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Clec4A4 Acts as a Negative Immune Checkpoint

Regulator to Suppress Antitumor Immunity
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Clec4A4 is a C-type lectin receptor (CLR) exclusively expressed
on murine conventional dendritic cells (¢cDC) to regulate their
activation status. However, the functional role of murine Clec4A4
(mClec4A4) in antitumor immunity remains unclear. Here, we
show that mClec4A4 serves as a negative immune checkpoint
regulator to impair antitumor immune responses. Deficiency of
mClec4A4 lead to a reduction in tumor development, accompanied
by enhanced antitumor immune responses and amelioration of the
immunosuppressive tumor microenvironment (TME) mediated

Introduction

Dendritic cells (DC) are considered essential antigen (Ag)-presenting
cells (APC) that play pivotal roles in organizing the immune system,
linking innate information gathered by recognizing invading microbes
through a variety of pattern recognition receptors (PRR) to tailored
adaptive responses (1-3). DCs comprise two functionally distin-
guishable principal subsets, classical or conventional DCs (cDC)
and plasmacytoid DCs (pDC; refs. 1-3). Furthermore, ¢cDCs are
subdivided into type 1 ¢cDC (cDC1) and type 2 (cDC2) lineages,
which differ in developmental pathway and function (1-3). For the
initiation of primary T-cell responses against microbial infection,
DCs recognize and process microbial Ag to present their antigenic
peptides in the context of MHC in conjunction with costimulatory
molecules and cytokines for the differentiation of naive T cells to
effector T (Teg) cells (1-3). On the other hand, DCs are implicated
as critical for the maintenance of immune homeostasis under
steady-state and certain environmental conditions by generating
immune tolerance through mechanisms including the induction of
clonal deletion and anergy of Ag-specific T cells as well as the
generation of CD4"Foxp3™ regulatory T cells (Treg; ref. 3).
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through the enforced activation of cDCs in tumor-bearing mice.
Furthermore, antagonistic mAb to human CLEC4A (hCLEC4A),
which is the functional orthologue of mClec4A4, exerted protection
against established tumors without any apparent signs of immune-
related adverse events in hCLEC4A-transgenic mice. Thus, our
findings highlight the critical role of mClec4A4 expressed on cDCs
as a negative immune checkpoint molecule in the control of tumor
progression and provide support for hCLEC4A as a potential target
for immune checkpoint blockade in tumor immunotherapy.

Clec4A4, also known as dendritic cell immunoreceptor 2 (DCIR2),
is a member of the group II transmembrane C-type lectin receptors
(CLR). It has an immunoreceptor tyrosine-based inhibition motif
(ITIM) in its cytoplasmic portion and is exclusively expressed on
murine cDC2 (4, 5). We have previously shown that self-interaction of
murine Clec4A4 (mClec4A4) through binding of the glutamic acid-
proline-serine (Glu-Pro-Ser; EPS) motif (6, 7) with oligosaccharide
resides anchored in the N-glycosylation site within the carbohydrate-
recognition domains (CRD), constitutively delivers inhibitory signal-
ing via ITIM and is required for the suppressive effect of mClec4A4 on
the activation of ¢DC2 (8). Furthermore, we have revealed that
mClec4A4 negatively controls inflaimmation, Ag-specific T-cell
responses, and autoimmune disorders as well as microbial infection
through the regulation of the function of cDC2 (8). On the other hand,
we have shown that human CLEC4A (hCLEC4A) exhibits a similar
molecular basis to mClec4A4 and exerts an ITIM-mediated suppres-
sive function that requires its homotypic interaction through the
binding of the EPS motif with the N-glycosylation site within the
CRD in human cDCs, suggesting that hCLEC4A is a functional
orthologue of mClec4A4 (9). Furthermore, we have also shown that
antagonistic mAb to hCLEC4A, which inhibits its self-interaction,
enhances the activation of human cDCs (9).

As negative immune checkpoints have emerged as inhibitory
pathways that play key roles in the regulation of the durability of
immune responses, while maintaining self-tolerance to prevent
autoimmunity, these pathways also have been found to enable
tumors to evade immune destruction (10-12). Growing evidence
supports the notion that cytotoxic T lymphocyte-associated anti-
gen-4 (CTLA-4) and programmed cell death-1 (PD-1) expressed
on T cells function as negative immune checkpoint regulators of
T-cell function (10-12). Furthermore, blocking mAbs against
CTLA-4 and the PD-1/programmed death ligand 1 (PD-L1) axis
are currently used as immune checkpoint inhibitors (ICI) for
tumor immunotherapy in the clinical settings (10-12). Although
these ICIs can provide unprecedented durable curative effects on
several types of tumors (10-12), there are still many patients that
do not respond to these therapeutic approaches and some tumor
types remain largely refractory to these therapies (13-15). Fur-
thermore, the use of these ICIs reportedly has the potential to cause
detrimental inflammatory side effects, which are often termed
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immune-related adverse events (irAE) triggered by the loss of
T-cell self-tolerance (16-18).

In this study, we used Clec4a4™'~ mice to show that mClec4A4
constitutes a unique regulatory CLR endowed with negative immune
checkpoint function on ¢DC that impairs antitumor immune res-
ponses, leading to the promotion of tumor development. We further
demonstrated that antagonistic mAb to hCLEC4A exerted a thera-
peutic effect against tumor development in hCLEC4A -transgenic (Tg)
mice. Collectively, mClec4A4 mediated negative immune checkpoint
function impacting antitumor immunity, and hCLEC4A may serve as
a promising candidate for immune checkpoint blockade therapy in
humans with cancer.

Materials and Methods
Mice

All mice used in this study were 8- to 12-week-old female mice. The
following strains were used: C57BL/6 mice used as wild-type (WT)
mice were purchased from Japan Clea. B6.CD45.1"OT-I T-cell recep-
tor (TCR) Tg mice harboring ovalbumin (OVA)-specific CD8" T cells
(B6.CD45.1"OT-I mice) and B6.CD45.1"OT-1I TCR Tg mice har-
boring OVA-specific CD4" T cells (B6.CD45.17OT-II mice) were
bred in-house by crossing B6.OT-I mice and B6.OT-II mice, kindly
provided by Dr. Takashi Saito (RIKEN Center for Integrative Medical
Sciences, Japan), with CD45.1" B6 mice (8, 19, 20). B6.Clecdad ™'~
mice were generated previously (8) and have been deposited as B6.Cg-
Clec4aq="™11Ksa> i1y the RIKEN BioResource Center (accession num-
ber; RBRC09657). B6.hCLEC4A-Tg mice were generated as described
below (Generation of hCLEC4A-Tg mice). All mice were bred and
maintained under specific pathogen-free conditions in the animal
facility at the University of Miyazaki, and all experiments were
conducted in accordance with a protocol approved by the Animal
Experiment Committee and Gene Recombination Experiment Com-
mittee in University of Miyazaki (Miyazaki, Japan).

Generation of hCLEC4A-tg mice

B6.hCLEC4A-Tg mice were generated using the pDOI-6 vector, a
kind gift from Dr. Satoshi Ishido (Hyogo College of Medicine, Japan;
ref. 21), which allows the expression of reporter cDNA at high levels in
APCs under the control of the murine invariant chain (Ii) promoter.
The cDNA of hCLEC4A, which was custom-made using GeneArt (Life
Technologies) in a pMA-RQ vector backbone, and each of the 5'- and
3'-ends was tagged with Clal. Following digestion of the cDNA of
hCLEC4A with Clal, the fragment was ligated into the Clal site of the
pDOI-6 vector. The linearized clone insert was released from the
vector backbone by digestion with Xhol and Pvul, gel-purified, and
microinjected into the pronuclei of fertilized C57BL/6 oocytes. The
founder line with high transgene expression was chosen for further
analysis. The mutant mice were genotyped by PCR using ii-promoter-F
(5'-AGA CAC ACA GCA GCA GCA-3') and clec4a-R (5'-TCA TCT
CAC AAA CTG ACC TTT GA-3') with the product being 4,426 base
pairs (bp). The transgenic founders were mated with C57BL/6 mice,
and offspring were screened by the same PCR genotyping to establish
B6.hCLEC4A-Tg mice.

Cell lines

An OVA-transfected derivative of the B16 murine melanoma cell
line (B16-OVA; ref. 22) and the murine colon adenocarcinoma cell line
M(C38 (23-25) were kindly provided by Dr. Shin-ichiro Fujii (RIKEN
Center for Integrative Medical Sciences, Japan) in 2015 and 2020,
respectively. B16-OVA and MC38 cells were cultured in RPMI1640
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(FUJIFILM Wako Pure Chemical, 189-02025) supplemented with an
antibiotic-antimycotic (FUJIFILM Wako Pure Chemical, 161-23181)
and 10% heat-inactivated FCS (Sigma-Aldrich, 173012) at 37°C in
a humidified atmosphere of 5% CO, and air. Cell lines were not
authenticated since provision and were cultured for fewer than 20
passages before use. Cell lines were tested for Mycoplasma using a
Mycoplasma Detection Kit (InvivoGen).

Cell isolation

To prepare single-cell suspensions from spleen, inguinal lymph nodes
(LN), which were used as tumor-draining LNs (tdLN) after tumor
inoculation, axillary LNs (AxiLN), and mesenteric LNs (MesLN;
refs. 8, 19, 20, 26), tissue samples were digested with collagenase type
I (Worthington Biochemical, LS004182) at 37°C for 20 minutes, and
were ground between glass slides. Splenocytes were treated with Red
Blood Cell Lysing Buffer Hybri-Max (Sigma-Aldrich, R7757-100 mL)
before suspension. Single-cell suspensions of leukocytes were obtained
by forcing through a 100-um cell strainer (BD Biosciences). CD11c*
DCs were purified by AutoMACS with CD11c MicroBeads UltraPure,
mouse (Miltenyi Biotec, 130-125-835). In some experiments, CDI11ct
DCs were sorted into MHCIT*CD11c*CD80.” cDCs in spleen with high
purity (each > 99%) using a FACSAriall Cell Sorter (BD Biosciences)
after staining with fluorescein-conjugated mAbs to MHC II (BD Bio-
sciences, 557000), CD11c (BD Biosciences, 550261), and CD8c. (BD
Biosciences, 561966). CD4™ T cells or CD8™ T cells were purified from
splenocytes of WT mice, B6.CD45.1"OT-II mice (CD45.1" Vo2 " OT-II
CD4" T cells), and/or B6.CD45.1TOT-I mice (CD45.17Vo2TOT-I
CD8" T cells) with mouse CD4 T lymphocyte Enrichment Set-DM
and (BD Biosciences, 558131) or mouse CD8 T lymphocyte Enrichment
Set-DM (BD Biosciences, 558471). Tumor tissues were ground between
glass slides, and CD45" leukocytes were purified by AutoMACS with
mouse CD45 Microbeads (Miltenyi Biotec, 130-052-301).

Flow cytometry

Cells obtained from untreated naive mice or B16-OVA-bearing
mice were stained with fluorescein-conjugated mAbs after Fc blocking
with anti-mouse CD16/CD32 mAb (clone 2.4G2, BD Biosciences,
553140). The mAbs are listed in Supplementary Table S1. Fluorescence
staining was analyzed with a FACSVerse flow cytometer (BD Bios-
ciences) and FlowJo software (Tree Star, version 10.9.0). The flow
cytometry gating strategies to identify cDC subsets and T-cell subsets
in spleen, LNs, and tumor tissues are shown in Supplementary Fig. SI.

JgRT-PCR

Total RNA from cells of tumor tissues obtained from B16-OVA-
bearing mice was extracted by using RNeasy Plus Micro Kit (QIAGEN,
74034), and the first-strand cDNA was synthesized from 100 ng of total
RNA with oligo(dT),o primer using the PrimeScript RT Master Mix
(Takara Bio, RR036A) according to the manufacturer’s instructions.
Transcriptional expression levels were analyzed, as described previ-
ously (26) by using SYBR Premix Ex Taq II (Takara Bio, RR820L) on
Thermal Cycler Dice (Takara Bio) with specific primer pairs listed in
Supplementary Table S2 after normalization for Gapdh expression by
the 2*4% method. Each sample contained three biological replicates.

RNA sequencing and analysis

RNA sequencing (RNA-seq) and analysis were performed at
Rhelixa. In brief, total RNA from resident MHC II™*4CD11c™ ¢DCs
in TdLNs in B16-OVA-bearing mice was extracted by using RNeasy
Plus Micro Kit as described above, and full-length cDNA was prepared
from total RNA (10 ng) by SMART-Seq v4 Ultra Low Input RNA Kit
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for Sequencing (Takara Bio, Z4889N). RNA-seq analysis was performed
using the NovaSeq 6000 (Illumina) in the paired-end 2 x 100-bp cycle
mode with NEBNext Ultra II RNA Library Prep Kit for Illumina (New
England Biolabs, E7770L). The quality of the raw paired-end sequence
reads was assessed with FastQC (Version 0.11.5; https://www.bioinfor
matics.babraham.ac.uk/projects/fastqc/). Low quality (<20) bases and
adapter sequences were trimmed by Trimmomatic software (Version
0.38) with the following parameters: ILLUMINACLIP: path/to/adapter.
fa:2:30:10 LEADING:20 TRAILING:20 SLIDINGWINDOW:4:15 MIN-
LEN:36. The trimmed reads were aligned to Mus musculus genome
assembly GRCm38 (mm10) as the reference genome using RNA-seq
aligner HISAT2 (Version 2.1.0). The HISAT2-resultant .sam files were
converted into .bam files with samtools (4) and used to estimate the
abundance of uniquely mapped reads with featureCounts (version
1.6.3). The raw counts were normalized with transcripts per million
(TPM). On the basis of the normalized read counts, comparative
analyses of all samples were conducted by hierarchical clustering,
principal component analysis (PCA), correlation analysis, and heat
maps. The tree diagram was made by hierarchical clustering with Wald
method using each pair of Euclidean distances. Each sample was
projected onto the 2D plane of the first and second PCA axes. Scatter
plots were constructed by calculating Pearson correlation coefficients
of each count between a pair of samples. Heat maps were created by
calculating Z-scores of the count data using stats (Version 3.6.1) and
gplots (Version 3.0.1.1) R packages. Differentially expressed genes
(DEG) were detected using DESeq2 (Version 1.24.0) with the threshold
of [log, fold change (FC)| > 1 and P,q; < 0.05 calculated by Benjamini and
Hochberg (BH) method.

Tumor growth assay and treatment

C57BL/6 mice, B6.Clec4a4~'~ mice, and B6.hCLEC4A-Tg mice
were inoculated subcutaneously with B16-OVA (1 x 10°) or MC38
(5 x 10°) in the right flank. Tumor size was measured every day after
the inoculation for 18 to 23 days using a digital caliper (CP-15CP;
Mitsutoyo), and tumor volumes were approximated using the ellip-
soidal formula: length x width x height x 0.52. For the depletion
of CD4" T cells or CD8" T cells, tumor-bearing mice received
anti-CD4 (clone GK1.5; 100 pg/mouse) or anti-CD8a. (clone 3.155;
500 pg/mouse to start followed by 200 g/mouse), which were a kind
gift of Dr. Akihiko Yoshimura (Keio University School of Medicine,
Japan), or control Ab (rat IgG2a, clone 54447, Wako, 552-61371;
200 pg/mouse), by intraperitoneal injection every 3 days starting from
the day of tumor inoculation until the end of the experiment. For the
blockade of hCLEC4A or PD-1, anti-hCLEC4A (ref. 9; clone A77-1,
mouse IgG2¢c; 100 pg/mouse), neutralizing anti-PD-1 (clone:
29F.1A12, rat IgG2a, Biolegend, 135202; 100 pg/mouse for MC38 or
200 ug/mouse for B16-OVA), or control Ab (mouse IgG2a, clone
20102, Wako, 554-60471; 200 Lg/mouse) was administered intraper-
itoneally to mice bearing tumors of approximately 100 mm’ every
3 days for a total of five times. Alternatively, spleen, inguinal LNs
indicated as peripheral LNs (PLN), AxiLNs, MesLNs, skin, lung,
liver, small intestine (SI), and tumor tissues were obtained from
tumor-bearing mice on day 21 after tumor inoculation. In some
experiments, body weight was measured every day after the inoc-
ulation for 21 days.

Adoptive transfer

For Ag-specific priming of CD4" T cells or CD8" T cells
in vivo (8, 19, 20), CD45.17OT-II CD4" T cells or CD45.17OT-1
CD8" T cells isolated by the protocol described above (see Cell
isolation) were labeled with eFluor 670 (Thermo Fisher Scientific,
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65-0840-85; 2.5 umol/L) at 37°C for 10 minutes and then washed
twice with cold PBS. Subsequently, eFluor 670-labeled CD45.1T0T-1I
CD4 " Tcellsor CD45.1 "OT-ICD8™ T cells (each 5 x 10° cells/mouse)
were intravenously injected into untreated naive mice or B16-OVA-
bearing mice on day 21 after tumor inoculation. After 3 days, the gated
CD45.1"OT-11 CD4" T cells or CD45.1"OT-1 CD8™ T cells in spleen
and PLNs were analyzed for eFluor 670 dilution to detect dividing cells
by flow cytometry analysis.

Culture of CD1Ic* DCs

CDl11c" ¢DCs obtained by the protocol described above (see Cell
isolation) from spleen and PLNs from untreated naive mice or spleen
and TdLNs from B16-OVA-bearing mice on day 21 after tumor
inoculation were cultured with or without lipopolysaccharide (LPS,
Sigma-Aldrich, 12637-5MG; 1 pug/mL) in RPMI1640 supplemented
with an antibiotic-antimycotic and 10% heat-inactivated FCS as
described above for 16 hours in 48-well culture plates. Subsequently,
the culture supernatants were collected and stored at —80°C until
assayed for cytokines.

Detection of cytokines by ELISA

Culture supernatants were assayed for mouse IL6 and mouse TNFa.
using IL6 Mouse Uncoated ELISA Kit with plates (Thermo Fisher
Scientific, 88-7064-86) and TNFo. Mouse Uncoated ELISA Kit with
Plates (Thermo Fisher Scientific, 88-7324-76) according to the man-
ufacturers’ instructions, and the absorbance was measured at 450 nm
by microplate reader (iMark, Bio-Rad).

Enzyme-linked immunospot assay

OVA-specific responses of CD8" T cells obtained from tumor
tissues as described above (see Cell isolation) were quantified by the
IFNY enzyme-linked immunospot (ELISpot) assay with ELISpot Plus:
mouse IFNY [horseradish peroxidase (HRP); Mabtech, 3321-4HPW-
2] and OV A,s7_»64 peptide (SIINFEKL; 1 pg/mL, MBL, TS-5001-P)
according to the manufacturers’ instructions. Pictures of each well
were captured using Alphalmager Image Analysis System (Alpha
Innotech), and individual spots were counted per well.

Ag-presentation assay

eFluor 670-labeled CD45.17OT-1I CD4" T cells (10°) or
CD45.17OT-1 CD8™ T cells (10°) were cultured with CD11c" ¢DCs
(10 obtained from PLNs in untreated naive mice or TdLNs and
tumor tissues in B16-OVA-bearing mice on day 21 after tumor
inoculation for 3 days in 96-well round-bottomed plates (8). After
3 days, the gated CD45.1"OT-II1 CD4 ™" T cells or CD45.1*OT-1CD8*
T cells were analyzed by flow cytometry for eFluor 670 dilution to
detect dividing cells.

Histopathologic assessment

Tissues from the skin, lung, liver, and SI were fixed with 4%
paraformaldehyde (PFA) in PBS and embedded in paraffin (26).
Tissue sections were stained with hematoxylin and eosin (H&E).
In brief, paraffin-embedded tissues were cut into 5-pum-thick sections
and placed onto silane-coated slide glasses. The sections were depar-
affinized with toluene and rehydrated through graded ethanol series.
Tissues were stained with Mayer Hematoxylin Solution (FUJIFILM
Wako Pure Chemical, 131-09665) and Eosin Alcohol Solution
(FUJIFILM Wako Pure Chemical, 050-06041), then dehydrated with
graded ethanol series and cleared with xylene (FUJIFILM Wako Pure
Chemical, Wako 242-00087; ref. 26). The stained slides were exam-
ined with a bright-field microscopy (BX53; Olympus).
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Statistical analysis

All statistical analysis was performed using Prism 6 (GraphPad
Software). Data are expressed as the mean + SD from three to 10
individual samples in a single experiment, and we performed at least
three independent experiments. The statistical significance of the
differences between the values obtained was evaluated by unpaired
two-tailed Student ¢ test. A P < 0.01 was considered significant.

Data and materials availability

RNA-seq data reported in this study have been deposited in DNA
Data Bank of Japan’s BioProject under accession number DRA016613.
All other data associated with this study are available within the article
and its Supplementary Data files or on request from the corresponding
author.

Results

Deficiency of mClec4A4 inhibits tumor progression

To begin investigating whether mClec4A4 affects tumor progres-
sion and antitumor immunity mediated through the control of cDC
function, we utilized the B16-OVA experimental model in which the
poorly immunogenic B16 murine melanoma tumor cell line has been
engineered to express OV A (22) to assess the generation of Ag-specific
T-cell responses. To evaluate the relevance of mClec4A4 in antitumor
immunity in vivo, we compared tumor growth in WT and Clec4a4 '~
mice. Clec4a4™'~ mice displayed a significant reduction in tumor
growth for the duration of the experiment (Fig. 1A and B). We also
observed that Clec4a4 '~ mice exhibited a potent suppression of the
growth of the immunogenic murine colon adenocarcinoma cell line
MC38 (23-25) compared with WT mice (Supplementary Fig. S2A and
S2B). These results indicated that deficiency of mClec4A4 suppressed
tumor development.

To address the contributions of CD4" or CD8" T cells to tumor
regression in the context of mClec4A4 deficiency, we administered CD4-
or CD8al-depleting mAb into B16-OVA-bearing mice (Supplementary
Fig. S2C-S2F). Treatment of tumor-bearing WT mice or Clec4ad '~
mice with anti-CD4 led to a significant reduction of tumor growth,
implying that this treatment not only depleted antitumor CD4™ T cells
but also certain CD4" immunosuppressive populations, such as CD4 ™"
Foxp3* Tregs, myeloid-derived suppressor cells (MDSC; refs. 27, 28),
and pDCs, all of which can impair antitumor immune responses (29). On
the other hand, the elimination of CD8™ T cells by anti-CD80: resulted in
aggressive tumor growth in tumor-bearing Clec4a4 '~ mice. Collective-
ly, these results indicated that the elimination of CD8™" T cells enhanced
tumor progression in the context of mClec4A4 deficiency.

To determine the role of mClec4A4 in the initiation of Ag-specific
T-cell responses in tumor-bearing mice, we adoptively transferred
eFluor670-labeled OT-II CD4™" T cells or OT-I1 CD8" T cells, which
express the OVA-specific IT-Iland OT-1 TCRs, respectively (8, 19, 20),
into untreated naive or B16-OVA-bearing mice, and monitored their
Ag-specific division in spleen, PLNs, and tdLNs. Whereas tumor-
bearing WT mice exhibited a more potent Ag-specific division of OT-I
CD8" T cells than OT-II CD4" T cells in TdLNSs, their apparent
responses were not detected in spleen (Fig. 1C and D; Supplementary
Fig. $3). On the other hand, tumor-bearing Clec4a4 ™'~ mice displayed
more potent Ag-specific divisions in tdLNs than tumor-bearing WT
mice (Fig. 1C and D). We did not observe Ag-specific divisions of
OT-I1 CD4" T cells and OT-I CD8" T cells in spleen and PLNs in
both untreated naive mice (Fig. 1C and D; Supplementary Fig. S3).
These results indicated that the deficiency of mClec4A4 promoted
Ag-specific priming of T cells under tumor-bearing conditions.
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Deficiency of mClec4A4 alters the immunosuppressive features
of the tumor microenvironment

Tumors appear to operate multiple mechanisms to impair the
functions of effector immune cells and generate immunosuppressive
immune cell subsets in the tumor microenvironment (TME) and
thereby circumvent antitumor immunity and facilitate their
progression (30-32). To clarify how the deficiency of mClec4A4 can
inhibit tumor development, we examined the leukocytes in lymphoid
tissues in B16-OVA-bearing WT mice and Clec4a4 '~ mice. In WT
mice, tumor development was associated with increased frequencies of
Gr-17CD11b*F4/80" MDSCs, Gr-17CD11b¥F4/80" MDSCs, and
Gr-17CD11b""F4/80" macrophages in spleen, whereas it was asso-
ciated with decreased frequencies in spleen of CD11c¢ " Siglec-H™ cDCs,
B220" B cells, CD3"CD4™" T cells, and CD3TCD8" T cells (Supple-
mentary Fig. $4). In contrast, the increased frequencies of MDSCs were
attenuated in spleen in tumor-bearing Clec4a4™'~ mice when com-
pared with tumor-bearing WT mice, whereas the reduction in the
frequencies of CD11c"Siglec-H™ ¢DCs and B220" B cells and the
enhancement of the frequency of Gr-1"CD11b'“F4/80" macro-
phages were similarly observed (Supplementary Fig. S4). On the other
hand, tumor progression was associated with reduced frequencies of
CD1 lc"'Siglec—H’ cDCs, CD3"CD4™" T cells, and CD3TCD8™" T cells,
enhanced frequency of B220" B cells, and slightly increased frequency
of MDSCs in tdLNs in WT mice (Supplementary Fig. S5). Similar
changes in the frequencies of B220" B cells, MDSCs, CD3"CD4"
T cells, and CD3"CD8" T cells were observed in tdLNs in Clec4ad ™'~
mice following tumor transplantation, whereas the frequency of CD11
c™Siglec-H" pDCs was higher than tumor-bearing WT mice (Sup-
plementary Fig. S5).

We also compared the tumor-infiltrating leukocytes in B16-OVA-
bearing WT and Clec4a4~'~ mice (Fig. 1E and F). When compared
with tumor-bearing WT mice, tumor-bearing Clec4a4 '~ mice exhib-
ited marked infiltration of CD11c¢ " Siglec-H™ ¢cDCs, CD11 c™*Siglec-
H" pDCs, NK1.1" natural killer (NK) cells, CD3TCD4™" T cells, and
CD3*CD8" T cells in tumor tissues, whereas they displayed significant
reduction in the accumulation of Gr-1"CD11b*F4/80" MDSCs and
Gr-1"CD11b"F4/80” MDSCs. Taken together, these results indicated
that deficiency of mClec4A4 promoted or diminished the infiltration
of inflammatory leukocytes or MDSCs, respectively, in lymphoid and
tumor tissues in tumor-bearing mice.

Tumor cells and certain tumor-infiltrating immune cells secrete
diverse soluble factors that facilitate the emergence of an immuno-
suppressive TME that attenuates antitumor immune responses, lead-
ing to the appearance of progressively growing tumors. We therefore
compared the transcriptional expression of immunosuppressive mole-
cules in tumor tissues in B16-OV A-bearing WT mice and Clec4ad '~
mice (Fig. 1G). Tumor tissues obtained from WT mice expressed
transcripts encoding IL10, TGEFp, indoleamine 2,3-dioxygenase
(IDO), VEGF, arginase, inducible nitric oxide synthase (iNOS), COX2,
and membrane-associated prostaglandin E2 synthase (mPGES).
Clec4a4™"~ mice displayed lower transcriptional expression of these
immunosuppressive molecules in tumor tissues than WT mice. Col-
lectively, these results indicated that the deficiency of mClec4A4
affected the formation of the immune regulatory milieu of the TME.

Deficiency of mClec4A4 inhibits the alteration in activation
status of cDCs under tumor-bearing conditions

To determine how mClec4A4 controls the activation status of cDCs
under tumor-bearing conditions, we characterized cDCs in lymphoid
tissues in B16-OVA-bearing WT and Clec4a4~'~ mice. Under tumor-
bearing conditions, WT mice and Clec4a4™'~ mice exhibited similar
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Deficiency of mClec4A4 abrogates tumor progression. Aand B, WT and Clec4a4~'~ mice were inoculated with B16-OVA, and tumor growth was monitored. A, Tumor
volume for 23 days. B, Tumor volume on day 23; n > 6 per group. P< 0.01 compared with WT mice. WT and Clec4a4~'~ mice that had been inoculated with or without
B16-OVA were adoptively transferred with eFluor 670-labeled CD45.17OT-Il CD4™ T cells (C) or CD45.170T-1 CD8™ T cells (D) on day 21 after tumor inoculation. Cell
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bearing mice on day 3 after the adoptive transfer; n > 6 per group. Numbers in the histogram represent the proportion of the dividing cells. P< 0.01compared with WT
mice. E-G, WT and Clec4a4™~ mice were inoculated with B16-OVA. E and F, Cell surface expression profile (E) and proportion (F) of leukocytes in tumor tissues on
day 21 after tumor inoculation; n > 6 per group. P < 0.01 compared with WT mice. Numbers in the dot plot represent the proportion of the indicated cell populations
among leukocytes. G, Transcriptional expression indicated immunosuppressive molecules in tumor tissues on day 21after tumor inoculation; n > 6 per group. P< 0.01
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proportions of XCR1" ¢DC1 and SIRPo.* cDC2 in spleen and tdLNs
(Supplementary Figs. S6A, S6B, S7A, and S7B). Although tumor pro-
gression was associated with reduced expression of MHC class I (MHC
I),CD40,CD80, B7-H1,and B7-H2 in splenic CD80o.” cDC2 in WT mice,
it was associated with enhanced expression of MHC I, CD40, CD80,
CD86, B7-H1, and B7-H2 in Clec4a4 '~ mice (Supplementary Fig. S6C
and S6D). Furthermore, splenic CD8c.” cDC2 obtained from Clecdad™'~
mice showed enhanced capacity to produce inflammatory cytokines
upon stimulation with LPS as compared with those obtained from WT
mice under normal and tumor-bearing conditions (Supplementary
Fig. S6E). Following tumor transplantation in WT mice, resident MHC
I™CD11™ ¢DCs in tdLNs showed reduced expression of MHC 1,
MHC II, CD40, CD86, CD11c, and B7-DC (Fig. 2A; Supplementary
Fig. $7C), while migratory MHC IICD11 ¢™*? ¢DCs in tdLNs exhibited
reduced expression of MHC I, MHC II, CD40, and CD11c (Supple-
mentary Fig. S8A and S8B). On the other hand, the increased expression
of B7-H1 was observed in both cDC subsets in TdLNs in WT mice after
tumor transplantation (Fig. 2A; Supplementary Figs. S7C, S8A, and
S8B). Tumor progression was associated with high expression of
mClec4A4 in resident MHC I™*’CD11cCD11b"CD103™ ¢DC2 and
resident MHC II™*‘CD11¢"CD11b*CD103* ¢DC2 in tdLNs in WT
mice (Fig. 2A and B; Supplementary Fig. S7C), although migratory
MHC IIMCD11 ¢™ ¢DCs in tdLNs did not express it (Supplementary
Fig. S8A and S8B). We also observed that tumor progression was
associated with little or no effect on the expression of mClec4A4 on
cDCs in other LNs in WT mice (Supplementary Fig. S8C and S8D). In
contrast, tumor progression did not reduce the expression levels of MHC
I, MHC 11, CD40, CD80, CD86, B7-H2, and B7-DC in resident MHC
™CD11c™ LN ¢DCs, but not migratory MHC IICD11 ¢™¢ LN
¢DCs, obtained from Clec4a4 '~ mice, whereas it enhanced or reduced
the expression of B7-H1 on resident MHC II™*CD11c™ LN ¢DCs or
migratory MHC II™CD11 ¢™ LN ¢DCs obtained from Clec4a4 '~
mice (Fig. 2A; Supplementary Figs. S7C, S8A, and S8B). Furthermore,
tumor progression was associated with reduced capacity of resident
MHC II™CD11cM ¢DCs in tdLNs from WT mice to produce inflam-
matory cytokines in response to LPS stimulation, whereas this was not
seen for those cells from tdLNs in Clec4a4 '~ mice (Supplementary
Fig. S7D). We also observed that resident MHC 1I™**CD11c™ ¢DCs
obtained from tdLNs in B16-OVA-bearing Clec4a4 '~ mice showed a
higher capacity to present OVA for the activation of OT-I1 CD4" T cells
and OT-1 CD8" T cells than those from B16-OVA-bearing WT mice,
while resident MHC II™‘CD11c™ cDCs obtained from PLN in both
untreated naive mice failed to activate them (Fig. 2C and D). Gene
expression profiling revealed that resident MHC II™*CD11c™ ¢DCs
obtained from tdLNs in tumor-bearing Clec4a4 '~ mice had enhanced
expression of about 60 genes related to inflammatory cytokines and
chemokines as well as signaling components, whereas they had reduced
expression of about 20 genes encoding inhibitory molecules as compared
with those from tumor-bearing WT mice (Fig. 2E; Supplementary
Tables S3-S6).

Having demonstrated the infiltration of cDCs into tumor tissues in
the context of mClec4A4 deficiency, we sought to determine differ-
ences in their activation status in tumor tissues between WT mice and
Clec4a4™"~ mice. WT and Clec4a4 '~ mice had similar constituencies
of XCR1* ¢DCI and SIRPo." ¢DC2 in tumor tissues (Supplementary
Fig. S9A and S9B). Tumor-infiltrating cDCs obtained from Clec4a4 '~
mice exhibited higher expression of MHC I, MHC II, CD80, CD86, and
B7-H1, and lower expression B7-H2 and B7-DC than those obtained
from WT mice (Fig. 2F; Supplementary Fig. SOC). Furthermore, tumor-
infiltrating cDCs obtained from B16-OVA-bearing Clec4a4'~ mice
displayed a higher capacity to present OVA for the activation of OT-II
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CD4" T cells and OT-I CD8" T cells than those obtained from B16-
OVA-bearing WT mice (Fig. 2G and H). Collectively, these results
indicated that the deficiency of mClec4A4 inhibited changes in the
activation status of cDCs under tumor-bearing conditions.

Deficiency of mClec4A4 improves the activation status of T cells

To evaluate how mClec4A4 controls antitumor T-cell responses, we
characterized T cells in lymphoid tissues in B16-OVA-bearing WT
and Clec4a4 ™'~ mice. Similar expression patterns of CD44 and CD62 L
in CD4" T cells and CD8" T cells in spleen, PLNs, and tdLNs were
observed between normal and tumor-bearing conditions in WT mice,
while they did not express any immune checkpoint molecules, includ-
ing PD-1, T-cell Ig and mucin-domain containing-3 (TIM-3), and
lymphocyte activation gene-3 (LAG-3) (Supplementary Figs. S10A,
S10B, S11A, and S11B). In contrast, tumor progression was associated
with an increase in the fractions of CD4"CD44"CD62L" T cells and
CD8"CD44 1 CD62L" T cells, which are known as effector memory T
(Tgpm) cells (33), in these lymphoid tissues in Clec4a4™'~ mice (Sup-
plementary Figs. S10A, S10B, S11A, and S11B). On the other hand,
tumor-bearing Clec4a4 '~ mice showed enhanced generation of MHC
I-OVA pentamerJrCD44highCD8Jr T cells in TALNSs, but not spleen, as
compared with tumor-bearing WT mice (Supplementary Figs. S10C,
S10D, S11C, and S11D). Collectively, these results indicated that the
deficiency of mClec4A4 enhanced the induction of Tgy cells and
cytotoxic T lymphocytes (CTL) in lymphoid tissues under tumor-
bearing conditions.

Having demonstrated that deficiency of mClec4A4 promoted the
accumulation of tumor-infiltrating lymphocytes (TIL), we next sought
to determine differences in the activation status of TILs between WT
and Clec4a4~'~ mice. Clec4a4 '~ mice exhibited higher proportions of
CD4"CD44"CD62L" TILs and CD8"CD44*CD62L™ TILs than WT
mice (Fig. 3A-D). Moreover, CD4" TILs and CD8" TILs obtained
from Clec4a4~'~ mice displayed reduced expression of PD-1, TIM-3,
and/or LAG-3 as compared with those obtained from WT mice
(Fig. 3A-D). Furthermore, tumor-bearing Clec4a4 '~ mice showed
a marked accumulation of MHC I-OVA pentamer ™ CD44"8"CDg"
TILs and Ag-specific IFNY-producing TILs in tumor tissues as com-
pared with tumor-bearing WT mice (Fig. 3E-H). Taken together,
these results indicated that deficiency of mClec4A4 promoted the
infiltration of TILs with reduced expression of negative immune
checkpoint molecules into tumor tissues.

To address the influence of mClec4A4 deficiency on the appearance
of CD4 " Foxp3™ Tregs under tumor-bearing conditions, we compared
the frequency of these cells in lymphoid tissues in B16-OVA-bearing
WT and Clec4a4™'~ mice. In WT mice, tumor progression was
associated with an enhanced proportion of CD4"Foxp3™ Tregs in
TdLNs, but not spleen (Supplementary Figs. S1I0E, S10F, S11E, and
S11F). On the other hand, tumor-bearing Clec4a4~'~ mice showed a
lower frequency of CD4*Foxp3™ Tregs in tdLNs than tumor-bearing
WT mice (Supplementary Fig. SI1E and S11F).

We also compared the accumulation of CD4"Foxp3™ Tregs in
tumor tissues between B16-OVA-bearing WT and Clec4a4 '~ mice.
Although CD4" T-cells infiltrated into tumor tissues in tumor-
bearing WT mice (Fig. 1E and F), the majority of these cells were
CD4"Foxp3*retinoic acid-related orphan receptor yt (RORyt)”
Tregs and CD4'Foxp3"RORyt" Tregs (refs. 34-36; Fig. 3I
and J), which were different from those in lymphoid tissues (Sup-
plementary Figs. S10G, S10H, S11G, and S11H). However, tumor-
bearing Clec4a4 '~ mice exhibited a lower frequency of tumor-
infiltrating CD4"Foxp3™ Tregs than tumor-bearing WT mice
(Fig. 3I and J). Collectively, these results indicated the deficiency
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Figure 2.

Deficiency of mClec4A4 suppresses the change in activation status of cDCs under tumor-bearing conditions. WT and Clec4a4~/~ mice were inoculated with or
without B16-OVA. Cell surface expression profile of resident MHC 1I™9CD11c™ cDCs (A) and mClec4A4 cells among resident MHC 1I™4CD11c™ ¢DC subsets (B) in
PLNs in untreated naive mice or tdLNs in tumor-bearing mice on day 21 after tumor inoculation; n > 6 per group. Numbers in the histogram represent mean
fluorescence intensity (MFI; A). Numbers in the dot plot represent the proportion of the indicated cell populations (B). eFluor 670-labelled CD45.17OT-11 CD4 ™ T cells
(C) or CD45.1+0T-1CD8™ T cells (D) were cultured with resident MHC 11M9CD11c" cDCs from PLNs in untreated naive mice or tdLNs in tumor-bearing mice on day 21
after tumor inoculation; n > 6 per group. Cell division profile (left) and proportion (right) among CD45.170T-1l CD4™ T cells (C) or CD45.17OT-I CD8™ T cells (D).
Numbers in the histogram represent the proportion of dividing cells. P< 0.01 compared with WT mice. E, Gene expression signature of resident MHC II™e“CD11c cDCs
in TALNs in tumor-bearing mice on day 21 after tumor inoculation. Heat map shows DEGs (log,-FC > 1or <1) determined using RNA-seq data from immune-related
genes of resident MHC 1I™*“CD11c™ cDCs isolated from tumor-bearing Clec4a4™'~ mice as compared with those from tumor-bearing WT mice. Normalized Z score
values were calculated for each DEG. The distribution of the expression level of DEGs is shown on the color key legend (up, red; down, blue). F, Cell surface expression
profile of cDCs in tumor tissues on day 21 after tumor inoculation; n > 6 per group. Numbers in the histogram represent mean MFI. eFluor 670-labeled CD45.17OT-II
CD4™ T cells (G) or CD45.170T-I CD8™ T cells (H) were cultured with cDCs from tumor tissues on day 21 after tumor inoculation; n > 6 per group. Cell division profile
(left) and proportion (right) among CD45.170T-1l CD4™ T cells (G) or CD45.170T-1 CD8™" T cells (H). Numbers in the histogram represent the proportion of dividing
cells. P < 0.01 compared with WT mice. All data are representative of at least three independent experiments.
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Figure 3.

Deficiency of mClec4A4 promotes the activation status of TILs under tumor-bearing conditions. WT and Clec4a4™~’~ mice were inoculated with B16-OVA. Cell surface
expression profile (A and C) and proportion (B and D) of CD4™ T cells (A and B) and CD8™ T cells (C and D) in tumor tissues on day 21 after tumor inoculation; n> 6 per
group. Numbers in the histogram represent the proportion of the indicated cell populations. P < 0.01 compared with WT mice. Cell surface expression profile (E) and
proportion (F) of MHC I-OVA pentamer*CD44MS"CD8* T cells among CD8™ T cells in tumor tissues on day 21 after tumor inoculation; n> 6 per group. Numbers in the
dot plot represent the proportion of the indicated cell populations. P < 0.01 compared with WT mice. OVA-specific IFNy-producing T-cell response in tumor tissues on
day 21 after tumor inoculation; n > 6 per group. Representative picture (G) and spot counts (H) of IFNy-producing cells. P < 0.01 compared with WT mice. Cell surface
expression profile (I) and proportion (J) of CD4"Foxp3™ T cells and CD4"Foxp3"RORyt™ T-cells among CD4" T cells in tumor tissues on day 21 after tumor
inoculation; n > 6 per group. Numbers in the dot plot represent the proportion of the indicated cell populations. P < 0.01 compared with WT mice. All data are
representative of at least three independent experiments.

of mClec4A4 reduced the accumulation of CD4"Foxp3™ Tregs in  than CD19" B cells and CD11b" macrophages, although NK1.1"

lymphoid and tumor tissues under tumor-bearing conditions. NK cells and CD3" T cells had slight or no expression, in spleen,

TdLNs, and tumor tissues in hCLEC4A-Tg mice (Fig. 4A; Supple-
Blockade of hCLEC4A with antagonistic anti-hCLEC4A has mentary Fig. S12A). Furthermore, CD11c*CD8a" c¢DCl exhibited
therapeutic effects in tumor-bearing hCLEC4A-tg mice a higher expression of hCLEC4A than CD11ctCD80~ ¢DC2

hCLEC4A can be considered a functional ortholog of mClec4A4 and CD11 ¢™Siglec-H™ pDCs (Fig. 4B). On the other hand,
(8, 9), and we have recently generated an antagonistic mAb to  splenic CD8a" ¢DC2 showed a normal expression of mClec4A4
hCLEC4A that enhances the function of cDCs, while it could not  in hCLEC4A-Tg mice (Supplementary Fig. S12B).
recognize mClec4A4 (9). Given that mClec4A4 acts as an immune Having demonstrated the predominant expression of hCLEC4A on
checkpoint molecule expressed on ¢cDCs in mice, hCLEC4A could  murine DCs subsets in hCLEC4A-Tg mice, we assessed the antitumor
also function as an immune checkpoint regulator for antitumor effects of the blockade of hCLEC4A and/or PD-1 with mAb admin-
immunity in humans. To investigate the utility of antagonistic anti-  istered as monotherapy or combinational therapy to tumor-bearing
hCLEC4A for protection against tumor development, we created ~hCLEC4A-Tg mice. Although the blockade of PD-1 had minimal
hCLEC4A-Tg mice that express hCLEC4A under the control of the  suppression on the growth of B16-OVA, consistent with prior stud-
murine Ii promoter (21). Although hCLEC4A is mainly expressed ies (37), the blockade of hCLEC4A markedly inhibited it (Fig. 4C
on ¢DCs in human peripheral blood mononuclear cells (PBMC; and D). Furthermore, combination blockade of hCLEC4A and PD-1
ref. 9), CD11c" cDCs displayed a higher expression of hCLEC4A  showed more potent inhibition on the growth of B16-OVA than
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Figure 4.

Blockade of hCLEC4A with antagonistic anti-hCLEC4A suppresses tumor development in hCLEC4A-Tg mice. A, Cell surface expression profile of hCLEC4A on CD3 ™
T cells, CD19™ B cells, CD1b™ macrophages, CD11c™ DCs, and NK1.17 NK cells in spleen in hCLEC4A-Tg mice. Numbers in the histogram represent MFI. B, Cell surface
expression profile of hCLEC4A on CD1lc*CD8a* ¢cDC1, CD1ic*CD4* ¢cDC2 and CD11 c™*“Siglec-H* pDCs in spleen in hCLEC4A-Tg mice. Numbers in the histogram
represent MFI. C-F, B16-OVA-bearing hCLEC4A-Tg mice (tumor volume; approximately 100 mm®) were treated with or without anti-hCLEC4A, anti-PD-1, or control
Ab. Tumor growth was monitored. C, Tumor volume over 21 days. D, Tumor volume on day 21; n > 6 per group. P < 0.01 compared with untreated control mice. E, Cell
surface expression profile of leukocytes in tumor tissues on day 21 after tumor inoculation; n > 6 per group. Numbers in the dot plot represent the proportion of the
indicated cell populations among leukocytes. F, Transcriptional expression of the indicated immunosuppressive molecules in tumor tissues on day 21 after tumor
inoculation; n > 6 per group. P < 0.01 compared with untreated control mice. All data are representative of at least three independent experiments.
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monotherapy blockade of hCLEC4A (Fig. 4C and D). In addition,
tumor-bearing mice treated with blockade of hCLEC4A had no
apparent signs of tissue damage of skin, lung, liver, and SI and no
significant weight loss, and appeared similar to untreated tumor-
bearing mice (Supplementary Fig. S13). Blockade of hCLEC4A and/
or PD-1 exhibited a similar potent suppression of the growth of MC38
(Supplementary Fig. S14). Collectively, these results indicated that
monotherapy with antagonistic anti-hCLEC4A was effective at inhi-
biting the tumor development, while the combination therapy with
mAbs to hCLEC4A and PD-1 exerted enhanced antitumor effects.

We further addressed the impact of the blockade of h(CLEC4A and/
or PD-1 on the constitution of tumor-infiltrating leukocytes and the
transcriptional expression of immunosuppressive molecules in tumor
tissues in B16-OVA-bearing hCLEC4A-Tg mice. When compared
with untreated tumor-bearing hCLEC4A-Tg mice, the blockade of
hCLEC4A or PD-1 enhanced infiltrations of CD11c " Siglec-H™ ¢DCs,
CD11 ¢™Siglec-H" pDCs, NK1.1" NK cells, CD3"CD4" T cells,
and/or CD3*CD8" T cells in tumor tissues, whereas it reduced the
accumulation of Gr-1*CD11b*F4/80" MDSCs (Fig. 4E; Supplemen-
tary Fig. S15). On the other hand, the blockade of hCLEC4A or PD-1
reduced transcriptional expression of IL10, IDO, arginase, COX-2, and
mPGES in tumor tissues (Fig. 4F). Furthermore, combination block-
ade of hCLEC4A and PD-1 not only yielded more profound reduction
in the expression of these genes than each monotherapy but also
suppressed the transcriptional expression of TGFB and iNOS
(Fig. 4F). Taken together, these results indicated that monotherapy
with antagonistic anti-hCLEC4A was effective for improving the
immunosuppressive TME, while the combination therapy with mAbs
to hCLEC4A and PD-1 exerted additive effects.

Blockade of hCLEC4A enhances antitumor immune responses in
hCLEC4A-tg mice

Having demonstrated the ability of immune checkpoint blockade
through hCLEC4A to inhibit tumor progression, we addressed the
effect of blockade of hCLEC4A with antagonistic anti-hCLEC4A on
antitumor immune responses in tumor tissues in tumor-bearing
hCLEC4A-Tg mice. Monotherapy with antagonistic anti-hCLEC4A
as well as neutralizing anti-PD-1 had little or no effect on the
proportions of XCR1" ¢DC1 and SIRPo." ¢DC2 in tumor tissues
when compared with untreated hCLEC4A-Tg tumor-bearing mice
(Supplementary Fig. S16A and S16B). On the other hand, monother-
apy with antagonistic anti-hCLEC4A resulted in more potent
enhancement of the expression of MHC I, MHC II, CD40, CD80,
CD86, B7-H2, and B7-DC on tumor-infiltrating cDCs than mono-
therapy with neutralizing anti-PD-1 when compared with untreated
tumor-bearing hCLEC4A-Tg mice. Moreover, their combination
yielded further enhancement of the expression of MHC and costimu-
latory/coinhibitory molecules on tumor-infiltrating cDCs (Fig. 5A;
Supplementary Fig. S16C). Collectively, these results indicated that the
blockade of hCLEC4A with antagonistic anti-hCLEC4A enhanced the
activation status of cDCs under tumor-bearing conditions.

We also examined the activation status of TILs under conditions
of blockade of hCLEC4A with antagonistic anti-hCLEC4A.
Although monotherapy with antagonistic anti-hCLEC4A or neu-
tralizing anti-PD-1 had little or no effect on the proportions of
CD4"CD44"CD62L" TILs and CD8"CD44"CD62L" TILs, these
treatments reduced the expression of PD-1, Tim-3, and/or LAG-3
on CD4" TILs and CD8" TILs, when compared with untreated
hCLEC4A-Tg tumor-bearing mice (Fig. 5B and C; Supplementary
Fig. $§17). Combination therapy with mAbs specific for hCLEC4A
and PD-1 also enhanced the proportions of CD4*CD44"CD62L"
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T cells and CD8"CD44"CD62L™ T cells, and reduced expression of
negative immune checkpoint molecules on CD4" TILs and CD8*
TILs (Fig. 5B and C; Supplementary Fig. $17). In addition, blockade
of hCLEC4A or PD-1 enhanced the accumulation of MHC I-OVA
pentamer " CD44"8"CD8" TILs and Ag-specific IFNy-producing
TILs as compared with untreated tumor-bearing hCLEC4A-Tg
mice, and their combination further enhanced this (Fig. 5D-G).
Taken together, these results indicated that blockade of hCLEC4A
with antagonistic anti-hCLEC4A enhanced the effector functions of
tumor-specific TILs.

We further studied the emergence of CD4 " Foxp3™ Tregs in tumor
tissues under the blockade of hCLEC4A with antagonistic anti-
hCLEC4A in tumor-bearing hCLEC4A-Tg mice. Monotherapy with
antagonistic anti-hCLEC4A, but not neutralizing anti-PD-1, sup-
pressed the infiltration of CD4"Foxp3 RORYt™ Tregs and CD4*
Foxp3"RORy™ Tregs into tumor tissues as compared with untreated
tumor-bearing hCLEC4A-Tg mice, while their combination therapy
had little or no enhancement to the reduction in their accumulation
(Fig. 5H and I). Collectively, these results indicated that blockade of
hCLEC4A with antagonistic anti-hCLEC4A inhibited the accumula-
tion of CD4"Foxp3™ Tregs in tumor tissues.

Discussion

Although much attention has been paid to several coinhibitory
pathways as targets of immune checkpoint blockade to reinforce T-cell
function for tumor immunotherapy (38-40), the intrinsic inhibitory
immune checkpoint regulation of cDC function for the control of
antitumor immunity remains to be determined. In this study, our
findings suggest that mClec4A4 and hCLEC4A serve as unique CLRs
function as immune checkpoint regulators of cDC subsets in mice and
humans to impair antitumor immunity. Thus, hCLEC4A emerges as a
potential target for a novel immune checkpoint blockade tumor
immunotherapy.

Analysis of Clec4a4 '~ mice revealed that mClec4A4 deficiency led
to reduced tumor progression, while the absence of CD8" T-cells
restored tumor progression in this context. Furthermore, the
mClec4A4 deficiency enhanced the priming of Ag-specific CD8" T
cells. Therefore, these results suggest that mClec4A4 abrogates the
capacity of cDC2 to mediate cross-presentation of tumor cell-
associated Ag and prime naive CD8" T cells for the generation of
tumor-specific CTLs, and that this leads to the progressive develop-
ment of tumors.

In addition to the enhanced generation and accumulation of
MDSCs in lymphoid tissues under tumor-bearing conditions, several
inflammatory leukocytes as well as MDSCs and CD4 " Foxp3* Tregs
infiltrated into tumor tissues. Furthermore, tumor tissues expressed
the transcripts encoding certain immunosuppressive cytokines and
metabolite-generating enzymes, possibly produced by MDSCs and
CD4*Foxp3™ Tregs as well as other immunosuppressive popu-
lations. Therefore, these results suggest that tumor cells and stromal
cells not only recruit inflammatory leukocytes, MDSCs, and
CD4"Foxp3™ Tregs, but also convert the immunogenic leukocytes
into a tolerogenic status through secretion of a variety of immuno-
suppressive mediators to establish an immunosuppressive TME, and
that this inhibits antitumor immunity, subsequently promoting tumor
progression. In contrast, in the context of mClec4A4 deficiency, there
was not only reduced accumulation of MDSCs and CD4 " Foxp3*
Tregs in lymphoid and tumor tissues, but also enhanced infiltration of
cDCs, pDCs, NK cells, and T cells in tumor tissues, and this was
accompanied by reduced transcriptional expression of several
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immunosuppressive mediators. Collectively, these results suggest that
mClec4A4 promotes a tolerogenic TME mediated by promoting the
induction and accumulation of MDSCs and CD4 " Foxp3™* Tregs as
well as their production of immunosuppressive mediators in lymphoid
and tumor tissues, and inhibiting the infiltration of immunogenic
leukocytes in tumor tissues, resulting in the abrogation of antitumor
immunity and enhanced tumor development.

The activation status of DCs is linked with the expression
patterns of MHC and costimulatory/coinhibitory molecules, and
there was reduced expression of these molecules observed in splenic
mClec4A4™ ¢cDC2 as well as resident and migratory cDCs in tdLNs
under tumor-bearing conditions. Furthermore, tumor progression
was associated with an impaired ability of splenic mClec4A4™
c¢DC2 and resident cDCs in tdLNs to produce proinflammatory
cytokines. These results suggest that the milieu of the TME-derived
immunosuppressive mediators drives these cDC subsets toward
tolerogenic DCs (3), favoring tumor progression. In contrast,
splenic ¢cDC2 or resident ¢cDCs in tdLNs enhanced or retained
expression of MHC molecules and several costimulatory/coinhi-
bitory molecules under mClec4A4-deficient tumor-bearing condi-
tions. In addition, mClec4A4 deficiency enhanced their ability to
produce the proinflammatory cytokines even in the tumor-bearing
states. Similarly, mClec4A4 deficiency enhanced the expression
of MHC molecules and several costimulatory/coinhibitory mole-
cules in tumor-infiltrating cDCs. It is conceivable that damage-
associated molecular patterns (DAMP) released from the TME
regulate the functions of various types of immune cells and elicit
antitumor immune responses or generate chronic inflammation
and immunosuppression, resulting in tumor regression or promo-
tion (41, 42). Thus, these phenomena led us to hypothesize that
mClec4A4 abrogates tumor-associated DAMP-mediated activation
of splenic ¢cDC2 and resident ¢cDC2 in TdLNs, which promotes
their tolerogenicity in the TME, possibly through the secretion of
immunosuppressive cytokines and metabolites rather than inflam-
matory mediators, and that inhibits the activation of tumor-
infiltrating cDCs, resulting in the attenuation of antitumor immune
responses and promotion of tumor development.

Although mClec4A4 is predominantly expressed on cDC2 in
spleen, resident cDCs in PLNs consisted of two subsets based on the
expression of mClec4A4. Although the reason why there are two
subsets of resident cDCs in PLNs with the differential expression of
mClec4A4 remains unclear, these subsets might be generated from
their common progenitor cells with distinct developmental pathways.
Importantly, resident cDCs in tdLNs acquired high levels of expression
of mClec4A4 during tumor progression. These phenomena imply that
the immunosuppressive milieu of tumor-associated DAMPs and
immunosuppressive cytokines drives the enhanced expression of
mClec4A4 on resident ¢cDCs in tdLNs, which contributes to the
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reinforcement of their tolerogenic function for the generation of
tumor-associated immunosuppression, leading to tumor progression.

Different from T cells in lymphoid tissues under tumor-bearing
conditions, tumor-infiltrating T cells expressed PD-1, TIM-3, and
LAG-3 (43-46). These phenomena imply that expression of these
immune checkpoint receptors is induced on T cells by complex
components distinctively formed in the TME and that this differs
from chronic viral infection and autoimmune disorders, where T cells
receive persistent poor antigenic exposure in the context of the
immunosuppressive cytokine milieu, leading to T-cell exhaustion.
Collectively, these findings suggest that the milieu of the immuno-
suppressive TME drives tumor-infiltrating T cells to express the
negative immune checkpoint molecules, leading to impairment of
their antitumor effector functions.

Analysis of T cells under tumor-bearing conditions revealed that
the deficiency of mClec4A4 promoted the induction of Tgy cells
and tumor-specific CTLs in lymphoid tissues. Thus, mClec4A4
could suppress the antigen-presenting functions of cDC2, limiting
the generation of Tgy cells and tumor-specific CTLs in lymphoid
tissues. Furthermore, mClec4A4 deficiency not only enhanced the
accumulation of tumor-specific TILs, but also reduced their expres-
sion of the negative immune checkpoint molecules, suggesting
that tumor-infiltrating ¢DCs deliver antigenic and costimulatory/
coinhibitory signals to tumor-specific TILs in the context of the
mClec4A4-driven immunosuppressive TME to induce their alter-
native activation status with the expression of the negative immune
checkpoint molecules. Taken together, these results suggest that
mClec4A4 increases the threshold of responsiveness of ¢cDC2 to
tumor-associated DAMP in lymphoid and tumor tissues to promote
tolerogenicity in TME, which impairs the quantity and quality
of tumor-specific T-cell responses, leading to accelerated tumor
development.

Although tumor progression enhanced the accumulation of
CD4*Foxp3"RORYt™ Tregs in tdLNs, CD4" TILs mainly consisted
of CD4 " Foxp3"RORYt™ Tregsand CD4 " Foxp3 " RORYyt" Tregs. It has
been shown that CD4*Foxp3 "RORyt" Tregs, which were derived
from CD4 " Foxp3"RORYt™ Treg cells, exhibited the suppressive activ-
ity against CD4" T cell responses (35, 36), while their precursors
and role in the control of antitumor immunity has been matter of
debate. On the other hand, the analysis of the cytokine milieu in
tumor tissues suggest that CD4*Foxp3 " RORyt™ Tregs convert into
CD4 " Foxp3"RORYt" Tregs under the abundance of IL6 and IL1p in
the suppressive TME, and CD4'Foxp3"RORyt" Tregs as well as
CD4*Foxp3"RORyt™ Tregs impair antitumor responses of CD4"
Teg cells and CTLs. Thus, the TME could subvert antitumor immunity
by promoting the expansion/induction, recruitment, and activation of
CD4*Foxp3™ Tregs. In contrast, mClec4A4 deficiency reduced the
accumulation of CD4"Foxp3™ Tregs in tdLNs and tumor tissues.

Figure 5.

Blockade of hCLEC4A with antagonistic anti-hCLEC4A enhances antitumor immune responses in hCLEC4A-Tg mice. B16-OVA-bearing hCLEC4A-Tg mice
(tumor volume; approximately 100 mm?®) were treated with or without anti-hCLEC4A, anti-PD-1, or control Ab. A, Cell surface expression profile of cDCs in
tumor tissues on day 21 after tumor inoculation; n > 6 per group. Numbers in the histogram represent MFI. Cell surface expression profile of CD4™ T cells (B)
and CD8™ T cells (C) in tumor tissues on day 21 after tumor inoculation; n > 6 per group. Numbers in the histogram represent the proportion of the indicated cell
populations. Cell surface expression profile (D) and proportion (E) of MHC I-OVA pentamer*CD44"9"CD8* T-cells among CD8* T cells in tumor tissues on day
21 after tumor inoculation; n > 6 per group. Numbers in the dot plot represent the proportion of the indicated cell populations. P < 0.01 compared with
untreated control mice. OVA-specific IFNy-producing T-cell response in tumor tissues on day 21 after tumor inoculation; n > 6 per group. Representative
picture (F) and spot counts (G) of IFNy-producing cells. P < 0.01 compared with untreated control mice. Cell surface expression profile (H) and proportion (I)
of CD4*Foxp3™ T cells and CD4*Foxp3"RORyt™ T cells among CD4* T cells in tumor tissues on day 21 after tumor inoculation; n > 6 per group. Numbers in the
dot plot represent the proportion of the indicated cell populations. P < 0.01 compared with untreated control mice. All data are representative of at least three
independent experiments.
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Therefore, mClec4A4 could decrease the immunogenicity of the TME
by enhancing the emergence of CD4*Foxp3™ Tregs through the
control of ¢cDC function to restrain antitumor immunity.

We have previously shown the critical roles of the EPS motif and
the N-glycosylation site within the CRD in the homotypic inter-
action of hCLEC4A to transduce the ITIM-mediated downstream
signals for the regulation of the function of human ¢DCs (9). Thus,
our findings imply that hCLEC4A constitutively associates with
itself through the binding of the EPS motif with oligosaccharide
resides on glycans anchored at N-glycosylation site within the
CRD on the cell surface of cDCs, and that this results in the
ITIM-mediated suppression of their activation. Because the EPS
motif within CRD in hCLEC4A potentially binds to several types of
N-glycan (7), it is intriguing to hypothesize that other N-glycosylated
specific ligand(s) for hCLEC4A with a higher affinity than itself may
exist in normal and tumor cells of host as well as microbes, and that this
could drive immune suppression under tumor-bearing conditions.
Further studies will test these possibilities.

Having demonstrated the expression of hCLEC4A on murine DC
subsets in hCLEC4A-Tg mice, this transgenic strain has provides the
means to analyze the role of hCLEC4A in the control of DC function
in vivo. We have also shown that splenic CD80.” ¢DC2 show normal
expression of mClec4A4 in hCLEC4A-Tg mice. It is possible that the
activation status of cDCs is regulated by various inhibitory molecules,
including mClec4A4 and hCLEC4A, in hCLEC4A-Tg mice. Thus,
these phenomena imply that the transgenic hCLEC4A and other
existing inhibitory molecules, including mClec4A4, cooperatively
constitute the immune equilibrium in hCLEC4A-Tg mice.

Although blockade of hCLEC4A with antagonistic anti-hCLEC4A
removed the hCLEC4A-mediated functional suppression of cDCs (9),
it might not completely cancel the functional inhibitory status of cDCs
in hCLEC4A-Tg mice. Given that mClec4A4 and hCLEC4A could
independently control the activation status of ¢DCs in human
CLEC4A-Tg mice, further analysis of the activation status of ¢cDCs
under blockade of hCLEC4A with antagonistic anti-hCLEC4A in
Clec4a4™'~ hCLEC4A-Tg mice might provide the clues to elucidate
their roles in generating the functional inhibitory status of ¢cDCs in
hCLEC4A-Tg mice.

We have shown that monotherapy with antagonistic anti-
hCLEC4A exhibited more potent inhibition on the development of
established poorly immunogenic tumors than monotherapy with
neutralizing anti-PD-1 in hCLEC4A-Tg mice, whereas their com-
bination displayed a higher antitumor effect than either monother-
apy. Analysis of tumor tissues in hCLEC4A-Tg mice revealed that
monotherapy with antagonistic anti-hCLEC4A exhibited more
potent enhancement of the expression of MHC and costimulatory
molecules on tumor-infiltrating cDCs than monotherapy with neu-
tralizing anti-PD-1. Because the administration of antagonistic anti-
hCLEC4A did not deplete hCLEC4A-expressing murine leukocytes
in hCLEC4A-Tg mice, our results suggest that the antagonistic anti-
hCLEC4A enhances the activation status of hCLEC4A™" ¢DCs,
possibly due to blockade of the inhibitory function of hCLEC4A
in vivo. Furthermore, the protective effects of the monotherapy and
the combination therapy were associated with enhanced infiltration
of tumor-specific Te cells with reduced expression of negative
immune checkpoint molecules, and with reduced accumulation of
MDSCs and CD4 " Foxp3™" Tregs as well as reduced transcriptional
expression of several immunosuppressive molecules in tumor tis-
sues. On the other hand, there were no apparent signs of irAEs in
the tumor-bearing mice receiving monotherapy with antagonistic
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anti-hCLEC4A, implying that blockade of hCLEC4A does not cause
the loss of T-cell self-tolerance. Taken together, these results suggest
that blockade of hCLEC4A with antagonistic anti-hCLEC4A, which
potentiates the antigen-presenting function of hCLEC4A™* ¢DCs,
could effectively suppress tumor development, even tumors unre-
sponsive to current immune checkpoint blockade therapy, including
PD-1/PD-L1 axis blockade therapy.

In conclusion, our findings suggest that mClec4A4 and
hCLEC4A suppress TME-derived DAMP-mediated activation of
c¢DCs in lymphoid and tumor tissues, and that this provides a
tolerogenic environment in the TME that is mediated by promoting
the induction and accumulation of MDSCs and CD4 ' Foxp3™"
Tregs, and by inhibiting the infiltration and the function of ¢cDCs
and TILs in tumor tissues, leading to the abrogation of antitumor
immunity. Thus, mClec4A4 and hCLEC4A act as negative immune
checkpoint molecules predominantly expressed on cDC subsets that
abolish antitumor immunity. Having demonstrated the therapeutic
effect of blockade of hCLEC4A with antagonistic anti-hCLEC4A in
hCLEC4A-Tg mice, antagonistic anti-hCLEC4A could be a poten-
tial candidate for the treatment of malignant tumors in humans.
Furthermore, combination treatment strategies based on blockade
of hCLEC4A and other ICIs as well as conventional tumor therapies
may also be promising for generating potential improved treatment
of patients with cancer.
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