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Abstract

Immunotherapies represented by programmed cell death protein 1/programmed cell
death ligand 1 (PD-1/PD-L1) immune checkpoint inhibitors have made great progress
in the field of anticancer treatment, but most colorectal cancer patients do not benefit
from immunotherapy. Discoidin domain receptor 1 (DDR1), a tyrosine kinase receptor,
is activated by collagen binding and overexpressed in various malignancies. However,
the role of DDR1 in colorectal cancer and immunoregulation remains unclear. In this
study, we found DDR1 is highly expressed in colorectal cancer tissues and negatively
associated with patient survival. We demonstrated that DDR1 promotes colorectal
tumor growth only in vivo. Mechanistically, DDR1 is a negative immunomodulator
in colorectal cancer and is involved in low infiltration of CD4" and CD8" T cells by
inhibiting 1L-18 synthesis. We also reported that DDR1 enhances the expression of
PD-L1 through activating the c-Jun amino terminal kinase (JNK) signaling pathway. In
conclusion, our findings elucidate the immunosuppressive role of DDR1 in colorectal
cancer, which may represent a novel target to enhance the efficacy of immunotherapy

in colorectal cancer.
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1 | INTRODUCTION

Globally, CRC is the third most diagnosed malignancy and the sec-
ond leading cause of cancer death.! In the past decade, following
the initial success of melanoma treatment, immunotherapy has rap-
idly become the mainstay of treatment for a variety of solid cancers,
including a subset of colorectal cancer that are mismatch repair de-

ficient (dAMMR).%® But this proportion of patients is small and most

patients cannot benefit from immunotherapy. Moreover, studies
have shown that tumor tissues that do not respond to immunother-
apy often lack immune cell infiltration.*~® Therefore, it is critical to
understand the mechanisms responsible for “cold” immune tumors
to boost antitumor immunity.

Discoidin domain receptor 1 is a poorly characterized receptor
tyrosine kinase (RTK) that binds to collagens, which are the major

components of the extracellular matrix. DDR1 functions as a central

Abbreviations: CRC, colorectal cancer; CTLA-4, cytotoxic T lymphocyte-associated antigen-4; DDR1, Discoidin domain receptor 1; IFN-y, interferon-vy; IL-18, Interleukin-18; JNK, c-Jun
amino terminal kinase; PBMC, peripheral blood mononuclear cell; siRNA, small interfering RNA; TIL, tumor-infiltrating lymphocyte.
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extracellular matrix sensor to regulate cell adhesion.” DDR1 can
cross-talk with several transmembrane receptors, including Notch
and TGF-p receptors, and influence their signaling upon collagen
stimulation.® DDR1 also promotes cell proliferation, motility, and
invasion, depending on the tumor type and the nature of the micro-
environment.®? In colorectal cancer, DDR1 promotes cell survival
through the Ras/Raf/MAPK pathways under genotoxic stress and
supports the metastatic process through Wnt/p-catenin-dependent,
as well as BCR-dependent and PEAK1-dependent, mechanisms.!®!
It has also been found that DDR1 overexpression can induce col-
orectal cancer cell invasion through the upregulation of MMP-2.12
Nevertheless, there has been no relevant report on the immune reg-
ulation of DDR1 in CRC.

IL-18, a member of the IL-1 cytokine family, is similar to IL-1p for
being processed by caspase 1 to an 18kDa-biologically active ma-
ture form and mediates inflammation downstream of the NLRP3 and
NLRP1 inflammasomes.*>** In the body, IL-18 is constitutively ex-
pressed by several cell types, including macrophages and intestinal
epithelial cells. IL-18 promotes the enhancement of CD4 and CD8
cells proliferation and secretion of various cytokines.!®

However, a connection between DDR1 and the infiltration of im-
mune cells in colorectal cancer has not been established. Here, we
report that DDR1 promotes colorectal cancer progression through
the enhancement of the immunosuppressive microenvironment, and
its mechanism of inhibiting immune cell infiltration is partially me-
diated by IL-18 and PD-L1. Furthermore, we also show that DDR1
regulates PD-L1 expression through the JNK/c-Jun pathway in CRC.

2 | MATERIALS AND METHODS

2.1 | Cellcultures

Human CRC cell lines (HCT116, HCT8, SW480, LoVo, DLD-1 and
RKO) were purchased from the Chinese Academy of Sciences in
Shanghai. Mouse CRC cell line MC38 was obtained from Southern
Medical University in Guangzhou, China. CRC cells were cultured in
DMEM (Gibco) that was supplemented with 10% FBS (Gibco), 100 U/
ml penicillin and 100 pg/ml streptomycin, and were maintained in the
5% CO, incubator at 37°C. Collagen | (Sigma) was coated on culture
plates to stimulate DDR1 (8 pg/cm?) as previously described.®

2.2 | Plasmids, lentivirus infection, and
transfection

Cells at 80% density were transfected with siRNAs (Transheep)
using RFect reagent (BIOG Nucleic Acid Quick Swab Kit, China)
and plasmid (Transheep) using Lipofectamine 3000 (Invitrogen).
The target sequences for DDR1 siRNA and IL-18 siRNA sequences
are listed in Table S1. After 24h or 48h incubation, the cells
were collected for subsequent experiments. Lentivirus CMV
(pTSB011104/Puro) containing DDR1 overexpression plasmids and

lentivirus CMV (pTSB201131/Puro) containing IL-18 overexpression
plasmids were purchased from the Transheep company. For the
infection of lentivirus-based constructs, cells at 80% confluency
were incubated for 24h in medium containing concentrated viral
particles and polybrene (Sigma-Aldrich). The transfected cells
were allowed to grow for another 2days and then selected with
puromycin (Sigma-Aldrich) for 1 week. The transfection efficiency

was validated by gRT-PCR or western blot.

2.3 | Establishment of DDR1 knockout cell line

To knockout DDR1 in SW480 cells, gene editing was performed
using the CRISPR/Cas9 system. Oligonucleotides with BsmB1
restriction sites for guide RNAs were synthesized and cloned into
LentiCRISPRv2 together with the puromycin selection marker
by Transheep. The sequences of the cloned plasmids that were
extracted from numerous selected colonies were confirmed by
Transheep. SW480 cells were transfected with LentiCRISPRv2-single
guide RNA (sgRNA) DDR1 using Lipofectamine 3000, according to
the manufacturer's protocol. Two sgRNAs, DDR1-6-156/rev and
DDR1-6-183/fw were simultaneously transfected into cells to knock
out DDR1 from two different sites. The two sgRNA sequences of
DDR1 were: DDR1-6-156/rev:5'-GTAACGCAGCCGGTAGCTCC-3';
DDR1-6-183/fw: 5'-CTACCGGCTGCGTTACTCCC-3'. The cells were
cultured with increasing concentrations of puromycin for 2weeks,
starting at 3days post-transfection. After routine digestion, the cells
were separated using flow cytometry and inoculated into 96-well
plates. Single cell clones were expanded and evaluated for gene-
specific knockout through immunoblot analysis. DNA sequencing
technology was used to confirm the purity of a single clone of
DDR1-KO SW480 cells, shown in Figure S1.

2.4 | Proliferation

Cell proliferation assay was tested by 5-ethynyl-2'-deoxyuridine
(EdU) Cell Proliferation Assay Kit (BBI Life Sciences). Cells seeded
into a 24-well plate in triplicates were manipulated according to
the manufacturer's instructions and then photographed using a
fluorescence microscope. Red fluorescence indicated that the cells
were in a proliferative state, and the number was counted and

analyzed.

2.5 | Western blot

Total protein was extracted after lysing the cells with RIPA lysis buffer
containing protease inhibitor cocktail. Proteins were separated using
SDS-PAGE and transferred to PVDF membranes. Membranes were
then blocked with 5% BSA and incubated with primary antibodies.
After that, membranes were washed and incubated with HRP-
conjugated secondary antibodies. Finally, the protein bands were
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visualized using an ECL detection reagent (Millipore). The primary
antibodies used are listed in Table S2. Primary antibodies were
detected using goat polyclonal rabbit (WELLBIO).

2.6 | Quantitative real-time PCR

Total RNA was extracted using TRIzol (Invitrogen). The cDNA was
reverse transcribed according to the manufacturer's instructions.
Quantitative real-time PCR (gRT-PCR) was then performed using
SYBR Green, and GAPDH was used as an internal control. Relative
expression levels were determined using the 2-24% method. Primers
used are listed in Table S3.

2.7 | Syngeneic mouse tumor model

All mice were housed and treated in accordance with protocols
approved by the Animal Care and Use Committee of laboratory
animal research center, Tongji University (TJBB04521101). MC38
cells (1.8x10° cells for each injection, with 200 ul phosphate-
buffered saline resuspension) were injected subcutaneously into
6-week-old female C57bL/6 mice. The length (L) and width (W)
of the tumors were measured using an external caliper and the
volume (V) of each tumor was calculated according to the equation
[V = (LxW?)x0.5]. The mice were euthanized using carbon dioxide
asphyxiation. Tumors were excised, weighed, and subjected to

immunohistochemistry (IHC), WB, or immune cell profile analysis.

2.8 | Immunohistochemistry (IHC)

Paraffin-embedded slides were deparaffinized, rehydrated and
treated with 1xEDTA or citrate at 98°C for 10 min for antigen
retrieval. The slides were further incubated in 3% H,O, solution to
block endogenous peroxidase. After blocking with 3% BSA, tissues
were incubated with primary antibodies against PD-L1 (Proteintech,
#14-5983-82), PD-1 (CST, #84651), DDR1 (CST, #5583), CD4
(Abcam, #ab183685) and CD8a (CST, #989941) overnight at 4°C.
After rinsing with PBS, the slides were incubated with biotin-
conjugated secondary antibody, washed, and incubated with HRP-
conjugated streptavidin. The slides were counterstained with
hematoxylin. Stained areas were calculated using ImageJ software

and statistically analyzed.

2.9 | Cellisolation

Blood samples were collected from healthy donors. PBMCs were
isolated with Ficoll-Hypaque (GE Life Sciences) by density gradient
centrifugation within 2 h of sample collection. Total CD8" T cells

were purified from PBMCs by negative selection (BiolLegend).

For the mouse cell isolation, after careful removal of the mouse
tumor tissue, portions were minced into 2mm pieces. Using the
Mouse Tumor Dissociation Kit (Miltenyi Biotec Inc.), these tissues
were further dissociated into single cells by combining mechanical
dissociation and enzymatic degradation of the extracellular matrix.
Immune cells were enriched using a discontinuous Percoll (GE Life

Sciences) gradient.

2.10 | Co-culture

CD8* T cells were sorted and co-cultured with SW480 cells in 6-
well plates at a ratio of 10:1. Cells were stimulated with «CD3/CD28
(IBA Lifesciences). After 48h, T cells were collected to determine
the cytokine production. Before that, Leukocyte Activation Cocktail
(BD) was added and sustained for 8-10 h to block IFN-y release. To
verify the effect of I1L-18, rIL-18 (Absin), control IgG (R&D) and IL-18
neutralizing antibody (R&D) were added in a co-culture system for
24h.

2.11 | Flow cytometry analysis

For multicolor flow cytometry immunophenotypic analysis, cells
were stained with the indicated antibodies and analyzed on a
CytoFLEX (Beckman Coulter). The flow cytometric profiles were
analyzed using counting 20,000-50,000 events using the CytoFLEX
software. Information on antibodies is presented in Table S4 and
Section 2 and gating strategies for immunophenotyping shown in
Figure S2.

2.12 | Enzyme-linked immunosorbent assay

Cells were conditioned for 48h in serum-free medium. The medium
was collected and centrifuged at 300x g for 5 min to remove
particles. IL-18 production in the supernatant of SW480 and
HCT116 were assessed by enzyme-linked immunosorbent assay
(ELISA) using a commercially available ELISA kit (Abcam) according

to the manufacturer's recommendations.

2.13 | Statistical analysis

Each experiment was done at least three times, and data are pre-
sented as the mean+SD. All data were analyzed using GraphPad
Prism software (version 8.0.1). The comparison between the two
groups of values was performed by t-test and one-way analysis of
variance (ANOVA) followed by Tukey's multiple comparison test,
which was used for more than two groups. A value of p<0.005 was
considered as a significant difference. In figures, *p <0.05, **p <0.01,
***n <0.001 and ****p<0.0001.
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3 | RESULTS

3.1 | DDR1 expression leads to a poor prognosis
in CRC patients, but may not be primarily through
promoting tumor cell proliferation

To evaluate DDR1 expression on CRC, we examined the RNA-seq
data from multiple malignancies in The Cancer Genome Atlas (TCGA).
We found that DDR1 is highly expressed in CRC tissues compared
with the adjacent normal tissues (Figure 1A). To further determine
the effects and the clinical significance of DDR1, we analyzed the
relationship between the expression level of DDR1 and disease-
free survival (DFS) in patients with CRC using the PrognoScan
database. Notably, we found that higher DDR1 expression positively
correlated with poorer DFS (Figure 1B). These results indicated that
a high level of DDR1 is a potential risk factor to poor prognosis in
patients with CRC.

To directly determine the role of DDR1 in CRC, we first exam-
ined the expression of DDR1 in various CRC cell lines. DDR1 was
highly expressed in SW480, LoVo, and HCT116 cells, but expressed
at relatively low levels in RKO and HCT8 cells (Figure 1C). Then we
constructed four independent siRNAs and verified their knockdown
efficacy in SW480, HCT116, and MC38 cells (Figure 1D). We se-
lected siRNA-1 for validation at the mRNA level in SW480, HCT116,
and MC38 cells (Figure 1E). We also constructed cell lines with DDR1
overexpression using a lentiviral-mediated method (Figure 1F,G).
Next, we detected the effect of DDR1 on the proliferative capability
in SW480, HCT116, and MC38 cells. However, after overexpres-
sion of DDR1, the proportion of cells in the proliferative phase was
slightly increased only in HCT116 cells. No significant difference was
observed in other cell lines (Figure 1H-K), indicating that DDR1 may

not be a direct regulator of CRC cell growth.

3.2 | DDR1 promotes colorectal tumor growth
in vivo and suppresses the infiltration of T cells

We sought to test the role of DDR1 on tumor progression in fully
immunized mice. We used DDR1-OE MC38 cells to establish a sub-
cutaneous CRC xenograft model in C57bL/6 mice (n = 7/group). The
tumor volume was monitored. Cells overexpressing DDR1 formed
much bigger tumors compared with the control group (Figure 2A-C).

We considered whether immunity was involved in this difference.

= 3675
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To determine whether DDR1 modulates the tumor immune envi-
ronment, we analyzed the immune cell profile regulated by DDR1
from xenografts. Flow cytometry analysis showed that CD4" T cells
(CD45*CD3"CD4™") and CD8* T cells (CD45"CD3*CD8a") that in-
filtrated the tumors were significantly lower in the DDR1-OE group
than in the scramble controls (Figure 2D-G).

To further validate the above results, we collected mouse tumor
tissues for IHC staining. First, we stained DDR1 and confirmed
its high expression (Figure 2H,l). Then, we stained CD4 and CD8a
(Figure 2J-M) and reached a conclusion consistent with the flow
cytometry results. It was further confirmed that DDR1 overexpres-
sion inhibited the infiltration of CD4* T cells and CD8* T cells in the

tumor microenvironment.

3.3 | DDRI1 affects IFN-y secretion of CD8" T cells
co-cultured with CRC cells in vitro

The activated CD8* T cells utilize two main pathways for killing their
target cells: granule exocytosis and Fas ligand-mediated apoptosis
induction. CD8" T cells also release IFN-y and tumor necrosis factor
o (TNF-a) to induce cytotoxicity in the cancer cells.!® Therefore, we
compared the functional differences in IFN-y secretion by CD8"
T cells after co-culture with SW480 cells that expressed different
levels of DDR1. A DDR1-KO cell line was established using CRISPR/
Cas9 technology (Figure 3A). DDR1-OE cell lines were constructed
as described previously (Figure 3D). The flow cytometry (FCM)
results indicated that DDR1-KO could increase IFN-y synthesis
in CD8" T cells (Figure 3B,C), whereas DDR1-OE suppressed its
synthesis (Figure 3E,F). This suggests that DDR1 not only inhibits
the infiltration of T cells, but also inhibits the function of CD8* T
cells.

3.4 | DDRI1 affects the synthesis level of IL-18

Interleukins and related cytokines serve asameans of communication
between adaptive immune cells and nonimmune cells and tissues.!’
ILs can nurture an environment favoring cancer growth and are es-
sential to generate tumor-specificimmune responses.”’18 To further
elucidate the underlying mechanisms in which DDR1 affects immu-
nity, we screened the expression of several ILs and cytokines that

may be relevant for immune cell infiltration (Figure S3). Among these

FIGURE 1 DDR1 overexpression negatively correlates with prognosis in CRC, whereas DDR1 does not affect CRC cells proliferation in
vitro. (A) DDR1 mRNA levels are increased in CRC samples in The Cancer Genome Atlas (TCGA) database. The red column describes tumor
tissues (T) and the black column describes normal tissues (N). (B) DDR1 is associated with poor survival of CRC patients in the PrognoScan
database. Disease-free survival (DFS) curves for patients with CRC by DDR1 expression (n [high] = 151, n [[ow] = 75); DFS survival curves
for patients with CRC by DDR1 expression (n [high] = 94, n [low] = 51). (C) Expression levels of DDR1 in various CRC cell lines were
detected. (D) Four independent siRNAs for DDR1 knockdown were validated in SW480, HCT116, and MC38 cells. (E) The level of DDR1
depletion upon siRNA-1 transfection was assessed by gRT-PCR. (F, G) CRC cell lines with stable overexpression of DDR1 were established.
(H-K) Cell lines stablished in (D) and (F) were used for proliferation assays. Fluorescence immunostaining showed nuclei (blue) and EdU (red).
Data were expressed as the mean +SD of three independent experiments. *p <0.05; ***p <0.001; ****p <0.0001 (t-test).
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FIGURE 2 DDR1 overexpression inhibits the infiltration of immune cells in tumors. (A) Scramble control or DDR1-OE MC38 cells were
injected subcutaneously into C57BL/6 mice (n = 7/group) and tumor size was measured. (B, C) After 22 days, the animals were sacrificed,
and tumors were excised and weighed. DDR1-OE cells formed much bigger tumors. (D-G) Ratios of CD4" in CD3* lymphocytes and CD8"
in CD3" lymphocytes in the two groups were compared as percentages. (H-M) Mouse tumor tissues from two groups (four out of seven
samples were chosen randomly per group) were immunostained for DDR1, CD4, and CD8a. Scale, x100 (left) and x400 (right). Percentages
of positive cells were measured using ImageJ software. Data are expressed as mean+SD, *p <0.05; **p <0.01 (t-test).
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cytokines, IL-18 was attractive as it functions as an immunomodula-
tory factor, inducing IFN-y from natural killer (NK) cells and T cells
in tumor foci.? 2% Essentially, to convince the regulation of I1L-18 by
DDR1, we examined the IL-18 levels both in vivo and in vitro. We first
confirmed that IL-18 levels were reduced in DDR1-OE tumor tissues
by western blot and qRT-PCR (Figure 4A,B). Then we examined the
level of IL-18 in DDR1-KO SW480 cells using western blot, gRT-PCR
and ELISA, respectively, and showed that DDR1-KO promoted the
synthesis and secretion of IL-18 (Figure 4C-E). Consistently, DDR1
knockdown profoundly provoked the synthesis and release of 1L-18
(Figure 4F-H), whereas DDR1 overexpression induced a decreased
IL-18 level in SW480 and HCT116 cells (Figure 41-K). Overall, these
results revealed that DDR1 regulated IL-18 synthesis and secretion
in CRC, which may contribute to the sequestration of immune cells

and the release of other crucial immune factors.

3.5 | DDRI1 suppresses the infiltration and
activation of T cells through inhibiting IL-18

To identify whether DDR1 regulates the activation of T cells
through 1L-18, we first overexpressed IL-18 in DDR1-OE SW480
cells (Figure 5A). Consistent with our hypothesis, the FCM showed

that the IFN-y level was elevated in the co-culture system, when
IL-18 was added back in DDR1-overexpressed cells (Figure 5B,C).
We then knocked down IL-18 with siRNA in DDR1-KO SW480 cells
(Figure 5D). As expected, IL-18 knockdown in DDR1-depleted cells
further decreased IFN-y secretion from CD8" T cells in the co-
culture system (Figure 5E,F). Furthermore, we exogenously changed
the concentration of IL-18 in the co-culture system. rIL-18 (100ng/
ml) stimulated CD8* T cells to secret IFN-y robustly when co-
cultured with DDR1-OE SW480 cells (Figure 5G,H). By contrast, IL-
18 neutralizing antibody (20 pg/ml) inhibited CD8* T cells to secret
IFN-y when co-cultured with DDR1-KO SW480 cells (Figure 51,J).
Therefore, IL-18 is one of the major downstream components
through which DDR1 inhibits the activation of CD8" T cells in the
co-culture system in vitro.

To explore the functional interaction between DDR1 and IL-18
in vivo, we overexpressed IL-18 in DDR1-OE MC38 cells (Figure 6A).
MC38 cells bearing DDR1-OE+1L-18-OE formed much smaller
tumors compared with DDR1-OE cells (Figure 6B-D). FCM anal-
ysis revealed a significant increase in CD4" and CD8" T cells in
IL-18-OE+DDR1-OE tumors compared with DDR1-OE tumors
(Figure 6E-H). Together, these findings suggested that IL-18-OE at-
tenuates the immunosuppression and tumor growth of DDR1-OE

and enhances the antitumor immune response in CRC.
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FIGURE 4 DDR1 affects the synthesis level of IL-18. (A, B) DDR1-OE reduced the mRNA and protein levels of IL-18 in tumor tissues. (C,
D) DDR1-KO in SW480 increased the synthesis of IL-18 examined by western blot and gqRT-PCR. (E) IL-18 secretion was evaluated by ELISA.
(F-H) The deletion of DDR1 in HCT116 and SW480 cells increased the synthesis and release of IL-18. (I-K) DDR1 overexpression in cells
decreased the synthesis and release of IL-18. Data are expressed as the mean+SD of three independent experiments. *p <0.0.05; **p <0.01,;
***p<0.001;****p <0.0001 (t-test).

FIGURE 5 IL-18 promotes CD8" T cell activation in co-culture. (A) A DDR1-OE +IL-18-OE SW480 cell line was established. (B, C) FCM
analysis shows the proportion of IFN-y"CD8" T cells when CD8* T cells were co-cultured with DDR1-OE or DDR1-OE +1L-18-OE SW480
cells. (D) A DDR1-KO +1L-18-KD SW480 cell line was established. (E, F) FCM analysis shows the proportion of IFN-y"CD8* T cells when
CD8™ T cells were co-cultured with DDR1-KO or DDR1-KO + IL-18-KD SW480 cells. (G, H) FCM analysis shows the proportion of IFN-
y"CD8* T cells after adding rIL-18 (100 ng/ml) or PBS including 5% trehalose in DDR1-OE co-culture. (I, J) FCM analysis shows the proportion
of IFN-y*CD8™ T cells after adding IL-18 neutralizing antibody (20 pg/ml) or control IgG in DDR1-KO co-culture. Data are expressed as the
mean =+ SD of three independent experiments. *p <0.05; **p <0.01; ****p <0.0001 (t-test).
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FIGURE 6 IL-18 overexpression promotes the infiltration of CD4" and CD8" T cells in tumor tissues. (A) A DDR1-OE +1L-18-OE MC38

cell line was established. (B-D) Scramble control, DDR1-OE and DDR1-OE +IL-18-OE MC38 cells were injected subcutaneously into
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3.6 |

DDR1 upregulates the expression of PD-L1

Binding between PD-L1 on cancer cells and PD-1 on TILs results in the
suppression of the T cell receptor (TCR) pathway and the inhibition of

T cell activity.?*26 PD-L1 expression plays an important role in tumor

immune escape. Therefore, we analyzed whether PD-L1 was regu-
lated by DDR1 in our mouse model. PD-1 and PD-L1 staining were

much higher in the DDR1-OE tumors than in the scramble controls
(Figure 7A-D). Then, we examined PD-L1 expression using a western
blot assay and found that PD-L1 was markedly elevated in DDR1-OE
tumor tissues (Figure 7E). Accordingly, PD-L1 protein levels were de-
creased in DDR1-KD and DDR1-KO cells (Figure 7F). Consistently,
DDR1 promoted PD-L1 expression in DDR1-OE cells (Figure 7G,H).

Many studies have discussed the mechanisms regulating PD-L1

FIGURE 7 DDR1 upregulates the expression of PD-L1. (A-D) Mouse tumor tissues from two groups (four of seven were chosen

at random per group) were immunostained for PD-1 and PD-L1. Scale, x100 (left) and x400 (right). Percentages of positive cells were
measured using ImageJ software. (E) The indicated proteins in tumor tissues were analyzed by western blot. (F, G) The levels of indicated
proteins were examined in DDR1 silencing cells as well as in DDR1-overexpressing cells. (H-J) The expression levels of PD-L1, KRAS and
VEGFA were measured by gRT-PCR in DDR1-OE cells (SW480, HCT8, and RKO). (K) Control and DDR1-OE cells were treated with JNK
inhibitor (10 pM) for 24 h and then the expression levels of p-JNK, PD-L1, and IL-18 were measured. Data are expressed as the mean+SD of
three independent experiments. *p <0.05; **p <0.01; ***p<0.001; ****p <0.0001 (t-test).
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expression.”’ Based on the available studies, we explored several
pathways (JAK/STAT pathway, JNK/SAPK pathway, PI3K/AKT/mTOR
pathway, and epidermal growth factor receptor [EGFR] pathway) in
cells (Figure S4) that are possibly responsible for PD-L1 regulation.
The phosphorylated protein levels of JNK signaling including p-JNK
(Thr183/Tyr185) and p-c-Jun (Ser73) were increased in DDR1-OE
mouse tumor tissues (Figure 7E). Consistent results were obtained
in cells (Figure 7F,G). Previous studies showed that JNK/c-Jun signal-
ing activation could significantly increase PD-L1 expression, and that
the activation of c-Jun rendered promoters and enhancers of PD-L1
accessible.?8730 To further clarify the mechanism, we used JNK inhibi-
tor, SP600125 (10uM), to suppress the phosphorylation of JNK for
24 h (Figure 7K). We observed the reduction of PD-L1 in both SW480
and HCT116 cells (Figure 7K). Therefore, DDR1 may upregulate PD-
L1 expression at least partially through the JNK/c-Jun pathway. We
also explored the role of IL-18 in the regulation of PD-L1, VEGFA, and
KRAS expression. These did not vary significantly under various IL-18
expression levels (Figure S5).

Recently, accumulating evidence has shown that vascular en-
dothelial growth factor A (VEGFA) significantly upregulated the
expression of inhibitory immune checkpoints that mediated the
exhaustion of intratumoral CD8" T cells.®**2 We found that DDR1
was positively correlated with the expression of VEGFA in TCGA
database (Figure S6A). Then we checked the expression of VEGFA
in tumor tissues and cells (Figure 7E-G,l) and revealed that DDR1
enhanced VEGFA expression. In conclusion, we found that DDR1
upregulated PD-L1 expression through the JNK/c-Jun axis. In addi-
tion, DDR1 also regulated VEGFA expression, which may promoted
CD8™ T cell exhaustion. Interestingly, we found a positive correla-
tion between DDR1 and KRAS in TCGA database (Figure S6B) and
verified that DDR1 promotes KRAS expression at both the protein
and mRNA levels (Figure 7E-G,J). The specific mechanism remains

to be further explored.

4 | DISCUSSION

It is known that the accumulation of tumor-specific CD4 * and CD8 *
T cells is critical for an effective antitumor response‘33 Here, we pro-
vide evidence that DDR1 is a major regulator controlling the infiltra-
tion of CD4" and CD8™ T cells in CRC (Figure S7). Our study revealed
that the infiltration of immune killer cells was decreased in DDR1-OE
tumors, suggesting that DDR1 could promote the formation of immu-
nosuppressive microenvironments in CRC. CD4" T cells promote the
recruitment and effector function of tumor-specific CD8" T cells and
activate innate killer cells in the tumor.*3> Furthermore, IFN-y ex-
erts direct antiproliferative and proapoptotic antitumor effects.3¢%”
We found that DDR1 is also responsible for the activity of CD8" cells
through inhibiting the synthesis of IFN-y in CRC.

For the mechanism of DDR1 in regulating immunity, we found
that IL-18 was changed significantly upon DDR1 inhibition or
overexpression. Early studies have shown that IL-18 can induce
the production of IFN-y and stressed its role as an inducer of Thl

responses.?® Recently, it was demonstrated that IL-18 promoted the
expansion and survival of effector cells including NK and CD8% T
cells that expressed IL-18 receptor a/f chains and receptors contain-
ing an immunoreceptor tyrosine-based activation motif (ITAM).38:39
IL-18 performs its biological functions by ligation of IL-18 receptors
(IL-18R) a and P, and activates CD4*, CD8™" T, and NK cells through
NF-kB activation, leading to IFN-y production in target cells. 2140
Therapeutically, immune checkpoint inhibitors and IL-18 synergisti-
cally inhibited the growth of tumor cells without significant adverse
events in animal models.*! A phase Il study of recombinant IL-18 (rlL-
18) was conducted in an untreated American Joint Committee on
Cancer (AJCC) stage IV melanoma and rlL-18, tested in this trial, was
well tolerated.*? These results highlighted the potential of the IL-18
pathway for immunotherapeutic intervention.

The effect of DDR1 on T cell exhaustion should also be con-
cerned. Exhausted CD8™ T cells in cancer frequently express high
level of inhibitory receptors, including PD-1, CTLA-4, LAG-3, and so
forth.*3*° Our study found that the DDR1-OE tumors had stronger
PD-1/PD-L1 staining, which may result in an immunosuppressive
microenvironment. VEGFA is not only an important driver of tumor
angiogenesis, but also an important suppressive factor of antitu-
mor immunity.**~*® Our study highlighted that DDR1 can regulate
VEGFA expression, but also raised complex questions. For example,
how does DDR1 regulate VEGFA? And what role does VEGFA play in
T cell immersion upon DDR1 inhibition? Many studies have reported
the regulatory mechanisms of PD-L1 expression,?’ but the role of
DDR1 in this has not been examined. We found that DDR1 regulates
the activity of JNK/c-Jun pathway, which is essential for the expres-
sion level of PD-L1 (Figure S7). Knockdown of JNK or treatment with
the JNK inhibitor, SP600125, led to reduced PD-L1 expression.**>°
Mechanistically, DDR1 phosphorylation induced the phosphoryla-
tion and the nuclear localization of c-Jun by activating JNK, and then
promoted the transcription of PD-L1.351-53 Therefore, whether the
combination of anti-PD-1/PD-L1 antibodies, antiangiogenic therapy,
and DDR1 inhibitor will have synergetic effects in CRC needs to be
further explored, and may contribute a way in which to solve the
limited application of immunotherapy.>*

We also found that DDR1 was positively correlated with the ex-
pression of KRAS. Several studies have confirmed that DDR1 can
improve the efficacy of KRAS-mutant tumors.>>>’ For example,
combining DDR1 inhibition with chemotherapy prompted a synergis-
tic therapeutic effect and enhanced the cell death of KRAS-mutant
tumors in vivo.”” It was also reported that the combined inhibition of
DDR1 and Notch signaling could be an effective targeted therapy for
patients with KRAS-mutant lung adenocarcinoma.>® However, how
DDR1 regulates KRAS expression and whether DDR1 improves the
efficacy of immunotherapy in CRC patients with KRAS mutations
require further investigation.

.58 reported the role of DDR1 in immunity in

Recently, Sun et a
triple-negative breast cancer (TNBC), which is consistent with our
results. They also showed that DDR1 instigates immune exclusion
by promoting collagen fiber alignment, which is an inspiring prog-

ress.”® In our study, we demonstrated that DDR1 plays a vital role in
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tumor growth in vivo through regulating immune cell infiltration in
CRC. The immune-regulatory function of DDR1 is at least partially
mediated by IL-18, VEGFA, and PD-L1 expression. Therefore, target-
ing DDR1 may represent a new strategy to enhance the efficacy of
immunotherapy, which provides a direction to convert current chal-
lenges into opportunities.
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