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ABSTRACT
Introduction: CLEC10A is a C-type lectin receptor that specifically marks the conventional dendritic cell 
subsets two and three (cDC2 and DC3). It has a unique recognition profile of glycan antigens, with 
terminal N-Acetylgalactosamine residues that are frequently present in the tumor microenvironment. 
Even though CLEC10A expression allows for precise targeting of cDC2 and DC3 for the treatment of 
cancer, CLEC10A signaling has also been associated with anti-inflammatory responses that would 
promote tumor growth.
Areas covered: Here, we review the potential benefits and drawbacks of CLEC10A engagement in the 
tumor microenvironment. We discuss the CLEC10A-mediated effects in different cell types and incor
porate the pleiotropic effects of IL-10, the main anti-inflammatory response upon CLEC10A binding.
Expert opinion: To translate this to a successful CLEC10A-mediated immunotherapy with limited tumor- 
promoting capacities, finding the right ligand presentation and adjuvant combination will be key.
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1. Introduction

The cell surface of both prokaryotic and eukaryotic cells is cov
ered by a dense layer of glycans, the glycocalyx, that functions as 
a protective barrier and mediates cell adhesion and cell or 
protein interactions [1]. This layer of glycans is generated 
through a process called glycosylation. Glycosylation is one of 
the most common protein and lipid modifications in the cell and 
it regulates protein folding, stability, and function [1]. Glycans are 
attached to proteins in the ER and Golgi to the hydroxyl group of 
a serine, threonine or tyrosine (O-glycosylation) or to the amide 
group of an asparagine (N-glycosylation) and extended by 
sequential addition of monosaccharides by a large set of glyco
syltransferases [1]. Like many cellular processes, glycosylation is 
altered during tumorigenesis. Common alterations include aber
rant expression of truncated O-glycans, increased sialylation, and 
fucosylation, altered branching of N-glycans and altered glycosa
minoglycans [1,2]. This distorted glycosylation can modify the 
activity of receptor tyrosine kinases, cell adhesion, or the inter
action with the extracellular matrix, promoting tumor progres
sion and invasiveness [2].

In line with the abundance of glycans on the outer surface 
of cells, the immune system harbors many glycan-binding 
pattern recognition receptors. Among these are the myeloid 
C-type lectin receptors (CLRs), part of the C-type lectin domain 
subfamily of receptors that often bind sugars in a calcium- 
dependent manner [3,4]. CLRs can induce responses via 

common signaling motifs, modulate the signaling by hetero
logous receptors or facilitate endocytosis and antigen presen
tation of a wide range of targets [5]. A common paradigm for 
CLR signaling is that responses via an individual CLR can dis
play enormous flexibility. First, signaling can be influenced by 
differential ligand binding, caused by changes in ligand struc
ture, affinity, avidity, presentation, or size [5]. This is most 
studied for DC-SIGN (dendritic cell-specific ICAM-3-grabbing 
non-integrin), a CLR that shows differential responses upon 
fucose or mannose binding [5]. Secondly, for the same recep
tor, the signaling cascade that is evoked can differ between 
cell types. For example, Dectin-1 activates different intracellu
lar signaling molecules in DCs and macrophages [5,6]. Lastly, 
a variety of cellular responses can be induced upon ligand 
binding, generally cytokine and chemokine production, pha
gocytosis, and the respiratory burst [5]. Because of their abun
dance and versatility, CLRs are important for the recognition of 
pathogens but they can also facilitate immune escape by 
pathogens and tumors [3,4].

This review focuses on the CLEC10A receptor (also known as 
CD301, macrophage galactose-type lectin (MGL) or DC- 
asialoglycoprotein receptor (DC-ASGPR)), a CLR that specifically 
recognizes terminal N-Acetylgalactosamine (GalNAc) residues 
[4,7–9]. CLEC10A ligands are rare in healthy human tissues but 
are expressed by some viruses, bacteria, and parasites [4,10]. 
Glycans with exposed GalNAc residues are also a common feature 
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on carcinoma cell surfaces [2]. In this context, CLEC10A can bind to 
truncated O-glycans, such as the Thomsen-nouveau (Tn) antigen 
(αGalNAc-Ser/Thr) and sialyl-Tn (sTn, Neu5Acα2-6GalNAcα-O-Ser/ 
Thr) [11]. Human CLEC10A is expressed by multiple cell types, 
namely monocyte-derived dendritic cells (moDCs) [9] and alterna
tively-activated macrophages with a more M2-like phenotype 
[12,13]. Besides moDCs, human dendritic cells consist of CD11c− 

plasmacytoid DCs and CD11c+ conventional DCs (cDCs). 
The second group can be further subdivided into cDC1, that are 
defined by the expression of CD141 and CLEC9A, and the CD1c+ 

cDC subsets two and three (cDC2 and DC3) [14]. The last two 
subsets differ in their expression of CD5, CD14 and CD163 [15]. 
CLEC10A is also specifically expressed on the cDC2 and DC3 
subsets [14,15]. Both cDC2 and DC3s are regarded as potent 
CD4+ T cell activators, which is crucial for the generation of an 
effective and sustained anti-tumor CD8+ T cell response [14,15].

The specific expression of CLEC10A on cDC2 and DC3 
creates an unique opportunity to target and harness these 
cells for the treatment of cancer. While CLEC10A targeting 
induces antigen presentation [16] and production of func
tional antibodies [17], the stimulation generally results in 
increased production of the anti-inflammatory cytokine inter
leukin (IL) 10 [18,19], suggesting that concomitant CLEC10A 
signaling might be undesirable. Possible CLEC10A signaling 
plasticity, as seen for other CLRs, might complicate the target
ing even further. Therefore, in this review, we will explore the 
potential beneficial and detrimental effects of CLEC10A signal
ing in the tumor microenvironment (TME). After an in-depth 
discussion of CLEC10A ligand binding and signaling in moDCs, 
we will incorporate the CLEC10A-mediated effects in cDC2s 
and DC3, to investigate cell type dependent signaling and 
explore the possible use of CLEC10A in anti-tumor vaccination 
strategies. We will also examine the pleiotropic effects of IL-10, 
the main cellular response, to answer this question.

2. Structural insights into the ligand binding 
specificity of CLEC10A

For decades, CLEC10A has been reported to harbor specificity 
toward terminal GalNAc residues. Specifically, glycan microar
rays, surface plasmon resonance and cellular binding assays 
using the extracellular domain (ECD) of CLEC10A have demon
strated the high binding specificity of this lectin for terminal α- 

and β-GalNAc residues presented on O-glycan Tn-structures, 
helminth N-glycans fucosylated and non-fucosylated LacdiNAc 
(GalNAcβ1 − 4GlcNAc), and glycosphingolipid structures GM2 
and GD2 [7,8]. However, complete, and integrative Nuclear 
Magnetic Resonance (NMR) and X-Ray crystallography studies 
were only possible after the expression and purification of the 
carbohydrate recognition domain (CRD) of CLEC10A. These 
studies allowed full description of the molecular basis for the 
recognition of the minimal GalNAc moiety by CLEC10A CRD 
(Figure 1) [20,21,23]. The binding process was revealed to be 
in the slow exchange regime in the chemical shift timescale by 
1H,15N-heteronuclear single quantum coherence spectroscopy 
(HSQC) based titration of the CLEC10A CRD with the minimal 
epitope α-MeGalNAc (Figure 1(a,c)) [20]. The 1H,15N-HSQC 
shows a separate peak for each N-H bond in amino acid in 
the CLEC10A CRD, which can shift upon binding of the α- 
MeGalNAc. Besides a remarkable chemical shift perturbation 
(CSP) on the Q267 and D269 residues involved in Ca2+ coordi
nation, a significant CSP was observed for other residues 
(Y236, W271, H286, N292, and D294) and several resonances 
appear after ligand addition, which suggests dramatic confor
mational changes on CLEC10A structure upon GalNAc binding 
(Figure 1(a,c)). Additionally, NMR data in tandem with mole
cular dynamics simulation of the CRD of CLEC10A highlight an 
impressive decrease on flexibility of the long loop of CLEC10A 
(L5) upon α-MeGalNAc engagement (Figure 1(b)) [20]. The 
binding mechanism of CLEC10A is different of that observed 
for other C-type lectins, such as DC-SIGN. DC-SIGN displays 
low affinity for its minimal epitope (KD in mM range) [24], 
while CLEC10A shows specificity and affinity (KD in low µM 
range) toward its minimal epitope GalNAc [23].

The purified CRD domain of CLEC10A also permitted the 
elucidation of the crystal structure of the CLEC10A/GalNAc 
complex (Figure 1(d)) [21]. This X-Ray crystallography structure 
clearly pinpoints the coordination of Ca2+ through the OH3 
and OH4 from the GalNAc, the residues Q267 and D269 of the 
QPD motif, N292 and D293 of WND motif along with E280 
residue [21]. This is a common structural feature among all 
C-type lectins. Additionally, the X-Ray structure of the complex 
highlighted the relevance of the Y236, W271 and H286 resi
dues in the engagement of GalNAc in agreement with NMR 
deducing data (Figure 1(c,d)). The binding mode orientation 
suggested by the X-Ray crystal was also inferred in solution by 
two techniques commonly used for this: saturation-transfer 
difference NMR and transfer-rotating-frame nuclear 
Overhauser effect spectroscopy (TR-ROESY). There were obser
vable exchange cross-peaks in the TR-ROESY spectra of α- 
MeGalNAc in presence of the CLEC10A CRD domain, which 
correspond to binding [21,23].

From NMR and X-Ray structural data, it was deduced that 
CLEC10A may accommodate GalNAc-containing ligands with 
chemical modifications at C1 and C6 of GalNAc, which explains 
the recognition of sTn [11] and Tn-glycopeptides [25] and 
more complex GalNAc-containing structures, such as GM2, 
GD2 [20] and LacdiNAc [23]. Noteworthy, NMR data suggest 
that the conformation and dynamics of the CRD of CLEC10A 
change upon the binding of various ligands containing 
a terminal GalNAc residue: such as blood group A antigen, 
Forssman antigen, GM2 and asialoGM2 [20]. Besides, 

Article highlights

● CLEC10A is an anti-inflammatory receptor, present on dendritic cells 
and macrophages, that specifically binds to terminal 
N-Acetylgalactosamine sugar residues.

● Ligands for CLEC10A are commonly overexpressed in the tumor 
microenvironment.

● While the presence of intratumoral CLEC10A-positive dendritic cells is 
associated with a better outcome for patients, the presence of 
CLEC10A ligands promotes tumor progression.

● Delivering tumor vaccines to intratumoral dendritic cells via CLEC10A 
is a promising therapeutic tool against cancer.

● Strategies to disrupt aberrant CLEC10A/tumor-associated glycan 
interactions can potentially alleviate anti-tumor suppressive immune 
responses.
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Figure 1. Insights into the molecular recognition of the minimal GalNAc moiety by the CLEC10A CRD domain by NMR and X-Ray crystallography. (a) 1H,15N-HSQC 
spectra of CLEC10A in the apo state (blue) and with the addition of 0.5 (black) and 5 equivalents (red) of α-MeGalNAc at 600 MHz and 310 K. The residues with 
asterisks (*) correspond to those that are not present in the apo state and appear in the bound state. In this technique, the resonances of the most affected residues 
by the presence of α-MeGalNAc are perturbed. (b) Atomic fluctuation (Cα) analysis of CLEC10A CRD domain in the apo state (left) and bound to GalNAc (right) 
derived from 100 ns molecular dynamics (MD) simulations [20]. The data correspond to the average protein structure derived from the MD simulations. (c) Chemical 
shift perturbation (CSP) analysis to quantify the perturbation in the resonances observed in A. Two cut-off lines at 0.04 ppm and 0.08 ppm shown in black and blue 
dash lines, respectively, and are used to differentiate strong and moderate shift in the presence of α-MeGalNAc. (d) X-ray crystallography structure (PDB code: 6PY1) 
[21] of CLEC10A CRD domain complexed with α-MeGalNAc with the most affected residues determined in panel C highlighted in red. An expansion of the binding- 
site of CLEC10A (gray carbons) and α-GalNAc (yellow carbons) in stick representation containing the Q267/P268/D269 and W291/N292/D293 motifs and the residues 
Y236, H286, H284, W271 and E280. The calcium ion (Ca2+) that coordinates OH3 and OH4 of α-GalNAc is shown with a purple sphere. The 3D models in panels b and 
d were created using Pymol 2.4.1 [22].
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depending on the GalNAc-containing ligand, a different 
engagement of H286 residue was deduced and its involve
ment might be crucial for the binding of the peptide back
bone or longer oligosaccharides [7]. Although these 
differences have not been confirmed by X-Ray complex struc
tures, they could point toward signaling flexibility by the 
receptor and might explain the capacity of CLEC10A to pro
duce distinct immune responses (tolerance or immunity) 
depending on the specific structure of CLEC10A ligand.

Biophysical and structural biology experiments have 
described the CLEC10A ECD as a homotrimer [26,27]. The 
CLEC10A trimerization is mediated by coiled coil formation 
of neck domain of the ECD, while the CRDs are reported to 
behave as independent domains [26,27]. This receptor presen
tation at the surface of dendritic cells and macrophages is 
a common feature of C-type lectins, and a way to increase 
the avidity toward its ligands. The specificity of CLEC10A 
homotrimer is dictated by the CRD domain, however investi
gations using the CLEC10A ECD suggest that CLEC10A prefer
entially binds glycopeptides with more than two Tn residues 
on the peptide structure [28,29].

3. Signaling via CLEC10A

Most studies that deciphered CLEC10A-mediated signaling 
have used moDCs in vitro and not M2 macrophages. We 
will discuss their findings before examining the role of 
CLEC10A signaling in the TME. CLEC10A lacks classical signal
ing motifs in its intracellular domain, yet it does evoke rapid 
internalization after ligand binding via an YENF signaling 
motif [16,19]. Besides endocytosis, CLEC10A stimulation 
with an antibody or Tn-glycosylated peptides leads to the 
phosphorylation of and signaling via ERK1/2 [18,30–32], 
p90RSK, and CREB [18,30] (Figure 2(a,b)). The CLEC10A- 
mediated signaling pathway could include Syk, PLCγ2, 
PKCδ, MEK1/2, JNK, Akt, β-catenin, GSK-3a/b, and p38, as 
phosphorylation of these molecules has also been detected 
(Figure 2(a)) [30,31]. Since Syk activates NF-κB via PKCδ for 
other CLRs [5], CLEC10A-mediated signaling by itself could 
induce NF-κB activation. The cleavage of NF-κB, which is 
necessary for the activation, was seen after stimulation 
using an CLEC10A antibody or glycopeptide by Napoletano 
et al. [32], but not by Gu et al. [30]. Moreover, blocking NF-κB 
activation only prevented some of the CLEC10A-mediated 
cytokine production, as it reduced IL-10 but not TNF-α pro
duction [18]. The cross-talk with toll-like receptors (TLRs) 
might be necessary for sufficient NF-κB activation, but this 
remains uninvestigated. The activation of phosphatases that 
inhibit TLR signaling for other CLRs, such as SHP-1 or SHP-2 
[5], has also not been analyzed.

CLEC10A stimulation without accompanying TLR stimula
tion causes a decrease in glycolysis [33], but does not activate 
moDCs nor induce robust cytokine production [18,33]. 
However, in combination with TLR triggering, an increased 
production of IL-10, tumor necrosis factor (TNF) α, and IL-6 
by moDCs is observed (Figure 2(a,b)) [18,30]. The increase in 
IL-10 is regulated on a transcriptional level, while the increase 
in TNFα might involve increased mRNA stability [18]. 

Nevertheless, moDC activation without additional TLR stimula
tion has also been reported [30,32], which might be influenced 
by the specificity or concentration of the CLEC10A antibody 
used as ligand or the protocol used for moDC differentiation 
and stimulation [18,30–32].

To investigate the effect CLEC10A stimulation has on 
the adaptive immune response, the capacity of CLEC10A- 
stimulated DCs to stimulate T cells has been studied. 
Because of the increased IL-10 production, CLEC10A- 
stimulated moDCs have a reduced capacity to promote 
CD4+ T cell proliferation (Figure 2(a,b)) [12,30]. In inter
feron (IFN) α-stimulated moDCs, CLEC10A stimulation 
enhances the percentage of IL-10 producing type 1 regu
latory T (Tr1) cells via IL-10, which can inhibit the prolif
eration of responder CD4+ T cells (Figure 2(b)) [31]. 
Furthermore, CLEC10A can inhibit T cells through the 
recognition of GalNAc moieties on CD45 on T cells, redu
cing their T cell receptor signaling and enhancing T cell 
death (Figure 2(c)) [12,34]. Since the expression of Tn- 
antigen on CD45 was upregulated on CD4+ and CD8+ 

T cells after T cell receptor activation [35], this mainly led 
to the apoptosis of these activated CD4+ and CD8+ T cells. 
Next to increased moDC activation, Napoletano et al. [32] 
also found increased CD4+ T cell proliferation for moDCs 
stimulated with an CLEC10A antibody but not with mucin 
(MUC) 1-Tn peptides. Despite these contradicting results, 
overall, CLEC10A-stimulated moDCs appear to inhibit CD4+ 

T cell responses.
Similar to other CLRs, there are multiple indications that 

CLEC10A displays ligand-dependent signaling in moDCs. 
Two CLEC10A ligands (α-GalNAc and asialoGM2) induced 
different transcriptional programs in moDCs even in the 
absence of TLR triggering [33], suggesting that the precise 
structure of GalNAc-containing ligands is crucial for signal
ing induction. Regarding the nature of the ligand and its 
effect on signaling, van Vliet et al. [5] showed that, com
pared to other bacterial lipooligosaccharide formulations, 
CLEC10A-binding Neisseria gonorrhoeae lipooligosaccharide 
decreased IL-10 production, instead of increasing it. This led 
to the induction of a T helper (Th) 2 and potentially a Th17 
response [10]. Additionally, pathogens and cells usually 
express many different sugar moieties simultaneously that 
can target multiple glycan-binding receptors. Consequently, 
a combination of ligands can have different effects than an 
isolated ligand [3]. Investigating the effects or combinations 
of different ligands may be necessary to choose the optimal 
candidate for harnessing CLEC10A-mediated signaling and 
DC targeting.

3.1. CLEC10A-mediated effects in the tumor 
micro-environment

Ligands for CLEC10A are highly expressed in many tumor 
types, including breast cancer [36], ovarian cancer [29], cervi
cal cancer [37], colorectal cancer [38–40], and glioblastoma 
[41]. Additionally, high expression of Tn or sTn antigen has 
been found in, for example, renal cell carcinoma [42], and 
bladder cancer [43]. In the colon, pre-neoplastic lesions 
already display increased Tn expression [44]. In tumors, 
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CLEC10A can bind to extracellular membrane-bound and 
secreted proteins, such as mucins, extracellular matrix compo
nents [29,36], cell surface receptors [38,45], integrins, and 
human leucocyte antigen (HLA) molecules [38], although 
exact ligands vary between tumor types. Nevertheless, high 
Tn or sTn levels are not directly correlated to CLEC10A ligand 

expression as CLEC10A recognizes a broader range of GalNAc- 
containing structures [7,11].

The effect of CLEC10A ligand expression, either Tn/sTn anti
gen or other GalNAc-containing structures, on tumor progres
sion and prognosis varies. High CLEC10A binding of tumor 
tissue has been associated with a worse outcome in cervical 

a

c

b

Figure 2. CLEC10A stimulation of human monocyte-derived dendritic cells. (a) Without toll-like receptor (TLR) activation, CLEC10A stimulation using anti-CLEC10A 
antibodies, Tn-glycosylated peptides or Tn-dendrimers induces a signaling cascade comprising of ERK1/2, p90RSK, and CREB, with possible contributions of Syk, 
PLCγ2, PKCδ, p38, MEK1/2, JNK, Akt, and β-catenin [30,32]. This signaling cascade activates a distinct transcriptional program [33]. Furthermore, the CLEC10A 
stimulation reduces the glycolysis in monocyte-derived dendritic cells [33]. The stimulated dendritic cells produce increased amounts of IL-10, IL-6 and TNF-α and 
reduce the proliferation of target CD4+ T cells [30]. (b) In combination with TLR stimulation, the CLEC10A-stimulated signaling cascade includes p38, MEK1/2, ERK1/ 
2, p90RSK, and CREB [18]. The transcription of the cytokine genes is initiated and this leads to increased production and secretion of IL-10, IL-6 and IL-8 [18,19]. 
Besides reducing their proliferation, the IL-10 drives the differentiation of CD4+ T cells into type 1 regulatory T (Tr1) cells. These cells produce IL-10 themselves and 
can repress the activation of responder CD4+ T cells [31]. (c) CD45 on activated CD4+ and CD8+ T cells can directly bind CLEC10A, which induces apoptosis in the 
T cells [12,34].
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cancer [37] and colorectal cancer [39], while a similar associa
tion exists for high Tn and/or high sTn for renal cell carcinoma 
[42]. Furthermore, CLEC10A ligand positive cervical carcinomas 
show increased lymph node metastasis and CD163+CD14− mye
loid cell infiltration [37]. High expression of all CLEC10A ligands 
also correlates to the BRAFV600E mutation in colorectal cancer 
[39]. In colorectal cancer cell lines, this mutation increases the 
activity of N-Acetylgalactosaminyltransferase-3, responsible for 
the generation of Tn antigen [46]. Alternatively, high Tn antigen 
expression was associated with a subset of colorectal cancer 
patients with deficient mismatch repair, reduced CD8 T cell 
infiltration, and PD-L1 expression [47]. The authors suggest 
that these patients might show a poor response to immune 
checkpoint inhibition therapy [47]. In contrast, CLEC10A ligand 
positivity correlates with increased survival in breast cancer [36]. 
In this tumor type, the expression of all CLEC10A ligands was 
increased by DNA damage and ROS production, and dependent 
on hormone levels. CLEC10A ligand expression was therefore 
proposed as a signal for cell stress or cell death [36]. An increase 
in C1GALT1, the enzyme responsible for elongating the Tn 
antigen and thus reducing Tn expression, was found in bladder 
cancer. High C1GALT1 levels were associated with a worse 
prognosis and increased the proliferation, migration, and col
ony formation of bladder cancer cell lines [43].

CLEC10A itself is expressed on CD163+ myeloid cells in the 
TME of cervical, glioblastoma, and colorectal tumors [37,40,41]. 
Single-cell RNA sequencing datasets have revealed CLEC10A 
mRNA in cDC2s, as well as mRNA expression in a small percen
tage of tumor-associated macrophages in multiple tumor types 
[48–51]. However, studies into the function of these tumor- 
associated cells and their effect on tumor progression are limited. 
Most studies correlate the CLEC10A levels to survival outcome 
based on the bulk mRNA data in the Cancer Genome Atlas 
(TCGA) or similar datasets, sometimes supplemented with 
some immunohistochemical experiments to show expression 
on protein level. An increase in CLEC10A protein expression 
was seen in glioblastoma patients and in silico analysis confirmed 
that CLEC10A expression increased with the tumor stage, as 
defined by the World Health Organization [41]. High CLEC10A 
mRNA levels correlated with a worse overall survival in the TCGA 
data for glioblastoma [41]. For many other tumor types, CLEC10A 
mRNA levels were lower in the tumor compared to the adjacent 
(normal) tissue [52,53]. In contrast to glioblastoma, the CLEC10A 
mRNA decreased with the tumor stage for head and neck squa
mous cell carcinoma [54], adrenocortical carcinoma, and renal 
cell carcinoma [52]. Looking at multiple tumor types pooled 
together, high CLEC10A mRNA levels were associated with 
increased immune infiltration and a good prognosis [52], 
although the differences are small [53]. Although significant, 
CLEC10A mRNA levels only weakly correlate to overall immune 
infiltration [54,55]. To summarize, correlations between CLEC10A 
expression and disease prognosis differ between tumor types, 
but these indications are mainly based bulk RNA sequencing 
data and not confirmed on protein level.

There are two homologues of CLEC10A in the mouse, 
CD301a (mMGL1) and CD301b (mMGL2), of which only 
CD301b recognizes GalNAc and galactose-containing struc
tures [56]. Although CLEC10A and CD301b have overlapping, 

yet not identical sub-specificities [11,56], mouse studies inves
tigating the effects of CD301b in the TME can be useful to 
speculate about the CLEC10A-mediated effects in human can
cers. Lung tumors with high Tn expression show faster growth 
because of CD301b-mediated immunosuppression and stimu
lation of angiogenesis [57]. Interestingly, differences in Tn 
antigen expression and CD301b recognition between cell 
lines influences the activation and cytokine production of 
bone marrow-derived dendritic cells [58], suggesting there 
might also be ligand-dependent signaling for CD301b. The 
location and not the amount of glycans on MUC6 was pre
viously shown to be an important determinant for the 
CD301b-mediated effects [59], supporting this concept. Tn- 
high tumors also show increased neutrophil and macrophage 
infiltration, including myeloid-derived suppressor cells 
(MDSCs) [41,57,60,61]. In addition, the infiltration of Tregs 
was augmented, while the CD8+ T cell infiltration was reduced 
[57,60]. These changes induced increased production of the 
anti-inflammatory cytokines IL-10 and TGF-β in the TME and 
hampered an effective anti-tumor immune response [57,60]. 
There has been no definite clarification of mechanistic link 
between CLEC10A-tumor interactions and the differentiation 
of Tregs and MDSCs in the TME, but it likely involves IL-10. 
Thus, in mice, CD301b mainly seems to have an immunosup
pressive role in the TME.

4. CLEC10A-mediated activation of CD1c+ DCs

The unique expression of CLEC10A on cDC2 and DC3 enables 
targeting to and the manipulation of these DC subsets. Its pre
sence on both subsets allows for harnessing specific functions of 
both subsets and investigation of the effect of CD1c+ DCs as 
a whole. The CD1c+ cDC2 and DC3 also express FcεR1a, but differ 
in their expression of CD5, CD14 and CD163 [15]. The subset- 
defining markers and general functions of cDC2 and DC3 are 
reviewed in more detail elsewhere [62,63]. Still, cDC2 and DC3 
have distinct roles in the anti-tumor immune response that must 
be taken into consideration when exploring the potential bene
ficial and detrimental effects of CLEC10A signaling in the TME. 
Moreover, since there are many phenotypic differences between 
moDCs and CD1c+ DCs [62], CLEC10A-mediated signaling might 
vary between these cell types.

In vitro experiments have revealed both similarities and 
differences between moDCs and primary cDCs in response to 
CLEC10A activation. Similar to moDCs, CLEC10A stimulation of 
CD1c+ DCs leads to rapid internalization of the receptor and, 
in combination with a TLR ligand, to increased production of 
IL-10, TNFα, IL-6 and IL-8 [19,30,64]. The CLEC10A-stimulated 
cDCs also have a slightly diminished capacity to stimulate 
CD4+ T cell proliferation [30]. However, the cDC experiments 
failed to show phosphorylation of the signaling molecules 
proposed by moDC experiments: ERK, JNK, p38, NF-κB, and 
CREB [19]. Further research should be performed to determine 
how translatable the results obtained in moDCs are to the 
primary cDCs, especially regarding the ligand-specific effects 
of, for example, α-GalNAc versus asialoGM2.

Similar to CLEC10A mRNA levels, the presence of CLEC10A- 
positive CD1c+ DCs in the TME and their functioning depends 
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on the tumor type. With a few exceptions, high levels of 
intratumoral cDC2s or DC3s are mostly associated with 
a good outcome. For example, a high number of CD1c+ DCs 
in the TME is associated with a good prognosis in breast 
cancer [65,66] and glioblastoma [67], but with a poorer survi
val in melanoma [68]. Although the presence of cDC2s and 
DC3s in the tumor might be a positive factor, the immuno
suppressive TME often appears to impede cDC activation and 
function. There are changes in gene expression [66,69], 
maturation marker expression and cytokine production 
[67,68]. Whether this is related to CLEC10A signaling, which 
could continuously occur in the TME, is currently unclear.

DCs can also be harnessed for the treatment of cancer 
patients. Both moDCs and primary cDCs have been tested in 
DC vaccination strategies, where the patient’s own DCs are 
expanded ex vivo and primed with antigens before being re- 
injected. Trials where a patient’s own cDC2s are injected show 
modest clinical responses with mainly low-grade adverse 
effects [70–72]. The cDC2s used in these studies were loaded 
with a mixture of tumor-associated antigenic peptides, which 
can only be used for patients with certain HLA haplotypes [71]. 
Loading using Tn-glycopeptides provides a more specific tar
geting of DCs via CLEC10A and may result in faster uptake and 
antigen processing. Tn-glycosylation of proteins would gener
ate a vaccine applicable to patients with varying HLA haplo
types. Indeed, moDCs loaded with Tn-MUC1 generated 
substantial anti-MUC1-Tn CD4+ and CD8+ T cell responses in 
non-metastatic prostate cancer patients [73]. Direct vaccina
tion of patients with Tn-glycopeptides also elicits anti-Tn 
responses via CLEC10A [17]. In breast cancer patients, vaccina
tion, using Tn antigens coupled to a tetanus toxin CD4+ T cell 
epitope and an adjuvant, lead to the generation of anti-Tn 
antibodies that are capable of mediating complement- 
dependent cytotoxicity but not antibody-dependent cellular 
cytotoxicity [17]. Furthermore, conjugation of a high-affinity 
glycocluster targeting CLEC10A to MUC1 and tetanus toxoid 
as adjuvant promoted the uptake of MUC1 glycopeptides and 
improved the elicited antibody response [74]. Thus, CLEC10A 
may be employed for direct DC targeting in the TME and 
could lead to further refinements of DC vaccination therapies.

Current focus in the field is the blocking of unwanted immune 
interactions in the TME, collectively known as immune check
points, using blocking antibodies. Blocking antibodies targeting 
CLEC10A could be used to prevent the high IL-10 production in 
the TME. However, all antibodies that have been described to 
block CLEC10A, are able to activate the receptor as well [18,30– 
32]. Furthermore, after internalization, CLEC10A releases its ligand 
in early endosomes [16], while the receptor recycles back to the 
cell membrane [75]. Thus, to effectively block CLEC10A signaling, 
high levels of antibody would need to be continuously supplied to 
the TME, which would make the treatment expensive and cum
bersome. Alternatives to blocking the receptor need the be 
explored as potential immune checkpoint inhibition therapies.

5. Pleiotropic effects of IL-10 in the TME

Increased IL-10 production is one of the most consistently seen 
outcomes of CLEC10A stimulation [18,19,30,33]. IL-10 is generally 
considered an anti-inflammatory cytokine whose presence 

accelerates tumor growth. Indeed, in a meta-analysis, high 
serum levels of IL-10 correlate with a worse overall survival for 
both hematological and solid tumors [76]. Similarly, individuals 
with an IL-10 promotor haplotype associated with high IL-10 
production have an increased risk of developing cancer [77]. In 
the TME specifically, IL-10 production by tumor-associated 
macrophages is associated with a worse survival in, for example, 
gastric cancer [78]. Indeed, as mentioned before (Figure 2), the 
CLEC10A-dependent IL-10 reduced CD4+ T cell proliferation and 
led to the generation of regulatory Tr1 cells, which in turn also 
secreted increased levels of IL-10 [30,31].

However, IL-10 is a pleiotropic cytokine that can also exert 
pro-inflammatory effects on natural killer (NK) and CD8+ T cells 
[79], which could positively influence the anti-tumor immune 
response. In breast cancer, for example, high production of IL- 
10 in the tumor or stroma was associated with increased 
survival and less metastasis formation [80]. Furthermore, 
patients with mutations in the IL-10 or IL-10 receptor region 
develop both autoimmune diseases and B cell lymphomas 
[81], so IL-10 seems to have some protective role in cancer 
development as well.

In mice, the anti-metastatic effect of IL-10 on breast tumors 
was mediated by NK cells [82]. This might be an indirect effect, as 
IL-10 leads to downregulation of major histocompatibility com
plex (MHC) I expression on tumor cells [82]. Since MHC-I is 
a ligand for inhibitory receptors on NK cells, lower MHC-I 
increases NK cell activation and cytotoxicity in an antibody- 
independent manner, also called the ‘missing-self hypothesis’ 
[83]. However, IL-10 also affects NK cells directly. First, IL-10 
stimulation increases transcriptional programs associated with 
apoptosis, NK cell activation and migration [84]. Second, recom
binant IL-10 stimulates glycolysis and oxidative phosphorylation 
in NK cells, which, in turn, augments IFNγ production and NK cell 
activation [85]. These effects boost the NK cell killing of MHC-I 
negative Daudi [84] and K562 [85] cells. In mice, regulatory DCs 
that display high IL-10 production via ERK1/2, stimulate NK cell 
activation and their cytotoxicity against allogeneic DCs and YAC- 
1 targets cells [86]. These regulatory DCs recapitulate the phe
notype seen after CLEC10A stimulation and thus, it is tempting to 
speculate that CLEC10A-licensed DCs might enhance NK cell 
cytotoxicity in a similar manner.

While IL-10 produced after CLEC10A stimulation can 
decrease CD4+ T cell proliferation [30,31], it might boost 
CD8+ T cell responses. In vivo, IL-10 administration to target 
the CD8+ T cells increases tumor control [87,88]. The timing 
of IL-10 administration appears to be crucial for its effects: 
IL-10 exerts suppressive effects if administered before DC 
vaccination but augments the anti-tumor response if it is 
given as a booster [89]. In vitro, IL-10 reduces monocyte and 
cDC activation, but it increases the cytotoxicity and gran
zyme B production by CD8+ T cells, and the proliferation of 
naïve CD8+ T cells [90,91]. Furthermore, IL-10 enhances the 
survival, proliferation, and granzyme B production of term
inally exhausted CD8+ T cells (Lag-3+PD-1+ or Tim-3+PD-1+ 

CD8+ T cells) [87,92,93]. Because of these promising in vitro 
and in vivo data indicating that IL-10 augments CD8+ T cell 
responses, several clinical trials have started investigating 
IL-10 administration for the treatment of cancer. Despite 
initial promising results [94], these trials witnessed an 
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increase in treatment-related adverse effects without any 
clinical benefit [95,96]. Although the IL-10 produced after 
CLEC10A activation might stimulate some cell types, its 
anti-inflammatory effects on others are difficult to over
come in the TME.

6. Conclusion

Overall, CLEC10A targeting in the TME could exert both posi
tive and negative influences on tumor treatment, which are 
summarized in Figure 3. In vitro, CLEC10A stimulation of 
moDCs and CD1c+ cDCs leads to IL-10 mediated suppression 
of CD4+ T cell responses. Along this line, the presence of 
CLEC10A ligands in the tumor promotes invasion and metas
tasis, infiltration of immunosuppressive cells, and supports 
angiogenesis. The presence of elevated CLEC10A mRNA 
levels, however, has a small but positive influence on the 
disease outcome and is associated with increased immune 
infiltration in certain tumor types. This could be the result of 
an increase in CLEC10A-expressing cDC2s or DC3s in the TME, 
whose numbers are generally positively associated with 
tumor prognosis and improved immune infiltration. 
Nevertheless, cDC2 and DC3 functioning is often hampered 
in the immunosuppressive TME. Lastly, the pleiotropic cyto
kine IL-10 can boost the cytotoxicity of NK cells and CD8+ 

T cells; however these effects seem to be overruled by IL-10 
mediated suppression of DCs, macrophages, and CD4+ T cells, 
as these preclinical results could not be recapitulated in 
clinical trials. Although there are no conclusive results indi
cating that CLEC10A has advantageous effects in the TME, 
targeting tumor antigens to DCs via CLEC10A has been 
successful.

7. Expert opinion

Cancer immunotherapy focuses on boosting the patient’s own 
anti-tumor immune response. Strategies that target glycans 
can be widely applicable, as many tumor types share common 
glycan alterations. Targeting tumor vaccines to DCs via 
CLEC10A has already been achieved with Tn-glycosylated 

vaccines [17,74]. Altering the affinity of the sugar moiety for 
CLEC10A improved the vaccine uptake and subsequent anti
body responses [74]. Nevertheless, translating in vivo findings 
to human disease is challenging, as expression patterns and 
carbohydrate specificities of mouse and human CLEC10A 
homologues are not identical [56]. Further advancements 
can be achieved by focusing research on the outstanding 
questions, as listed in Figure 3.

A structure-immune relationship analysis is required to 
unravel the key chemical modifications required to generate 
ligands that induce potent CLEC10A signaling or that trigger 
only certain signaling routes downstream of CLEC10A. In this 
perspective, a ligand capable of inducing CLEC10A-mediated 
endocytosis without the concomitant IL-10 induction would 
benefit the CLEC10A targeting, while reducing the potential 
detrimental effects of IL-10. Ligands that block the receptor, 
without inducing its signaling, could also be utilized as 
immune checkpoint inhibitors. It has been hypothesized that 
high CLEC10A receptor occupancy leads to tolerogenic 
responses, while low occupancy would lead to activating sig
nals [97]. Therefore, tweaking the receptor occupancy of 
CLEC10A might improve anti-tumor immunity. Conversely, 
selective high-avidity targeting of the CLEC10A receptor 
could be harnessed to dampen unwanted allergic or autoim
mune responses, enforcing CLEC10A’s role in the resolution of 
neuroinflammation [13].

CLEC10A targeting can be further improved by taking ligand- 
dependent signaling into consideration [20,33]. Many CLRs dis
play ligand and cell type-dependent signaling, implying that this 
is a general feature of these receptors [5,6,98]. The structure of 
the CLEC10A CRD is dynamic undergoing significant conforma
tional changes upon ligand binding [7,21] and experiencing 
a distinct degree of interactions depending on the ligand 
[20,23], suggesting that the signal strength or even the signaling 
downstream of CLEC10A could be modified by the interacting 
ligand. CLEC10A also engages the protein backbone carrying the 
Tn antigen [7], however, the preference or specificity for parti
cular protein-binding motif is currently unknown and should be 
investigated. So far, CLEC10A signaling has been mainly studied 
in isolated systems, involving one cell type and one ligand. 

Figure 3. Benefits, drawbacks and outstanding questions for CLEC10A targeting in the tumor microenvironment.
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Obviously, tumor cells and pathogens contain a multitude of 
carbohydrate epitopes at their cell surface that combined fine- 
tune immunity through engagement of multiple lectins simulta
neously. For example, a prominent CLEC10A ligand, sTn, can bind 
Siglec-15 and mediates immunosuppressive effects through this 
receptor as well [99]. How CLEC10A cooperates with other lectins 
and at what level it converges or antagonizes pattern recognition 
receptor signaling are outstanding aspects that need exploration 
before CLEC10A can be exploited to manipulate the immune 
system.

Finally, the cell type that expresses CLEC10A needs consid
eration. Most studies regarding CLEC10A function have 
focused on (monocyte-derived) DCs, while research into alter
natively-activated (M2-like) macrophages is virtually absent. 
The limited data available shows that CLEC10A stimulation 
on macrophages also increased IL-10 production [13] and 
enhanced bacterial phagocytosis [100]. In the TME, CLEC10A 
is expressed on myeloid cells, which are partly of macrophage 
origin [48–51]. As macrophages are among the most abundant 
cell types present in the TME, contributing to tumor cell 
survival, angiogenesis, metastasis, and immune evasion [101], 
this cell type should not be disregarded in future studies. 
Overall, finding the right CLEC10A-positive APC to target and 
the optimal ligand, in combination with the right adjuvant to 
overcome the immunosuppressive TME, are needed to 
advance the field and key to a successful CLEC10A-mediated 
immunotherapy in cancer.

Abbreviation

ASGPR Asialoglycoprotein receptor
cDC Conventional dendritic cell
CLR C-type lectin receptor
CRD Carbohydrate recognition domain
CSP Chemical shift perturbation
DC-SIGN Dendritic cell-specific ICAM-3-grabbing non-integrin
ECD Extracellular domain
GalNAc N-Acetylgalactosamine
HLA Human leucocyte antigen
HSQC Heteronuclear single quantum coherence spectroscopy
IFN Interferon
IL Interleukin
KD Dissociation constant
MDSC Myeloid-derived suppressor cell
MGL Macrophage galactose-type lectin
MHC Major histocompatibility complex
moDC Monocyte-derived dendritic cell
MUC Mucin
NK Natural killer (cell)
NMR Nuclear Magnetic Resonance
TCGA The Cancer Genome Atlas
Th T helper cell
TLR Toll-like receptor
TME Tumor microenvironment
Tn Thomsen-nouveau
TNF Tumor necrosis factor
Tr1 Type 1 regulatory T (cell)
Treg Regulatory T cell
TR-ROESY Transfer-Rotating-frame nuclear Overhauser effect 

spectroscopy
sTn Sialyl-Tn
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