wong CH, Sialylation and fucosylation of epidermal growth factor receptor suppress its 
dimerization and activation in lung cancer cells. Proc. Natl. Acad. Sci. U.S.A 108, 11332–11337 
(2011). [PubMed: 21709263] 

38. Lau KS, Partridge EA, Grigorian A, Silvescu CI, Reinhold VN, Demetriou M, Dennis JW, 
Complex N-glycan number and degree of branching cooperate to regulate cell proliferation and 
differentiation. Cell 129, 123–134 (2007). [PubMed: 17418791] 

39. Macauley MS, Arlian BM, Rillahan CD, Pang PC, Bortell N, Marcondes MC, Haslam SM, Dell A, 
Paulson JC, Systemic blockade of sialylation in mice with a global inhibitor of sialyltransferases. 
J. Biol. Chem 289, 35149–35158 (2014). [PubMed: 25368325] 

40. Cornelissen LAM, Blanas A, van der Horst JC, Kruijssen L, Zaal A, O’Toole T, Wiercx L, van 
Kooyk Y, van Vliet SJ, Disruption of sialic acid metabolism drives tumor growth by augmenting 
CD8(+) T cell apoptosis. Int. J. Cancer 144, 2290–2302 (2019). [PubMed: 30578646] 

41. Gelberg H, Healy L, Whiteley H, Miller LA, Vimr E, In vivo enzymatic removal of alpha 
2→6-linked sialic acid from the glomerular filtration barrier results in podocyte charge alteration 
and glomerular injury. Lab. Invest 74, 907–920 (1996). [PubMed: 8642786] 

42. Meric-Bernstam F, Johnson AM, Dumbrava EEI, Raghav K, Balaji K, Bhatt M, Murthy RK, 
Rodon J, Piha-Paul SA, Advances in HER2-targeted therapy: Novel agents and opportunities 
beyond breast and gastric cancer. Clin. Cancer Res 25, 2033–2041 (2019). [PubMed: 30442682] 

43. Uchiyama S, Sun J, Fukahori K, Ando N, Wu M, Schwarz F, Siddiqui SS, Varki A, Marth JD, 
Nizet V, Dual actions of group B Streptococcus capsular sialic acid provide resistance to platelet-
mediated antimicrobial killing. Proc. Natl. Acad. Sci. U.S.A 116, 7465–7470 (2019). [PubMed: 
30910970] 

44. Yamazaki C, Sugiyama M, Ohta T, Hemmi H, Hamada E, Sasaki I, Fukuda Y, Yano T, Nobuoka 
M, Hirashima T, Iizuka A, Sato K, Tanaka T, Hoshino K, Kaisho T, Critical roles of a dendritic cell 
subset expressing a chemokine receptor, XCR1. J. Immunol 190, 6071–6082 (2013). [PubMed: 
23670193] 

45. D’Amico L, Menzel U, Prummer M, Muller P, Buchi M, Kashyap A, Haessler U, Yermanos A, 
Gebleux R, Briendl M, Hell T, Wolter FI, Beerli RR, Truxova I, Radek S, Vlajnic T, Grawunder U, 
Reddy S, Zippelius A, A novel anti-HER2 anthracycline-based antibody-drug conjugate induces 
adaptive anti-tumor immunity and potentiates PD-1 blockade in breast cancer. J. Immunother. 
Cancer 7, 16 (2019). [PubMed: 30665463] 

46. Boivin G, Faget J, Ancey PB, Gkasti A, Mussard J, Engblom C, Pfirschke C, Contat C, Pascual 
J, Vazquez J, Bendriss-Vermare N, Caux C, Vozenin MC, Pittet MJ, Gunzer M, Meylan E, 
Durable and controlled depletion of neutrophils in mice. Nat. Commun 11, 2762 (2020). [PubMed: 
32488020] 

47. Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, Trevino AE, Scott DA, Inoue A, Matoba 
S, Zhang Y, Zhang F, Double nicking by RNA-guided CRISPR Cas9 for enhanced genome editing 
specificity. Cell 154, 1380–1389 (2013). [PubMed: 23992846] 

48. Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, Sabedot TS, Malta TM, Pagnotta 
SM, Castiglioni I, Ceccarelli M, Bontempi G, Noushmehr H, TCGAbiolinks: An R/Bioconductor 
package for integrative analysis of TCGA data. Nucleic Acids Res. 44, e71 (2016). [PubMed: 
26704973] 

49. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck III WM, Hao Y, Stoeckius 
M, Smibert P, Satija R, Comprehensive integration of single-cell data. Cell 177, 1888–1902.e21 
(2019). [PubMed: 31178118] 

Stanczak et al. Page 25

Sci Transl Med. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



50. Hafemeister C, Satija R, Normalization and variance stabilization of single-cell RNA-seq 
data using regularized negative binomial regression. Genome Biol. 20, 296 (2019). [PubMed: 
31870423] 

51. Becht E, McInnes L, Healy J, Dutertre CA, Kwok IWH, Ng LG, Ginhoux F, Newell EW, 
Dimensionality reduction for visualizing single-cell data using UMAP. Nat. Biotechnol 37, 38–44 
(2019).

52. Zappia L, Oshlack A, Clustering trees: A visualization for evaluating clusterings at multiple 
resolutions. Gigascience 7, giy083 (2018). [PubMed: 30010766] 

53. Everest-Dass AV, Jin D, Thaysen-Andersen M, Nevalainen H, Kolarich D, Packer NH, 
Comparative structural analysis of the glycosylation of salivary and buccal cell proteins: Innate 
protection against infection by Candida albicans. Glycobiology 22, 1465–1479 (2012). [PubMed: 
22833316] 

54. Everest-Dass AV, Abrahams JL, Kolarich D, Packer NH, Campbell MP, Structural feature ions for 
distinguishing N- and O-linked glycan isomers by LC-ESI-IT MS/MS. J. Am. Soc. Mass Spectrom 
24, 895–906 (2013). [PubMed: 23605685] 

Stanczak et al. Page 26

Sci Transl Med. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Tumor sialylation is associated with immune suppression and reduced survival in patients 
with cancer.
(A) Clustering of correlations between the expression of sialic acid–modifying enzymes 

and the expression of immune genes in all solid cancers from The Cancer Genome 

Atlas (TCGA) database. (B) Kaplan-Meier survival curve of patients with clear cell renal 

carcinoma (KIRC) or (C) squamous cell carcinoma of the lung (LUSC) is shown, divided 

into quartiles on the basis of their low, intermediate-low, intermediate-high, and high 

expression of gene set 1, using TCGA data. (D) Correlations between gene set 1 expression 

and gene signatures of tumor-infiltrating immune cell types are shown for all patients with 

LUSC from TCGA data. r values are shown on a color scale, from blue to red. (E) Dot 

plots displaying correlations between gene set 1 expression and signatures of Tregs and M2 
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macrophages (P < 0.01). (F) Dot plots displaying correlations between gene set 1 expression 

and signatures of CD8+ T cells and T cell dysfunction in cancer (P < 0.01). (G) Expression 

of CD137 (4-1BB) was measured on CD8+ T cells from primary LUSC samples from 

individual patients after a 48-hour incubation with or without V. cholerae sialidase (n = 13). 

(H) Experimental design: Mice bearing subcutaneous or intramammary wild-type or GNE-

KO tumors were treated intraperitoneally with four doses of anti–PD-1 or anti–CTLA-4 

antibodies (10 mg/kg) individually or in combination, beginning at a tumor size of about 80 

mm3. (I) Effect of PD-1 blockade on the survival of mice bearing subcutaneous wild-type 

or GNE-KO MC38 tumors (n = 5 to 6 mice per group). (J) Effect of combined PD-1 and 

CTLA-4 blockade on the survival of mice bearing subcutaneous wild-type or GNE-KO 

MC38 tumors (n = 14 to 17 mice per group). (K) Experimental design: Mice bearing 

established (about 500 mm3) subcutaneous wild-type or GNE-KO MC38 tumors were 

treated intraperitoneally with two doses of anti–PD-1 and anti–CTLA-4 antibodies (10 mg/

kg). Seven days after the first treatment, tumors were resected and immunophenotyped. (L) 
Frequency of IFN-γ+TNF+−IL2+ CD8+ T cells after restimulation in single-cell suspensions 

of MC38 wild-type or GNE-KO tumors treated with PD-1 and CTLA-4 blockade (n = 4 

to 6 mice per group). n indicates the number of biological replicates. Error bars represent 

means ± SEM. Statistical analyses were performed using the log-rank (Mantel-Cox) test for 

the TCGA survival data or the Gehan-Wilcoxon test for the mouse survival data, followed by 

Bonferroni’s correction for multiple comparisons. A paired two-tailed Student’s t test was 

used in (G) and a one-way ANOVA followed by a post hoc Šidák correction for multiple 

comparisons in (L). *P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.0001.
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Fig. 2. Tumor-targeted sialidase effectively desialylates the tumor microenvironment.
(A) Schematic representation of the tumor-targeted sialidase constructs: trastuzumab, 

the trastuzumab-sialidase conjugate E-301, and the loss-of-function (LOF) mutated, 

enzymatically inactive version E-301 LOF. (B) In vitro titration of trastuzumab, E-301, 

and E-301 LOF on EMT6-HER2 cells. Desialylation was assessed by PNA staining 24 hours 

after treatment relative to that after maximal desialylation (n = 3). (C) Experimental setup 

to test in vivo desialylation: Mice bearing established (500-mm3) intramammary EMT6-

HER2 tumors were treated with a single dose of PBS, trastuzumab, or E-301 [10 mg/kg, 

intraperitoneally (i.p.)], and desialylation was assessed at 24 and 72 hours after treatment. 

(D) Representative immunofluorescence images of untreated, trastuzumab-treated, and 

E-301–treated EMT6-HER2 tumors at 24 hours after treatment, stained with anti-human Fc 

secondary, PNA, and MAL II. Scale bars, 2 mm. (E) Quantification of immunofluorescence 

staining with PNA and MAL II. The sum of the staining intensity was normalized to the 

respective 4′,6-diamindino-2-phenylindole–stained area. (F) Flow cytometric analysis of 

intramammary EMT6-HER2 tumor sialylation [same tumors as in (E)] by lectin staining of 

tumor cell suspensions at 24 and 72 hours after treatment. Geometric mean fluorescence 

intensities (MFIs) of PNA, MAL II, and secondary anti-human Fc staining are shown 

(D to F) (n = 2 mice per group). (G) Experimental setup comparing desialylation of 
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intramammary wild-type and GNE-KO EMT6-HER2 tumors: Mice bearing established 

(500-mm3) intramammary wild-type or GNE-KO EMT6-HER2 tumors were treated with 

a single dose of E-301 LOF or E-301 (10 mg/kg, i.p.), and desialylation was assessed 

at 48 hours after treatment. (H) Geometric MFIs of PNA and MAL II staining of tumor 

cells. (I) Geometric MFIs of PNA and MAL II staining of tumor-infiltrating CD45+ cells 

(H and I) (n = 3 mice per group). (J) Desialylation of different intratumoral immune cell 

populations from EMT6-HER2 tumors by E-301 was measured by PNA staining 48 hours 

after treatment with trastuzumab or E-301 (n = 4 to 5 mice per group). Conv, conventional. 

(K) Liquid chromatography–mass spectrometry–based N-glycan analysis of EMT6-HER2 

cells after overnight in vitro treatment with E-301 LOF or E-301 (n = 3 samples per group). 

(L) Experimental setup comparing desialylation of subcutaneous B16D5 and B16D5-HER2 

tumors at 48 hours after intraperitoneal treatment with a single dose of trastuzumab, E-301, 

or E-301 LOF (10 mg/kg). (M) Geometric MFIs of PNA and MAL II staining of tumor 

cells. (N) Fold change in the geometric MFI of MAL II staining after E-301 treatment 

relative to E-301 LOF treatment (M and N) (n = 4 mice per group). N indicates the 

number of biological replicates. Error bars represent means ± SEM. Statistical analyses were 

performed using two-way ANOVAs followed by post hoc Šidák corrections for multiple 

comparisons, and an unpaired two-tailed Student’s t test was used to assess fold change 

differences in (N). ns, not significant; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 

0.0001.
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Fig. 3. Tumor-targeted sialidase inhibits tumor growth by activating the adaptive immune 
system.
(A) Experimental setup: Mice bearing intramammary EMT6-HER2 tumors were treated 

intraperitoneally with four doses of trastuzumab, E-301 LOF, or E-301 (10 mg/kg), 

beginning at a tumor size of about 100 mm3. (B) Growth of individual intramammary 

EMT6-HER2 tumors treated with trastuzumab, E-301 LOF, or E-301 (n = 6 to 8 mice 

per group). (C) Survival of mice bearing intramammary EMT6-HER2 tumors treated with 

trastuzumab, E-301 LOF, or E-301 (pooled from two experiments, n = 12 mice per group). 

(D) Rechallenge of the tumor-free mouse from (C) and tumor-naïve control mice with 

subcutaneous EMT6 or EMT6-HER2 tumor cells in each flank, respectively (n = 1 to 4 

mice per group). (E) Experimental setup: Mice bearing subcutaneous B16D5-HER2 tumors 

were treated with four doses of trastuzumab, E-301 LOF, or E-301 (10 mg/kg, i.p.), with the 

first dose administered once the tumor size reached about 80 mm3. (F) Growth of individual 

subcutaneous B16D5-HER2 tumors treated with trastuzumab, E-301 LOF, or E-301. (G) 
Survival of mice bearing B16D5-HER2 tumors treated with trastuzumab, E-301 LOF, or 

E-301 (F and G) (n = 6 to 8 mice per group). (H) Growth of individual B16D5-HER2 

tumors treated with E-301 LOF or E-301 after CD8+ T cell depletion. (I) Impact of CD8+ 

T cell depletion on the survival of mice bearing B16D5-HER2 tumors treated with E-301 

LOF or E-301 (H and I) (n = 6 to 8 mice per group). n indicates the number of biological 

replicates. Statistical analyses were performed using the log-rank (Mantel-Cox) test or the 

Gehan-Wilcoxon test, followed by Bonferroni’s correction for multiple comparisons for all 

survival analyses. ***P ≤ 0.001.
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Fig. 4. Therapeutic desialylation repolarizes TAMs.
(A) Experimental setup for single-cell RNA sequencing (scRNA-seq) of immune infiltrates 

after E-301 treatment: Mice bearing palpable (100-mm3) subcutaneous B16D5-HER2 

tumors were treated with two doses of E-301 LOF or E-301 (10 mg/kg), alone or in 

combination with anti–PD-1/CTLA-4 antibodies. CD45+ tumor-infiltrating immune cells 

were isolated and sorted 7 days after the first injection for scRNA-seq. (B) scRNA-seq gene 

expression data were processed, sorted into clusters, and are presented in a dimensional 

reduction projection (UMAP), showing the different identified immune cell populations. 

Labels have been added on the basis of the expression of marker genes. (C) UMAP 

Stanczak et al. Page 32

Sci Transl Med. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



projections are shown separated by condition. Clusters 3 and 6 are highlighted in blue, 

and cluster 14 is highlighted in red. (D) Contribution of each condition to each cluster of 

CD45+ cells. (E) Subclustering of all macrophages. (F) Contribution of each condition to 

each macrophage cluster. (G) UMAP projections of macrophages are shown separated by 

condition. Clusters 2 and 13 are highlighted in red. (H and I) Dot plot representation of 

differentially expressed genes between the macrophage clusters showing genes characteristic 

for M2 polarization (H) or reflecting more general macrophage function (I). Size reflects 

the percentage of each cluster expressing a given gene, and average-scaled expression is 

indicated on the color gradient. Clusters 2 and 13 are boxed in and highlighted with arrows 

(A to I) (n = 5 pooled mice per condition).
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Fig. 5. Tumor desialylation repolarizes TAMs in murine and human tumors.
(A) Experimental setup to phenotype changes in immune infiltrates after E-301 treatment: 

Mice bearing established (500-mm3) subcutaneous B16D5-HER2 tumors were treated with 

two doses of trastuzumab, E-301 LOF, or E-301 (10 mg/kg, i.p.) and immune infiltrates 

analyzed after 7 days by flow cytometry. (B) Frequencies of MHC-II+CD206− (M1) and 

MHC-II−CD206+ (M2) cells among CD11b+F4/80+ tumor-associated macrophages (TAMs) 

are shown, as well as the ratio of M1 to M2 TAMs (n = 7). (C) Experimental setup 

for in vitro coculture of primary mouse CD11b+ TAMs and CD8 T cells. Mice carrying 

established subcutaneous B16D5-HER2 tumors were treated intraperitoneally with two 

doses of trastuzumab or E-301 (10 mg/kg), and CD11b+ TAMs were bead-isolated from 

single-cell suspensions 7 days after treatment. (D) TAMs were cultured for 48 hours before 

their polarization was analyzed. Frequencies of MHC-II+ M1 and CD206+ M2 TAMs were 

quantified by flow cytometry. (E) Trastuzumab- or E-301–treated TAMs were cocultured 

with naïve CD8+ T cells in the presence of agonistic anti-CD3/28 antibodies, and T cell 

activation and proliferation were quantified after 48 hours (D and E) (n = 9 to 10 replicates). 

(F) Experimental setup for in vitro coculture of primary human CD14+ TAMs from LUSC 
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tumors and matched autologous CD8 TILs. TAMs were bead-isolated from single-cell 

suspensions of primary LUSC tumors and treated with E-301 LOF or E-301. (G) Flow 

cytometric analysis of TAM polarization in T cell cocultures after in vitro E-301 LOF or 

E-301 treatment. MHC-II+− CD206− M1 and MHC-II−CD206+ M2 macrophages are shown. 

(H) Proliferation and activation of CD8 TILs after coculture with autologous E-301 LOF− 

or E-301–treated primary TAMs (n = 3). n indicates the number of biological replicates. 

Error bars represent means ± SEM. Statistical analyses were performed using one-way 

(B) or two-way (D to H) ANOVAs followed by post hoc Šidák corrections for multiple 

comparisons. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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Fig. 6. Efficacy of tumor-targeted sialidase is dependent on Siglec-E on TAMs.
(A) Expression of Siglece, Siglecf, Siglec1, and Siglecg in all macrophage clusters from 

scRNA-seq data (Fig. 4E). Sample distribution shown as violin plots. (B) UMAP projections 

of all CD45+ cells and all macrophages from scRNA-seq data. Expression of Siglece is 

shown as a color gradient from blue (low) to green (high). (C) t-distributed stochastic 

neighbor embedding (t-SNE) projection of multicolor flow cytometric immunophenotyping 

of pooled B16D5-HER2 and EMT6-HER2 tumors. Cell populations have been assigned on 

the basis of marker expression as shown in fig. S6 (A and B). (D) Staining intensity for 

Siglec-E is shown as a color gradient from blue (low) to red (high). (E) Representative 

histogram of Siglec-E staining on CD11b+F4/80+ TAMs from B16D5-HER2 tumors. 

Isotype control staining is shown as an empty histogram and anti–Siglec-E staining in red. 

(F) Experimental setup: Mice deficient for Siglec-E (EKO) bearing subcutaneous B16D5-

HER2 tumors were treated intraperitoneally with four doses of trastuzumab, E-301 LOF, 

or E-301 (10 mg/kg) beginning at a tumor size of about 80 mm3. (G) Survival of EKO 

mice bearing subcutaneous B16D5-HER2 tumors after trastuzumab, E-301 LOF, or E-301 

treatment (n = 6 mice per group). (H) Experimental setup: C57BL/6 mice and mice lacking 

Siglec-E (EKO) were subcutaneously injected with wild-type or GNE-KO MC38 tumor 

cells, and tumor growth was monitored over time. (I) Survival of C57BL/6 and EKO mice 
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after subcutaneous injection of MC38 wild-type or GNE-KO tumor cells (n = 13 to 17 

mice per group). (J) Experimental setup: Sigleceflox/flox mice were crossed to CD11ccre 

mice. Cre-expressing mice (SigleceΔCD11c), lacking Siglec-E on all CD11c-expressing cells, 

were compared to their WT (SigleceWT) littermate controls. Mice were subcutaneously 

injected with either MC38 tumor cells and left untreated or with B16D5-HER2 tumor cells 

in combination with intraperitoneal treatment with four doses of E-301 LOF or E-301 

(10 mg/kg) beginning at a tumor size of about 80 mm3. (K) Average tumor growth 

of subcutaneously injected MC38 cells in SigleceWT and SigleceΔCD11c mice (n = 10 

to 11 per group). (L) Siglec-E expression was measured on different tumor-infiltrating 

myeloid immune cell types in SigleceΔCD11c mice compared to WT littermate controls by 

flow cytometry. Siglec-E expression shown as fold change over fluorescence minus one 

(FMO) control staining. (M) Frequencies of CD206−MHC-II+ (M1), CD206+MHC-II+, and 

CD206+MHC-II− (M2) macrophages among CD11b+F4/80+ TAMs. SigleceΔCD11c mice 

were compared to WT littermate controls (L and M) (n = 6 to 7 mice per group). (N) 
Average tumor growth of B16D5-HER2 tumors in SigleceWT and SigleceΔCD11c mice 

treated intraperitoneally with four doses of E-301 LOF or E-301 (n = 7 to 9 mice per group). 

(O) Experimental setup for myeloid cell depletion in mice bearing GNE-KO or wild-type 

MC38 tumors. C57BL/6 mice were treated with either anti-Ly6G antibodies to deplete 

PMN-MDSCs or anti-CSF1R to deplete TAMs; mice were then injected subcutaneously 

with wild-type or GNE-KO MC38 tumors cells, and tumor growth was monitored over 

time. (P) Average tumor growth of subcutaneous wild-type or GNE-KO MC38 tumors in 

mice treated with anti-Ly6G antibodies or anti-CSF1R antibodies. (Q) Tumor volumes of 

wild-type or GNE-KO MC38 tumors after anti-Ly6G or anti-CSF1R treatment on day 12 

after tumor cell injection (P and Q) (n = 7 to 8 mice per group). (R) Experimental setup 

for the isolation of TAMs from subcutaneous B16D5-HER2 tumors from SigleceΔCD11c 

or SigleceWT mice and coculture with CD8 T cells. (S) Macrophages were isolated 

from B16D5-HER2 tumors from SigleceΔCD11c or SigleceWT mice after treatment with 

E-301 LOF or E-301. Frequencies of macrophages with the indicated phenotypes were 

quantified by flow cytometry. MHC-II+CD206− M1 and MHC-II−CD206+ M2 polarization 

was measured. (T) CD8 T cell activation was measured after coculture with TAMs from 

SigleceΔCD11c or SigleceWT mice and E-301 treatment (n = 3). n indicates the number of 

biological replicates. Error bars represent means ± SEM. Statistical analyses were performed 

using the log-rank (Mantel-Cox) test or the Gehan-Wilcoxon test, followed by Bonferroni’s 

correction for multiple comparisons for all survival analyses. Differences between groups 

were tested using two-way ANOVAs followed by post hoc Šidák corrections for multiple 

comparisons. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.

Stanczak et al. Page 37

Sci Transl Med. Author manuscript; available in PMC 2023 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Targeting tumor sialylation or Siglec-E enhances the efficacy of ICB.
(A) Experimental setup: Mice bearing subcutaneous B16D5-HER2 tumors were treated with 

four doses of E-301 LOF or E-301, in combination with anti–PD-1/CTLA-4 antibodies 

(10 mg/kg, i.p.), with the first dose administered once the tumor size reached about 80 

mm3. (B) Growth of individual B16D5-HER2 tumors treated with E-301 LOF or E-301 

in combination with anti–PD-1/CTLA-4 antibodies. (C) Survival of mice bearing B16D5-

HER2 tumors treated with E-301 LOF or E-301 in combination with anti–PD-1/CTLA-4 

antibodies (B and C) (n = 6 to 8 mice per group). (D) Experimental setup for the treatment 

of wild-type C57BL/6 and EKO mice bearing subcutaneous MC38 tumors with four doses 

of anti–PD-1 alone or in combination with anti–CTLA-4 intraperitoneally, beginning once 

the tumor size reached about 80 mm3. (E) Effect of anti–PD-1 ICB on the growth of 

individual MC38 tumors in wild-type C57BL/6 and EKO mice. (F) Survival of wild-type 

C57BL/6 and EKO mice bearing MC38 tumors after treatment with PD-1 blockade (E and 

F) (n = 4 to 6 mice per group). (G) Effect of combined anti–PD-1 and anti–CTLA-4 ICB on 

the growth of individual MC38 tumors in wild-type C57BL/6 and EKO mice. (H) Survival 

of wild-type C57BL/6 and EKO mice bearing MC38 tumors after treatment with PD-1 and 

CTLA-4 blockade (G and H) (n = 13 to 18 mice per group). n indicates the number of 

biological replicates. Statistical analyses were performed using the Gehan-Wilcoxon test 

followed by Bonferroni’s correction for multiple comparisons for all survival analyses. *P ≤ 

0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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