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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) remains a highly lethal malignancy because
of its aggressive nature and the paucity of effective treatment options. Almost all
registered drugs have proven ineffective in addressing the needs of patients with PDAC. This is the result
of a poor understanding of the unique tumor-immune microenvironment (TME) in PDAC. To identify drug-
gableregulators of immunosuppressive TME, we performed a kinome- and membranome-focused CRISPR
screening using orthotopic PDAC models. Our data showed that receptor-interacting protein kinase 2
(RIPK2) is a crucial driver of immune evasion of cytotoxic T-cell killing and that genetic or pharmacologic
targeting of RIPK2 sensitizes PDAC to anti-programmed cell death protein 1 (anti-PD-1) immunotherapy,
leading to prolonged survival or complete regression. Mechanistic studies revealed that tumor-intrinsic
RIPK2 ablation disrupts desmoplastic TME and restores MHC class | (MHC-I) surface levels through
eliminating NBR1-mediated autophagy-lysosomal degradation. Our results provide a rationale for a novel
combination therapy consisting of RIPK2 inhibition and anti-PD-1 immunotherapy for PDAC.

PDAC is resistant to almost all available therapies, including immune checkpoint block-
ade. Through in vivo CRISPR screen, we identified that RIPK2 plays a crucial role in facilitating immune
evasion by impeding antigen presentation and cytotoxic T-cell killing. Targeting tumor-intrinsic RIPK2

either genetically or pharmacologically improves PDAC to anti-PD-1 immunotherapy.

See related commentary by Liu et al., p. 208.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) remains a highly
aggressive and lethal malignancy, with an average 5-year over-
all survival rate of less than 10% (1, 2). Over the past decade,
immunotherapy, specifically immune checkpoint blockade
(ICB), has been shown to boost T cell-mediated immune
response. ICB therapy is now emerging as the most promis-
ing treatment option for patients with advanced skin, lung,
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and colorectal cancers (3). Unfortunately, recent clinical trials
reported that PDAC is almost uniformly refractory to single-
agent ICB and dual-agent ICB with anti-programmed cell
death protein 1 (PD-1) and anti-cytotoxic T-cell lymphocyte-4
(CTLA-4) antibodies because of genetic heterogeneity and a
highly desmoplastic and immunosuppressive tumor microenvi-
ronment (TME; refs. 4-7). This underscores the unmet need for
new actionable immune targets to improve PDAC outcomes.
PDAC TME is characterized by a prominent infiltration of
myeloid cells that are typically devoid of cytotoxic T lympho-
cytes (CTL) and low activation markers (e.g., interferon-y and
granzyme B; ref. 5). The lack of robust preexisting T-cell immu-
nity is an essential regulator of disease progression and poor
responses to ICB therapy (7). However, the molecular mecha-
nisms regulating PDAC TME and T-cell immunity have yet to be
fully understood. Several factors are proposed to limit naturally
occurring T-cell immunity, such as low cell surface MHC class I
(MHC-I) expression, low mutation burden, and TME-mediated
suppression of T-cell priming and function (8, 9). Among them,
downregulation of MHC-I-mediated antigen presentation is
a primary mechanism by which tumors escape immune sut-
veillance, such as genetic mutations or epigenetic silencing of
antigen-processing pathway (APP) genes (10). Consequently,
autophagy inhibition to restore tumor cell MHC-I expression or
agonistic anti-CD40 antibodies to boost T-cell priming sensitize
refractory PDAC to ICB therapy in preclinical models (8, 11, 12).
These findings motivated us to discover novel tumor-intrinsic
determinants to increase T-cell immunity for PDAC treatment.
Functional genetic screening using CRISPR/Cas9 has
proven to be a powerful and unbiased tool for discovering
novel immune targets. For example, several flow cytometry-
based in vitro screens have revealed multiple tumor-intrinsic
modulators of programmed death ligand 1 (PD-L1) or MHC-I,
which may contribute to immune escape from killing by CTLs
(13-16). Using subcutaneous tumor models with a panel of
cancer cell lines of different origins, the pooled in vivo screens
also identified a core set of conserved genes, including Ptpn2,
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Setdbl, Pbrml, Copl, and Fitm2, whose loss could potentiate
ICB immunotherapy (17-22). Given the diversity of TMEs in
different syngeneic tumor models, these in vitro screens or het-
erotopic skin tumor models do not faithfully capture the com-
plex tumor-immunity interactions within the endogenous
TME. Orthotopic tumor models would be a more relevant
setting to screen for antitumor immunity targets, but they are
technically challenging and may not be feasible for genome-
wide screening. Thus, using small, focused libraries is often a
more practical strategy for in vivo CRISPR screens. However, a
focused functional genetic screen using an orthotopic PDAC
model has yet to be used to identify biologically relevant
immune targets systematically.

In this study, we performed an in vivo screening to system-
atically identify druggable immune targets with a focused
library targeting the kinome and membranome (23). Using
an orthotopic PDAC model, we found that multiple guide
RNAs targeting receptor-interacting protein kinase 2 (RIPK2)
were significantly depleted in wild-type mice compared with
immunodeficient mice. Ripk2 encodes a downstream adaptor
protein of nuclear oligomerization domain (NOD)-like recep-
tors (NOD1/2) that play a critical role in innate immunity and
inflammation (24, 25). Genetic ablation or pharmaceutical
inhibition of RIPK2 sensitizes PDAC to ICB therapy, leading to
complete or partial regression and prolonged survival. Mecha-
nistically, RIPK2 drives the desmoplastic TME and restricts the
activation and density of tumor-infiltrating effector T cells,
particularly through inducing NBRI-mediated autophagy-
lysosomal degradation of MHC-IL Thus, our studies identified
that RIPK2 may be a previously unappreciated immunothera-
peutic target, providing a rationale for a novel combination
therapy of RIPK2 inhibition and ICB immunotherapy.

RESULTS

In Vivo CRISPR Screens Identify RIPK2 as a
Critical Driver of Immune Evasion

To systematically discover tumor-intrinsic determinants
whose loss enhances antitumor immunity, we performed a func-
tional CRISPR/Cas9 screening in vivo using orthotopic mouse
models. KPC™* cells with doxycycline-induced Cas9 expres-
sion (KPC™-Cas9) were transduced with a single-guide RNA
(sgRNA) library targeting 2,012 kinase genes and 954 mem-
brane genes (ref. 23; Fig. 1A; Supplementary Fig. S1A and S1B)
and then implanted in the parenchyma of pancreas. Tumors
were collected after three weeks, and sgRNA representations
were evaluated. Using MAGeCK computational algorithms
(15, 19), we ranked sgRNAs that were depleted or enriched in
C57BL/6 hosts (immunocompetent) compared with nude mice
(immunodeficient; Supplementary Fig. S1C-S1E). Multiple

known mediators of immune evasion [Cdk6, Ptpn2, Ptk2 (encod-
ing FAK) and Cd47] and key components of the IFNy response
pathway (Jakl) were significantly depleted in wild-type mice,
validating the robustness of our screens (Fig. 1B; Supplemen-
tary Table S1). Notably, Ripk2, which encodes a kinase serving
as the signaling adaptor protein for the NOD1/2 intracellular
receptors that recognize intracellular bacteria, emerged as the
top-ranked depleted gene in KPC™* tumors of immunocom-
petent mice relative to nude mice.

Invalidation experiments, we genetically knocked down Ripk2
with short hairpin RNAs (shRNA: shRipk2-1 and shRipk2-2)
in three murine PDAC cell lines (KC6141, KPC™ and KPC%)
derived from Pdx1-Cre;LSL-KrasS'2%;LSL-TrpS3R172H/+ (KPCmue)
ot PdxI-Cre;LSL-KrasS?P; Typ530e¥/flox (KPC1¥) mouse models
(26, 27). Ripk2 knockdown has no noticeable effect on cell
proliferation in vitro compared with nontargeting control (Sup-
plementary Fig. S2A-S2D). These cells were inoculated in
parallel into immunodeficient mice and syngeneic wild-type
hosts. Both subcutaneous and orthotopic inoculations were
used to assess tumor growth. We observed that genetic deple-
tion of RIPK2 resulted in a modest reduction in tumor growth
in nude mice bearing shRipk2 and scramble (shNT) KC6141
tumors (s.c.; Fig. 1C and D). In contrast, Ripk2 knockdown
dramatically impaired tumor growth and extended survival
in immunocompetent mice (Fig. 1E and F; Supplementary
Fig. S2E-S2G). Similarly, Ripk2 knockdown significantly
reduced tumor growth in C57BL/6 mice bearing KPC™* or
KPC* tumors but comparable tumor growth in nude mice
(Supplementary Fig. S2H-S2L). To further validate these
results, we knocked out Ripk2 with CRISPR/Cas9 technology
and conducted similar experiments (Supplementary Fig. S2M).
Again, knocking out Ripk2 markedly blunted KPC™* tumor
progression and led to almost complete tumor regression
(5 or 6 of 6 mice) without any signs of residual tumors or
liver metastases 180 days after implantation (Fig. 1G and H;
Supplementary Fig. S2N-S2P). However, Ripk2 knockdown
resulted in similar tumor progression in nude mice (Fig. 1Iand
J). To further delineate whether cytotoxic CD8" T cells were
essential for shRipk2-mediated tumor inhibition, we depleted
CD4" or CD8* T cells in tumor-bearing mice using neutralizing
antibodies. When CD8" T cells were depleted, RIPK2 deple-
tion-induced reduction in tumor weight was completely offset
(Supplementary Fig. S2Q-S2S). These results indicate that
tumor-intrinsic RIPK2 may be a novel modulator of adaptive
immunity that supports tumor progression.

RIPK2 is Overexpressed in Human PDAC and

Correlates with Poor Patient Survival

Given the pronounced potency of RIPK2 in driving PDAC
immune evasion, we evaluated RIPK2 expression by IHC in a

>

Figure 1. Invivo CRISPR screens identify RIPK2 as a critical driver of immune evasion. A, Workflow of in vivo CRISPR screens to identify the potential
therapeutic targets in PDAC immune evasion. B, MAGeCK analysis and robust rank aggregation (RRA) ranking of top depleted genes in immunocompetent
(B6) versus immunodeficient (nude) hosts in the in vivo CRISPR screens. C and D, Effect of Ripk2 knockdown on subcutaneously implanted KC6141 tumor
growth in nude mice. Tumor weight, image (C), and tumor volume (D) are shown. Mean + SD, n = 5-6 per group. Two-tailed t test (C) and two-way ANOVA
(D). E and F, Effect of Ripk2 knockdown on subcutaneously (sc) implanted KC6141 tumor growth in wild-type C57BL/6 mice. Tumor volume (E), weight,
and image (F) are shown. Mean = SD, n =8 per group. Two-way ANOVA (E) and two-tailed t test (F). G and H, Effect of Ripk2 knockout on orthotopically
implanted KPC™* tumor growth in wild-type C57BL/6 mice. Kaplan-Meier survival analysis (G) of host animals bearing scramble control and Ripk2-KO
KPC™t tumors. End-stage pancreas weight is shown in H. Mean + SD, n = 6 per group. Log-rank Mantel-Cox test (G) and two-tailed t test (H). I and J, Effect
of Ripk2 knockout on subcutaneously implanted KPC™t tumor growth in nude mice. Tumor volume (1) and weight (J) are shown. Mean + SD, n =8 per group.

Two-way ANOVA (1) and two-tailed t test (J).
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human tissue microarray (TMA) containing 60 PDAC tumors
and 10 normal pancreatic tissues (Supplementary Table S2).
In contrast to the normal pancreatic epithelium, RIPK2 was
detectable in early pancreatic intraepithelial neoplasia lesions
(PanIN) and was modestly upregulated in late PanINs and
substantially elevated in PDAC lesions (Fig. 2A and B; Sup-
plementary Fig. S3A). However, RIPK2 expression did not
correlate with sex or age (Supplementary Fig. S3B). Similarly,
we also analyzed RIPK2 expression in pancreatic tissues from
the p48-Cre;LSL-KrasS'20; Tgfbr2fo¥/1ex (KTC; ref. 28) or KPCHox
mouse models and found that its expression was positively
correlated with tumor progression (Supplementary Fig. S3C
and S3D). Moreover, although RIPK2 expression in neighbor-
ing stroma cells (mainly fibroblasts and macrophages) was
detectable, malignant PDAC cells expressed much higher
levels of RIPK2, consistent with previous single-cell transcrip-
tome studies (ref. 29; Supplementary Fig. S3E and S3F).

Bioinformatic analysis of the Cancer Genome Atlas
(TCGA) and GSE16515 datasets (30) found that RIPK2 was
highly amplified (4.2%, 7/168) or gained (28.0%, 47/168)
in PDAC (Supplementary Fig. S3G). Therefore, its expres-
sion was significantly increased compared with normal pan-
creatic tissue, correlated with poor disease-free and overall
survival in human PDAC cohort (Fig. 2C-F). Transcriptome
analysis demonstrated that RIPK2 expression was enriched
in basal-like tumors and associated with activated stromal
subtype (ref. 31; Supplementary Fig. S3H-S3]). Given RIPK2
expression is positively correlated with KRAS (Fig. 2G), the
primary driver of PDAC tumorigenesis, we validated this
correlation using a couple of iKras cell lines derived from the
inducible model of PDAC (32). Ripk2 mRNA expression is
approximately 2-fold higher in KrasS!?P-ON compared with
KrasS1?P-OFF (72 hours) samples, which was further validated
by Western blot analysis showing a loss of RIPK2 expression
after abolishing Kras®'?P signaling (Fig. 2H and I; Supplemen-
tary Fig. S3K and S3L). To determine whether RIPK2 overex-
pression is relevant for desmoplastic and immunosuppressive
TME, we evaluated collagen deposition (Masson trichrome)
and tumor-infilerating CD8" T cells (IHC) in human PDAC
tissue arrays. The intensity and area of RIPK2 were used
to stratify our cohort into the RIPK2-high and RIPK2-low
groups. We observed that high levels of RIPK2 in tumor cells
were associated with fewer infiltrated CD8* T cells but higher
levels of collagen deposition (Fig. 2J-M). Together, these data
suggest that overexpression of RIPK2 in tumor cells cor-
relates well with fibrotic and immunosuppressive TME and
poor patient survival.

RIPK2 Modulates the Immune Profile and Impairs
Antitumor T-cell Response

To uncover the immune mechanism by which tumor-
intrinsic loss of RIPK2 can drive immune evasion, we analyzed
end-stage orthotopic tumors derived from KPC™* cells. As
the complete loss of RIPK2 almost uniformly abrogated KPC-
mut cumor initial establishment, Ripk2 knockout tumors did
not reach an appropriate size for immune phenotyping analy-
sis (Fig. 1G and H). Therefore, only Ripk2 knockdown tumors
(shRipk2) were chosen for subsequent experiments. We found
that RIPK2 ablation significantly decreased collagen deposi-
tion (Masson trichrome) cancer-associated fibroblast (CAF)

activation [expressing fibroblast activation protein alpha
(FAP) or a-smooth muscle actin (a-SMA) and proliferation
(Ki-67) but not the total number of fibroblasts (expressing
podoplanin (PDPN); Supplementary Fig. S4A-S4H]. Simi-
lar differences were observed in KPCHo* tumors. However,
when CD8" T cells, but not CD4* T cells, were depleted,
RIPK2 ablation-induced reduction in CAF activation and
proliferation was largely abrogated (Supplementary Fig. S4I
and S4J), suggesting that the difference in tumor growth by
RIPK2 deficiency was unlikely to be explained by changes
in desmoplasia.

To understand how RIPK2 depletion could alter the
immune landscape of PDAC tissues, we used a single-cell
RNA sequencing (scRNA-seq) of tumor-infiltrating CD45*
leukocytes from KPC™* tumors to map the tumor-immune
transcriptional landscape in an unbiased manner. After qual-
ity control, we obtained single-cell transcriptomes of 29,448
cells isolated from shRipk2 and shNT tumors. The uniform
manifold approximation and projection (UMAP) algorithm
was used to determine the distribution of cellular clusters,
and their identities were annotated on the basis of the
expression of known marker genes (Fig. 3A; Supplementary
Fig. S5A). We observed a significant expansion of lympho-
cyte clusters and contraction of granulocytic cell clusters in
shRipk2 tumors, whereas the proportions of F4/80* tumor-
associated macrophages (TAM) and CD4*FOXP3* regulatory
T cells (Treg) were comparable between conditions (Fig. 3A).
Recluster analysis on 4,533 T and natural killer (NK) cells
from both groups identified 14 subclusters, including 5 CD4*
T-cell (C1-C5), 5 CD8* T-cell (C6-C10), 2 5T cell (C11-
C12), 1 NK-cell, and 1 innate lymphoid cell clusters (Fig. 3B;
Supplementary Fig. S5B). Notably, the dramatic increase
in T-cell proportion in shRipk2 tumors was driven almost
entirely by experienced CD8" T cells (Tgx cells) and effector/
memory CD8" T cells (Tgy cells) (Fig. 3B; Supplementary
Fig. SSC). The Tgx cells represent activated T cells with
exhaustion-like characteristics based on the expression of
immune checkpoint (Lag3, Pdcdl), effector (Ifng Nkg7), and
cytotoxic (Gzmb, Prfl) markers (Supplementary Fig. SSB).
Next, we computationally imputed pseudotime trajectories
using Slingshot with naive T cells (Ty cells) as the root state.
Consistent with our previous studies (33), Ty cells were con-
nected to Tgy and Tgy cells, which then branched into two
different trajectories to form cytotoxic CD8" T cells (charac-
terized by high expression of Gzmd, Tgx.gzup) and memory/
stem T cells (characterized by high expression of Cer7, Tscu;
Fig. 3C). Although the trajectories allocate cells with a similar
expression to the same pseudotime, we observed that CD8*
T cells from shRipk2 tumors expressed effector and cyto-
toxic activity-related genes (Cd69, Gzmb, Gzmk, and Ifngrl)
at significantly higher levels than shNT tumors (Fig. 3D).
However, the expression levels of exhaustion markers, includ-
ing Ctla4, Pdcd1, Lag3, and Havcer2, were comparable between
two groups (Supplementary Fig. S5D). We used gene set
enrichment analysis (GSEA) to find differentially represented
pathways in CD8" T cells between shRipk2 and shNT groups.
CD8" T cells from shRipk2 tumors were enriched for various
pathways related to T-cell activities, such as T-cell activation,
proliferation, killing, and antigen receptor-mediated signal-
ing (Fig. 3E).
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Figure 2. RIPK2 s overexpressed in human PDAC and correlates with poor patient survival. A, Representative IHC analysis for RIPK2 expression in
human normal pancreatic tissues and early PanIN, late PanIN, and PDAC tumor tissues. Scale bars, 50 um. B, Quantification of RIPK2 expression in human
normal pancreatic tissues (n=10), early PanIN (n=14), late PanIN (n=20), and PDAC (n = 26) tissues by deterring RIPK2 IHC score. C, RIPK2 mRNA
expression in normal pancreatic tissues (n=167) and PDAC tissues (n=182) in TCGA datasets. Wilcoxon rank-sum test. D and E, Disease-free survival
(D) and overall survival (E) were analyzed and compared between patients with low (n=89) and high (n =89) expression levels of RIPK2 in TCGA PDAC
dataset from the GEPIA web portal. Log-rank Mantel-Cox test. F, RIPK2 mRNA expression in normal pancreatic tissues (n=16) and PDAC tissues (n=36)
in the GSE16515 dataset. Two-tailed t test. G, The correlation of RIPK2 mRNA expression with that of KRAS in TCGA PDAC dataset from the GEPIA

web portal. qRT-PCR (H) and Western blot (I) analyses of Ripk2 mRNA and protein expression in the Kras ON and OFF AK14837 cell line. Representative
RIPK2 IHC and Masson trichrome staining in human normal pancreas and PDAC tissues (J). Collagen deposition (K) was compared between patients with
low (n=27) and high (n=33) expression levels of RIPK2. Two-tailed t test. Scale bars, 50 um. Representative RIPK2 and CD8c. IHC staining in human
PDAC tissues (L). Quantification of CD8* cells per field was compared between patients with low (n=27) and high (n = 33) expression levels of RIPK2
(M). Two-tailed t test and scale bars, 50 um.
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Figure 3. RIPK2 modulates the immune profile and impairs antitumor T-cell response. A, scRNA-seq was performed on all live leukocytes (PI-, CD45%)
in shNT and shRipk2 KPC™* tumors harvested on day 21. UMAP plot shows the distribution of clusters, colored by annotated cell type combined from
both groups, and the relative fraction of each cluster was shown on the right. n =3 tumors pooled/group. B, UMAP plot of 4,533 T and NK cells combined
from shNT and shRipk2 KPC™* tumors colored by annotated cell type, and relative fraction of each cluster were shown. n =3 tumors pooled/group. C and
D, Pseudotime trajectories for CD8* T cells based on Slingshot, showing two trajectories (Tscy and Tex-gzmp), color-coded for CD8* T-cell phenotypes

(C, top) and pseudotime (C, bottom). Plot of markers and functional genes along the CD8* T-cell trajectories (D). E, Canonical pathway perturbations
scored by gene-set enrichment analysis (GSEA) in reclustered CD8* T cells from shRipk2 versus shNT tumors. (continued on following page)

332 | CANCER DISCOVERY FEBRUARY 2024

AACRJournals.org

%20z Iudy £0 uo Jesn Aysieniun Bueifeyz Aq ypd-9z€/000¥ | /92 /2/v | pd-8jonie/Aiencosipieoueo/Bio-sjeuinofioee;/:dny woly papeojumoq



RIPK2 is an Immunotherapeutic Target in Pancreatic Cancer

F KC6141 tumor (s.c.) G CD8a panCK DAPI P < 0.0001
® 7 p-0.0350 ® shNT 300-
=0. ohRipk2 _ - P < 0.0001
e P4 2 .
4 B g .
@ 2 2004 s
= P=0.0188 2
o [ - Q
3 4 .
g . g o
= & © 100
g = a
o 2 = w O
= 5
S []
o P = 0.6264 § * od
[} o L& N 9
= e .
o
o Ao g : S
0 T T XN
cD3 CD4 cDs
H |
. 10 &= P =0.0002
CD8* T cells = CD447,CD62L* 10* + , 200 —
shNT ShRipk2 - CD44+,CD62L_ 103 g 8 [ ]
Q o 15
s{63.2 s{85.8 2 Q
10°7 10 “10° shNT +g EDO
1044 ¢ 104 . J0o B3 0 10*10° © o 10
> g O 105 & 5
310° 0] 5 50 ot @0 2 < °
o 9 S 2 °
o0 0 [0} 3 0
6.8 14.2] |2 19
. 10° Bl 400 : 0 0 shRipk2 S
3 3 4 405 3 3 4 405 & @ -10° SR
-10%0 10° 10 105  —10%0 10° 10* 10 $ & s &
O ol S o8 0 10%10 3
& Ki67
J
10° 10° 10°1
104 P-00123 10* P 104
@ © 30- _ 404 FP=00003 40+
10%] 6.80]| 8 10°] 1 o . 10°1 o p=0.0234
© D 30 8 ap 4
04 ShNT| § 20 0 shnt| 830 04 shnT| o % .
- Q - ® a
@ -10' 0 10*10°10° & 2 -10*0  10*10° 10° § o0 e é 1010 10°10° 10° © p -
O 10° % 10 - 0108 3 1051 uzzf o
4 g 4 : £ 10 Z 10
@A [z o | R [ @ e
10° 2 Q- 10° 0- 10°] 0 . .
0 1 shRipk2 shNT shRipk2 | 0 shRipk2 shNT shRipk2 | o { shRipk2 shNT shRipk2
~10* 0 10% 10° 10° ~10°0 10* 10° 10° -10°010*10° 10°
Granzyme B IFNy TNFa

Figure 3. (Continued)F, Flow cytometry analysis of subcutaneously implanted shNT and shRipk2 KC6141 tumors. The percentage of CD3, CD8¥,
and CD4* T cells in tumors was analyzed. Mean £ SD, n =8 per group, two-tailed t test. G, Representative immunofluorescence staining for CD8a and
pan-keratin (panCK) in end-stage shNT and shRipk2 KPC™* tumor tissues. The number of CD8* cells per field was quantified. Mean + SD, n="5 biologi-
cal replicates, two-tailed t test. Scale bar, 50 um. H and I, Flow cytometry analysis of intratumoral CD8* and CD4* T-cell subsets in end-stage shNT and
shRipk2 KPC™t tumor tissues without restimulation. Mean + SD, n = 4-8 per group, two-tailed t test. J, Percentages of tumor-infiltrating IFNy*, TNFa*,
and granzyme B* CD8* T cells were analyzed by flow cytometry after restimulation. Mean + SD, n =8 per group, two-tailed t test.

To validate the enhanced density and functionality of
CD8" T cells from shRipk2 tumors, flow cytometry was used
to profile immune cell subsets in both KC6141 and KPC™*
tumors. In both syngeneic models, Ripk2-deficient tumors,
but not spleen or tumor-draining lymph node (dLN), had
increased CD3" and CD8" T cells regardless of whether
they were a fraction of CD45" leukocyte infiltrates or total
live cells (Fig. 3F; Supplementary Fig. SSE and SSF). Using
immunofluorescence staining, we confirmed a significant
increase in tumor-infiltrating CD8* T cells in end-stage
shRipk2 KPC™ and KPC* tumors compared with shNT
controls (Fig. 3G; Supplementary Fig. S5G). We also found

a significant proportion of CD4* and CD8" T cells from
shRipk2 tumors exhibited an effector phenotype (CD44*
CD62L") and only a minority was naive (CD44~ CD62L";
Fig. 3H; Supplementary Fig. SSH). More importantly, RIPK2
ablation in tumor cells not only promoted intratumor CD8*
T-cell proliferation (Fig. 3I; Supplementary Fig. S5I), based
on Ki-67 levels, but augmented the production of cytolytic
granules Granzyme B and cytokines (IFNy, TNFa) in tumor-
infiltrating CD8" T cells (Fig. 3]), indicating increased func-
tionality and active state of these cells.

In addition to lymphocyte clusters, we also validated the
effects of RIPK2 deficiency on other immune cell populations
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in KPC™" tumors. The percentage of NK cells and CD103*
dendritic cells (DC) in tumors increased with depletion of
RIPK2 (Supplementary Fig. S5] and SSK). Although the ratio
of granulocytic MDSC (G-MDSC) (CD11b*Ly6G*Ly6c'v),
monocytic MDSC (M-MDSC) (CD11b*Ly6G Ly6Chigh),
and macrophages (CD11b*F4/80%) to tumor cells was
largely similar between conditions (Supplementary Fig. SS5J
and S5K), RIPK2 ablation reprogrammed TAMs toward
an immunogenic Ml-like phenotype, including a mod-
est upregulation of MHC-II and TNFa with a concomi-
tant reduction in CD206, Argl, and IL10 (Supplementary
Fig. SSL-SSN). However, the expression of Grl and S100A9
was comparable between shRipk2 and shNT tumors
(Supplementary Fig. S5O and SSP). Concordantly, fur-
ther clustering of monocytes/macrophages gave rise to
8 subpopulations. RIPK2 ablation increased the propor-
tion of proinflammatory TAMs (Ccl5*, Nr4a2® and Clqc*)
but decreased the proportion of anti-inflammatory TAMs
(SppI*, Lyvel*, and Retnla®; Supplementary Fig. S5Q-SSU).
These findings imply that CD8" T cells are the immune
cell type in PDAC TME most dramatically impacted by
RIPK2 deficiency.

RIPK2 Restricts the Activation and
Effector States of CD8* T Cells by Impairing
Antigen Presentation

To determine whether RIPK2 expression in tumor cells
directly affects the activation and effector states of CD8*
T cells, we cocultured ovalbumin (OVA)-expressing KPC™*
cells with CD8* T cells isolated from OT-I transgenic mice,
whose T-cell receptor (TCR) is known to react with the
ovalbumin peptide 257-264. After coculture overnight, we
validated the activation of naive T cells based on their
expression of CD69 (a known marker of T-cell priming)
and the production of cytokines (Fig. 4A and B). Whereas
coculture with control tumor cells resulted in minimal or
delayed T-cell activation, rapid T-cell activation was evident
for cells cocultured with Ripk2 knockout KPC™*-OVA cells.
Specifically, OT-I T cells cocultured with Ripk2 knockout
tumor cells exhibited strong expression of CD69 and higher
production of TNFa, IFNY, and granzyme B (Fig. 4A and B).
Furthermore, when cocultured with activated OT-I T cells,
shRipk2-expressing cells were more vulnerable to CD8" T
cell-mediated killing than control KC6141-OVA or KPC™-
OVA cells (Fig. 4C; Supplementary Fig. S6A). Notably, these
effects were MHC-I specific because an H-2K'-SIINFEKL
blocking antibody inhibited OT-I cell proliferation (Fig. 4D;

Supplementary Fig. S6B), suggesting that MHC-I-medi-
ated antigen presentation could be involved in the function
of RIPK2.

Given that CD8* T-cell activation is mediated by the
engagement of TCR to the antigen-derived peptide-MHC-I
complex, we hypothesized that RIPK2 might influence
antigen presentation on the surface of tumor cells. Indeed,
we detected that the staining of H-2K® molecules bound to
SIINFEKL was significantly increased in shRipk2-express-
ing mouse PDAC cells compared with scramble controls
(Fig. 4E). Similarly, RIPK2 knockdown also boosted the
surface levels of class I HLA in multiple human PDAC
cell lines (Fig. 4F; Supplementary Fig. S6C and S6D). This
difference in antigen presentation was further amplified
in the presence of IFNy stimulation. We also observed
increased levels of class I HLA in human PDAC cell lines
after doxycycline-induced RIPK2 silencing (Supplementary
Fig. S6E and S6F). Furthermore, by immunofluorescence
(IF), class I HLA staining indicated a greater localization
to the plasma membrane in RIPK2-depleted PANC-1 and
HPAC cells (Fig. 4G; Supplementary Fig. S6G). In con-
trast, RIPK2 deficiency failed to show any effect on PD-L1
expression and had only a marginal impact on MHC-II
expression in both human and mouse PDAC cells (Supple-
mentary Fig. S6H and S6I).

In accordance with these in vitro results, the surface lev-
els of H-2KP, but not PD-L1, on orthotopically implanted
shRipk2-expressing KPC™* and KPC1** tumor cells were
also increased when compared with shNT controls (Fig. 4H;
Supplementary Fig. S6] and S6K). To further confirm the
effect of increased MHC-I expression after Ripk2 knock-
down on tumor growth in vivo, cell surface levels of H-2KP
were depleted by knocking down H2-K1 gene. H2-K1 knock-
down led to loss of MHC-I expression in vivo, rescued
retarded shRipk2 tumor growth, and decreased the number
of CD8* T cells in shRipk2-expressing tumors (Fig. 41-L;
Supplementary Fig. S6L). Collectively, these results indi-
cate that tumor-intrinsic RIPK2 functions as a suppressive
molecule that restricts T-cell activation and effector states
through impairing MHC-I expression.

RIPK2 Promotes MHC-| Trafficking to
Lysosomes via NBR1

We then explored how MHC-I expression was boosted in
PDAC tumor cells after RIPK2 depletion. Given that MHC-I
is often regulated by cell-extrinsic autocrine, we compared
shNT and shRipk2 cells cultured in conditional medium

>

Figure 4. RIPK2 restricts the activation and effector states of CD8* T cells by impairing antigen presentation. Quantification of CD69* (A, n =4 per
group) and IFNy*, TNFa*, and granzyme B* (B, n=5 per group) CD8* T cells by flow cytometry. Naive OT-I T cells were cocultured with shNT/shRipk2-
expressing KPC™-0OVA cells at a ratio of 2.5:1 (T cell: KPC™-OVA cells) for 24 hours. Mean + SD, two-tailed t test. C, In vitro cytotoxicity assays for
activated OT-I T cells against Ripk2 knockdown or control KC6141-0OVA cells. Mean+SD, n =3 per group, two-tailed t test. D, Coculture of naive OT-| cells
with KPC™-0VA cells in the presence of H-2KP-SIINFEKL or IgG control antibodies for 48 hours. OT-| proliferation was measured by 5-(and-6)-Carboxy-
fluorescein diacetate N-succinimidyl ester (CFSE) dilution. Mean + SD, n=5 per group, two-tailed t test. E, H-2K" expression levels were determined by
flow cytometry in control or RIPK2-deficient KC6141 cells. Mean £ SD, n=4 per group, two-tailed t test. F, Class | HLA expression levels were deter-
mined by flow cytometry in control or RIPK2-deficient PANC-1 cells upon IFNy stimulation for 24 hours. Mean + SD, n =3 per group, two-tailed t test.

G, Representative confocal images of class | HLA distribution in control or RIPK2-deficient PANC-1 cells. WGA, wheat germ agglutinin (a marker of plasma
membrane). Quantification of colocalization of class | HLA with WGA on plasma membrane is shown in the right panel. Mean + SD, n = 3 biological repli-
cates (10 fields), two-tailed t test. Scale bar, 5 pm. H, Quantification of H-2K® expression levels in EpCAM* KPC™ tumor cells by flow cytometry. shNT/
shRipk2 KPC™t cells were orthotopically implanted into C57BL/6 mice, and tumors were harvested on days 21-25 after inoculation. Mean+SD, n=3
biological replicates, two-tailed t test. I-L, Effect of Ripk2 knockdown on subcutaneously implanted shNT or shH2k1 KPC™t tumor growth in wild-type
C57BL/6 mice. Tumor volume (1), image (J), weight (K), and quantification of infiltrating CD8* T cells per field (L) are shown. Mean = SD, n=6 per group,

two-way ANOVA (1), and two-tailed t test (K and L).
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from shNT control or shRipk2 cells. Although Ripk2 knock-
down upregulates surface levels in KPC™" tumor cells, no
significant differences were observed between different media
conditions (Supplementary Fig. S7A and S7B), suggesting
that tumor-intrinsic RIPK2 modulates MHC-I in a cell-auton-
omous manner. Moreover, we detected comparable levels
of HLA-A/B/C as well as MHC-I APP transcripts in shNT
control and shRIPK2 cells, indicating that RIPK2 may regu-
late MHC-I protein stability rather than mRNA transcripts
(Supplementary Fig. S7C and S7D). To test this possibility,
we evaluated the half-life of MHC-I in human PDAC cells by
blocking de novo protein synthesis. Upon cycloheximide treat-
ment, the levels of class I HLA in PANC-1 and CFPAC-1 cells
bearing shRipk2 declined more slowly than in control cells
(Fig. SA; Supplementary Fig. S7E). This suggests that ablation
of RIPK2 in tumor cells impairs MHC-I degradation, leading
to elevated MHC-I protein stability.

Membrane proteins, including MHC-I, are often trans-
ported and degraded in the lysosome and/or proteasome. We
treated PANC-1 and CFPAC-1 cells with V-ATPase inhibitor
bafilomycin (BafAl) to inhibit lysosome function. Class I
HLA levels increased substantially in control cells but did
not change much in RIPK2 knockdown cells (Fig. 5B; Sup-
plementary Fig. S7F), suggesting a crucial role for RIPK2
in regulating class I HLA levels through lysosome-mediated
degradation. Furthermore, we performed immunofluores-
cence staining for LAMP1 (a lysosome marker) and LC3 (an
autophagosome marker) in PANC-1 and HPAC-1 cells. As
expected, loss of RIPK2 dramatically decreased class I HLA
localization in lysosome and autophagosome, as shown by
costaining of class I HLA with LAMP1 or LC3 puncta, respec-
tively (Fig. SC and Dj; Supplementary Fig. S7G and S7H).
Immunoblotting results showed that loss of RIPK2 led to
decreased LC3-II levels, which was fully reversed by treatment
with BafAl, which blocks the degradation of autophago-
somes (Fig. SE; Supplementary Fig. S7I). This indicates that
ablation of RIPK2 may mainly alter autophagosome synthe-
sis, thus inhibiting the degradation of MHC-L

Previous studies have found that RIPK2 is an adapter
kinase that regulates innate immune signaling by interact-
ing with several proteins. To identify potential interaction
binding partners of RIPK2 and MHC-I, we performed immu-
noprecipitation coupled with mass spectrometry (IP-MS)
experiments. Interestingly, we detected that NBR1 was one of
the most abundant subunits in RIPK2 immunoprecipitates
(Supplementary Fig. S7J). NBR1 is an autophagy receptor
and has been shown to interact with and target ubiquitylated

substrates, including MHC-I, for degradation. We reasoned
that RIPK2 might modulate NBR1-mediated autophagy-
lysosomal degradation of MHC-I. To test this hypothesis, we
first applied immunoprecipitation assays to detect whether
RIPK2 is within the same protein complex that contains
MHC-I and NBR1. We noticed the physical interaction of
RIPK2 with HLA-A (Fig. 5F; Supplementary Fig. S7K) and
with NBR1 (Fig. 5G; Supplementary Fig. S7L) in human
PANC-1 cells. In line with a previous report (8), knocking
down NBRI resulted in an increase in MHC-I total protein
levels and fully rescued MHC-I expression in PANC-1 cells
with ectopical RIPK2 overexpression (Fig. SH-J). Further-
more, immunofluorescence revealed that RIPK2 knockdown
led to less frequent colocalization between NBR1 and MHC-I
in human PDAC cells (Fig. SK; Supplementary Fig. S7M).
Collectively, these data suggest a crucial role for RIPK2
in the regulation of MHC-I levels through NBR1-mediated
autophagy-lysosomal degradation.

RIPK2 Ubiquitination Promotes NBR1-mediated
MHC-I Degradation

RIPK2 has an N-terminal kinase domain (KD) and a C-ter-
minal caspase activation and recruitment domain (CARD).
To investigate how RIPK2 may act to regulate NBR1-medi-
ated MHC-I degradation, we generated a series of mutants
that lack the CARD domain or known phosphorylation
(D146) and ubiquitination (K410/538) sites. Immunopre-
cipitation assays revealed that the functional interaction
of RIPK2 with HLA-A and NBR1 requires the ubiquitina-
tion of RIPK2. Specifically, the K410/538R mutant almost
entirely lost its interaction with HLA-A and NBR1, whereas
the ACARD and D146N mutants partially retained their
binding activity (Fig. 6A; Supplementary Fig. S8A). Previous
studies have shown that RIPK2 ubiquitination of RIPK2 by
several ubiquitin E3 ligases, including x-chromosome-linked
inhibitor of apoptosis (XIAP), is critical for NOD2-medi-
ated signaling and subsequent NF-kB and MAPK activation
(34, 35). We then evaluated the levels of RIPK2 ubiquitina-
tion in human PDAC and normal cells. Interestingly, we
detected substantially higher levels of ubiquitinated RIPK2 in
PDAC cells than in pancreatic ductal epithelial cells (Fig. 6B).
In addition, ectopic expression of K410/538R mutant in
shRIPK2-expressing PANC-1 cells resulted in significantly
reduced RIPK2 ubiquitination as compared with wild-type
RIPK2 control (Fig. 6C). Similar results were observed by
ectopic expression of murine K537R mutant (corresponding
to human K410/583R) in shRipk2-expressing KPC™ cells

>

Figure 5. RIPK2 promotes MHC-| trafficking to lysosomes via NBR1. A and B, Left, Western blot analyses of class | HLA expression in shRIPK2 or
shNT-expressing PANC-1 cells treated with cycloheximide (CHX, A) or bafilomycin Al (BafAl, B). Right, quantitative estimates of class | HLA levels based
on Western blot analyses. Mean + SD, n= 3 biological replicates. C and D, Effect of RIPK2 depletion on lysosomal localization of class | HLA in tumor cells.
shRIPK2/shNT PANC-1 cells with or without GFP-LC3 expression were stained for LAMP1 or class | HLA. Cell nucleus (blue) was stained with 4’,6-diamid-
ino-2-phenylindole (DAPI). Representative immunofluorescence images and quantification of class | HLA colocalization with LAMP1 or LC3 are shown.
Scale bars, 5 um. n =3 biological replicates (10 fields). E, Western blot analysis of LC3B (LC3-I and -Il) level in PANC-1 cells upon treatment with or with-
out BafAl (100 nmol/L, 24 hours). n= 3 biological replicates. Representative images are shown. F and G, RIPK2 is physically associated with HLA-A or
NBR1. PANC-1 cells expressing Myc-tagged RIPK2 and Flag-tagged HLA-A or NBR1 were analyzed by co-IP and Western blot using indicated antibodies.
Hand |, Western blot analysis of class | HLA expression levels in RIPK2-overexpressing BxPC3 (H) or MIA Paca-2 (I) cells with or without NBR1 depletion.
Mean = SD, n=3 biological replicates, two-tailed t test. J, Class | HLA expression levels were determined by flow cytometry in RIPK2-overexpressing MIA
Paca-2 cells with or without NBR1 depletion. Mean + SD, n =3 biological replicates, two-tailed t test. K, Effect of RIPK2 knockdown on the colocalization
of class | HLA with NBR1. shRIPK2 or shNT PANC-1 cells expressing NBR1-GFP were stained for class | HLA (red). Cell nucleus (blue) was stained with
DAPI. Representative immunofluorescence images and quantification of class | HLA colocalization with NBR1 are shown. Scale bars, 5 um. n = 3 biological

replicates (10 fields).
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Figure 6. RIPK2 ubiquitination promotes NBR1-mediated MHC-| degradation. A, Ubiquitination of RIPK2 is essential for its interaction with HLA-A.
Flag-tagged HLA-A and Myc-tagged wild-type (WT) or mutant RIPK2 were overexpressed in 293T cells. RIPK2 was immunoprecipitated and blotted with
indicated antibodies. n = 3 biological replicates. B, Western blot analysis of RIPK2 immunoprecipitates with indicated antibodies in HPDE, HPNE, PANC-1,
and CFPAC-1 cells. RIPK2 was immunoprecipitated, and poly-ubiquitin was detected using an anti-ubiquitin antibody. C, Western blot analysis of RIPK2
immunoprecipitates in PANC-1 cells with indicated antibodies. Wild-type (WT) or K410/538R mutants were ectopically overexpressed in shRIPK2-
expressing PANC-1 cells. RIPK2 was immunoprecipitated, and poly-ubiquitin was detected using an anti-ubiquitin antibody. D, Effect of RIPK2 ubiquit-
ination on class | HLA expression on plasma membrane. Wild-type or mutant RIPK2 were transduced into shRIPK2 PANC-1 cells, and surface class | HLA
levels were analyzed by flow cytometry. Mean £ SD, n=3 per group, two-tailed t test. E, Effect of K410/538R mutant on the colocalization of class | HLA
with NBR1. Wild-type or mutant RIPK2 were transduced into shRIPK2 PANC-1 cells expressing NBR1-GFP and were stained for class | HLA (red). Cell
nucleus (blue) was stained with DAPI. Representative immunofluorescence images and quantification of class | HLA colocalization with NBR1 are shown.

Scale bar, 5 um. n=3 biological replicates (10 fields). (continued on following page)

(Supplementary Fig. S8B). In contrast to its role in innate
immunity, RIPK2 depletion only had a marginal effect on the
activation of canonical NF-kB and MAPK signaling pathways
in human PDAC cells (Supplementary Fig. S8C and S8D).
To examine the functional consequence of these mutants,
we introduced each of them into RIPK2-depleted PDAC
cells and compared MHC-I levels on the plasma membrane
with wild-type cells. Ectopic expression of the K410/538R
mutant in human PDAC cells expressing shRIPK2 had no sig-
nificant effect on the presentation of MHC-I on cell surface,
whereas partially binding-deficient forms of RIPK2 reduced
MHC-I presentation (Fig. 6D; Supplementary Fig. SSE).
Using immunofluorescence, we found that overexpression of
the K410/538R mutant was unable to rescue the colocaliza-
tion of MHC-I with NBR1 in RIPK2-depleted human PDAC
cells compared with wild-type control (Fig. 6E; Supplemen-
tary Fig. S8F). Moreover, treatment with GSK583 (a pre-
clinical RIPK2-selective inhibitor, RIPK2i) or ponatinib (an
FDA-approved multitarget inhibitor) efficiently abolished
RIPK2 ubiquitination in both human and mouse PDAC cells
(Fig. 6F; Supplementary Fig. S8G). Consequently, pharmaco-
logic inhibition of RIPK2 using GSK583 or ponatinib sub-
stantially increased the presentation of MHC-I on multiple

PDAC cell surfaces (Fig. 6G and H; Supplementary Fig. SSH-
S8K). To further test the effect of RIPK2 ubiquitination on
the antitumor immune response in vivo, shRipk2 KPC™* cells
expressing wild-type or K537R mutant were subcutaneously
transplanted into C57BL/6 mice. Ripk2 knockdown resulted
in a significant reduction in tumor burden, which was fully
reversed by wild-type RIPK2, but only partially rescued by
the K537R mutant (Fig. 6I and J; Supplementary Fig. SS8L).
Furthermore, tumors that carried the K537R mutant exhib-
ited significantly higher MHC-I expression than wild-type
tumors, whereas CD8* T-cell infiltration was only slightly
increased (Fig. 6K and L). Taken together, these results indi-
cate that RIPK2 ubiquitination in K410/538 is critical for
NBRI-mediated degradation of MHC-1.

RIPK2 Ablation Potentiates the Efficacy of
PD-1 Blockade

Despite the reinvigorated antitumor immune response after
RIPK2 ablation, the expression level of the PD1 checkpoint
in CD8" T cells remains robust (Supplementary Fig. S5D).
Therefore, we hypothesized that a combination of RIPK2 tar-
geting and ICB could further block tumor progression. Thus,
mice bearing orthotopic shNT or shRipk2 KPC™*® tumors
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Figure 6. (Continued) F, Western blot analysis of RIPK2 immunoprecipitates in PANC-1 cells with indicated antibodies. Cells were treated with
GSK583 (10 pmol/L), ponatinib (5 umol/L), or DMSO for 48 hours. RIPK2 was immunoprecipitated, and poly-ubiquitin was detected using an anti-
ubiquitin antibody. Effect of RIPK2 inhibitors on MHC-| expression on plasma membrane. PANC-1 (G) or KPC™t (H) cells were treated with GSK583 (10
umol/L), ponatinib (5 umol/L), or DMSO for 48 hours, and surface MHC-| levels were analyzed by flow cytometry. Mean + SD, n= 3 per group, two-tailed t
test. I-K, Effect of murine K537R mutant on subcutaneously implanted KPC™t tumor growth in wild-type C57BL/6 mice. Tumor volume (1), weight (J), and
quantification and representative image of tumor-infiltrating CD8* T cells (K) are shown. Mean £ SD, n = 5-6 per group. Two-way ANOVA (1) and two-tailed
t test (J and K). Scale bar, 50 um. L, H-2K® expression levels in EpCAM* KPC™* tumor cells were determined by flow cytometry. shRipk2 KPC™! cells
transduced with wild-type or murine K537R mutant were orthotopically implanted into C57BL/6 mice, and tumors were harvested on days 21-25 after

inoculation. Mean £ SD, n=5 per group, two-tailed t test.

were randomized and treated with a-PD-1 or IgG control.
As expected, knockdown of Ripk2 alone markedly reduced
tumor growth and increased life expectancy compared with
that observed in the control group (Fig. 7A and B), leading to
approximately 50% remission (6 of 11 mice). In line with pre-
vious reports, o-PD-1 therapy alone had no effect on tumor
progression in our model, suggesting intrinsic resistance
to immunotherapy. However, combining Ripk2 knockdown
with a-PD-1 dramatically boosted overall survival, leading to
a2 90.9% (10 of 11 mice) complete regression (Fig. 7A and B).
These mice survived without signs of residual tumors or liver
metastases on day 120, although treatments were stopped
on day 80 (Fig. 7C; Supplementary Fig. S9A and S9B). Simi-
lar results were observed when using the KPC!** syngeneic
mouse model, recapitulating the poor immunogenicity and
rapid progression of human PDAC. a-PD-1 failed to eradicate
any tumors, while Ripk2 knockdown led to approximately
50% remission (3 of 5 mice). Strikingly, the combination of
a-PD-1 and Ripk2 knockdown eliminated all KPC%* tumors
(7 of 7 mice; Fig. 7D and E).

To investigate whether pharmacologic inhibition of RIPK2
could improve PDAC immunotherapy, mice bearing KPC™

tumors were randomized into four groups, followed by daily
treatment with vehicle control or ponatinib (20 mg/kg/day).
Compared with single-agent treatments or vehicle-treated
control, a-PD-1 plus ponatinib significantly inhibited tumor
burden and increased overall survival, although the com-
bined effects were less pronounced than RIPK2 genetic deple-
tion (Fig. 7F and G; Supplementary Fig. S9C). The median
survival benefit by adding a-PD-1 to the combination was 13
days compared with ponatinib alone and 25 days compared
with vehicle control, representing an almost two-fold increase
in the median survival time (Fig. 7F). This improvement in
immunotherapeutic efficacy was associated with a signifi-
cantly disrupted desmoplastic TME, reduced liver metastasis,
and increased numbers of CD8* CTLs, which are in proximity
to target pan-cytokeratin® PDAC cells (Fig. 7H; Supplemen-
tary Fig. S9D and S9E). Notably, the combined treatment
had no notable toxicity in vivo, as reflected by negligible body
weight changes (Supplementary Fig. SOF). Similarly, mice car-
rying KPC™ tumors were treated with o-PD-1 plus GSK583
(10 mg/kg/day), a preclinical RIPK2-selective inhibitor, which
showed a significant extension of overall survival and reduc-
tion of tumor burden (Fig. 7I and J; Supplementary Fig. S9G).
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Consistent with this enhanced survival, the combination of a-
PD-1 with GSK583 promoted a synergistic expansion of total
CD8* T cells and granzyme B* CD8 T cells within the PDAC
TME (Supplementary Fig. SOH-S9K). Moreover, o-PD-1 plus
GSKS583 treatment induced pan T-cell activation, marked by a
reduction in terminally exhausted CD8" T cells (CD44*PD1%)
and an expansion of stem-like memory cells (TCF1/7%), which
are considered the “recoverable” fraction of exhausted CD8*
T cells (ref. 36; Fig. 7K; Supplementary Fig. SOL). Combined
therapy has not shown significant toxicity in vivo, as evidenced
by the absence of substantial changes in body weight (Sup-
plementary Fig. S9I). To further study the clinical relevance
of our findings, we evaluated the expression of the RIPK2
and MHC-I proteins with continued series of human PDAC
tissue sections. IHC analysis revealed that aberrant RIPK2
expression was negatively correlated with that of MHC-I
(Fig. 7L and M). Together, these results indicate that genetic
or pharmaceutical inhibition of RIPK2 in combination with
o-PD-1 strongly blunts tumor progression, paving the way
toward a potential therapeutic strategy for immunologically
“cold” PDAC tumors.

DISCUSSION

Pancreatic cancer remains one of the most lethal malig-
nancies because of its aggressive nature and lack of effective
treatment options (1, 2). Almost all multidrug chemothera-
pies and even the most recent ICB therapy have failed to offer
PDAC patients a promising treatment solution (5, 37), high-
lighting the urgent need to identify novel therapeutic targets.
CRISPR/Cas9 has expanded the use of functional genetic
screens to rapidly discover targets in antitumor immunity
(38). Compared with in vitro screenings or heterotopic skin
tumor models, orthotopic syngeneic models are the most
physiologically relevant systems for screening for novel
immune modulators. Using small, focused libraries is a prac-
tical strategy for in vivo CRISPR screens, and we performed
kinome- and membranome-centered in vivo CRISPR screens
in orthotopic PDAC models to discover targets that could
sensitize PDAC to antitumor immunity in host mice that
differ in microenvironmental competence. These targets can
be quickly translated into clinical applications and benefit a
significant subset of patients with PDAC. To our knowledge,
this is the first reported screening to identify immune modu-
lators within endogenous pancreatic TME systematically. We
found that RIPK2 is a crucial driver of immune evasion and
that genetic or pharmacologic targeting of RIPK2 in tumor

«

cells sensitizes PDAC to ICB therapy, leading to complete
or partial regression and prolonged survival. Interestingly,
multiple known mediators of immune evasion (e.g., Ptpn2
and RipklI) were also identified as the top candidates (20, 39),
validating the robustness of our screens.

RIPK2 is a downstream adaptor kinase for the NOD1/2
signaling pathway, mediating subsequent NF-kB and MAPK
activation (40). Over the last decade, RIPK2 has been well
characterized in the regulation of inflammation and innate
immune signaling (24). Emerging evidence suggests that
RIPK2 kinase activity may also modulate tumorigenesis.
Several studies have reported aberrant expression of RIPK2
in various cancers, including prostate, gastric, lung, and
kidney (41-44). However, little is known about the role of
RIPK2 in antitumor immunity. Here, our data suggest that
RIPK2 is an immune regulatory molecule in the context of
PDAC tumor immunity. This antitumor response is primarily
attributed to the host adaptive immune response, particu-
larly the boosted tumor-infiltrating CD8* CTLs. Mechanisti-
cally, targeting RIPK2 not only abolishes the ability of CAFs
to promote desmoplastic TME but also promotes T-cell
activation and effector states through impairing NBR1-medi-
ated autophagy-lysosomal MHC-I degradation. Interestingly,
RIPK1, the “founding member” of the RIPK family, was
recently shown to be a master regulator of immune tolerance
in PDAC and confers cell-extrinsic and -intrinsic resistance to
ICB therapy (39, 45).

MHC-I plays a critical role in the adaptive immune system
by presenting antigens derived from intracellular proteins
to CD8* CTLs (46, 47). Loss of MHC-I expression is a well-
documented strategy utilized by cancer cells to evade elimi-
nation by the immune system (48-50). MHC-I expression
is downregulated in human and mouse PDAC tumors (51,
52). However, unlike other types of cancer, MHC-I mutations
are rare in human PDAC, suggesting that other mechanisms
may be responsible for the loss of MHC-I (53, 54). We pro-
vide evidence that RIPK2 is a driver of autophagy-dependent
degradation of MHC-I and subsequent immune evasion,
which echoes previous studies showing that MHC-I is actively
degraded through an autophagy-dependent mechanism (8,
55). RIPK2 has been shown to be critical for NOD1/2-
induced autophagy and inflammatory responses (56-58),
although the detailed mechanisms still need to be fully under-
stood. Previous studies reported that antibacterial autophagy
stimulation is dependent on autophagy-related protein 16-1
(ATG16L1) and the ubiquitin ligase XIAP (34, 58). Another
study showed that RIPK2 regulates antivirus autophagy in a

Figure 7. RIPK2 ablation potentiates the efficacy of PD-1 blockade. A, Survival curve of orthotopically implanted shNT and shRipk2 KPC™t tumor-
bearing mice treated with anti-PD-1 or IgG control (shNT +IgG n=9, shRipk2 + IgG n=11, shNT + a-PD1 n=10, shRipk2 + a-PD1 n=11). Pool of two
independent experiments. Log-rank Mantel-Cox test. Pancreas weight (B, n=9-11 per group) and liver metastasis (C, n=4 per group) of orthotopically
implanted shNT and shRipk2 KPC™* tumor-bearing mice treated with anti-PD-1 or IgG control. Mean £ SD, two-tailed t test. Scale bar, 100 um. D, Sur-
vival curve of orthotopically implanted shNT and shRipk2 KPCfox tumor-bearing mice treated with anti-PD-1 or IgG control (shNT +IgG n=5, shRipk2 +
IgGn="5,shNT+a-PD1 n=5, shRipk2 + a-PD1 n=7). Log-rank Mantel-Cox test. E, Pancreas weight of orthotopically implanted shNT and shRipk2 KPCflox
tumor-bearing mice treated with anti-PD-1 or IgG control. Mean + SD, n=5-7 per group, two-tailed t test. Survival curve (F, n=5-7 per group), end-stage
pancreas weight (G, n=5-7 per group), and quantification of tumor-infiltrating CD8* T cells (H, n=4 per group) of orthotopically implanted KPC™* tumor-
bearing mice treated with ponatinib and/or anti-PD-1. Log-rank Mantel-Cox test (F) and two-tailed t-test (G and H). Scale bar, 50 um. Survival curve

(1), and end-stage pancreas weight (J) of orthotopically implanted KPC™® tumor-bearing mice treated with GSK583 and/or anti-PD-1 (vehicle + IgG n=6,
GSK583 +1gG n=7, vehicle + a-PD1 n=6, GS5K583 + a-PD1 n=7). Log-rank Mantel-Cox test (I) and two-tailed t-test (J). K, Mice bearing KPC™* tumors
were treated as in |, and intratumoral immune cells were analyzed by flow cytometry for CD44 and PD-1 as a fraction of CD8* T cells. Mean+SD, n=7-8
per group. Two-tailed t test. L and M, Representative RIPK2 and class | HLA IHC staining in human PDAC tissues (L). Class | HLA expression between
patients with low (n=27) and high (n=33) expression levels of RIPK2 was compared (M).
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kinase-dependent manner by phosphorylating the mitophagy
inducer UNC-51-like kinase (ULK1; ref. 56). Consistent with
these important discoveries, our work is a novel expansion
in this active research area, suggesting that aberrant expres-
sion of RIPK2 dampens MHC-I levels in PDAC cells through
NBRI1-mediated autophagy-lysosomal degradation. Notably,
the interaction between RIPK2 and NBRI mainly depends
on the K410/538 ubiquitination sites but only partially relies
on the CARD domain. This result agrees with the previous
study that showed the role of RIPK2 ubiquitylation in pro-
moting inflammation and tumor neutrophil infiltration in
melanoma (59).

Interestingly, we observed that pharmacologic inhibition
of RIPK2 with ponatinib or GSK583 inhibitors did not
robustly abrogate tumor progression in orthotopic PDAC
models, compared with genetic depletion by knockdown or
knockout. This discrepancy may be partially explained by
the unfavorable pharmacodynamic efficacy of RIPK2i in vivo
or the contribution of other RIPK2 domains except for the
K410/538 ubiquitination sites (60). Indeed, RIPK2 deple-
tion led to a marked reduction in tumor burden, which was
fully reversed by wild-type RIPK2, as expected. However, this
reduction was also partially rescued by the K537R mutant.
Moreover, knocking down Ripk2 in shH2kl KPC™ tumor
cells still significantly reduced tumor growth, although the
effect is less pronounced than in shNT control cells. These
results indicate that other domains of RIPK2 may also play
essential roles in driving an MHC-I-independent immune-
suppressive program to enable tumor progression, highlight-
ing the need to develop more potent inhibitors. Notably,
because Ripk2 is dispensable for mouse embryo development
(61), the targeted degradation of RIPK2 could be more prom-
ising than traditional small-molecule inhibitors. Recently,
proteolysis targeting chimeras (PROTAC) targeting RIPK2
with attractive pharmacokinetic profiles have been devel-
oped, offering a promising alternative strategy for RIPK2
blockade (60, 62).

This study focused on the adaptive immune response, pat-
ticularly the boosted tumor-infiltrating CD8* CTLs. However,
we could not exclude the possibility that other immune popu-
lations, such as dendric cells (DC), natural killer cells (NK),
macrophages, and neutrophils, may also play an essential
role in the antitumor immune response in RIPK2-deficient
tumors. Our scRNA sequencing and flow cytometry analyses
of intratumoral immune cell populations revealed increased
DCs, NKs, and proinflammatory TAMs but decreased anti-
inflammatory TAMs. DCs play an essential role in antigen
presentation and T-cell priming (63), whereas reprogram-
ming TAMs toward a proinflammatory phenotype sup-
ports enhanced antitumor immune responses. These results
indicate that the enhanced antitumor immune response in
RIPK2-deficient tumors may involve multiple innate immune
populations. The other domains of RIPK2 may also drive vari-
ous immune cells to enable tumor progression. Investigating
how these changes are mediated in innate immune cells and
what roles different domains of RIPK2 play will be essential
subjects of future work.

In summary, we performed an in vivo CRISPR screening and
identified RIPK2 as a critical driver of immune evasion and
a promising candidate to sensitize PDAC immunotherapy.

Targeting RIPK2 with genetic depletion or small-molecule
inhibitors sensitizes PDAC to ICB therapy, leading to com-
plete or partial regression and prolonged survival. Func-
tional and mechanistic studies showed that tumor-intrinsic
RIPK2 ablation disrupts desmoplastic TME and restores
surface levels of MHC-I through eliminating NBR1-mediated
autophagy-lysosomal degradation (Supplementary Fig. S10).
Thus, combining RIPK2 inhibition with ICB therapy, such
as anti-PD-1 treatment, could be a potential novel immuno-
therapy strategy for patients with PDAC.

METHODS

Reagents

Detailed information on all reagents used in this article is listed in
Supplementary Table S3.

Cell Culture

The cell lines PANC-1, CFPAC-1, MIA Paca-2, BxPC-3, Hs766T,
AsPC-1, HPAC, and hTERT-HPNE were obtained from the ATCC and
cultured under standard conditions specified by the manufacturer.
The mouse pancreatic cancer cell lines UN-KC-6141 (26), HPDE.
AK14837/838, KPC™t and KPC™** were provided by Dr. Surinder K.
Batra (University of Nebraska) and Dr. Haoqiang Ying and Dr. Cas-
sian Yee (MD Anderson Cancer Center, Houston, TX). Cell lines were
maintained in a humidified atmosphere containing 5% CO, at 37°C
and were regularly tested and verified to be Mycoplasma negative using
Mycoplasma Detection Kit (Thermo Fisher Scientific) or via conven-
tional PCR. All cell lines were banked in multiple aliquots on receipt
to reduce the risk of phenotypic drift.

Expression Constructs

The cDNA clones expressing human RIPK2 (#00073) and mouse
RIPK2 (#Mm13952) were obtained from GeneCopoeia. Plasmid
expressing HLA-A (#100154) was obtained from Addgene. GFP-
NBR1 was a gift from QM Sun (Zhejiang University, Zhejiang,
China). Flag- or Myc-tagged expressing constructs were generated by
subcloning the cDNA of RIPK2, HLA-A, and NBR1 to pCDH-puro or
pHS-AVC lentiviral vector. Human or mouse RIPK2 kinase, ubiquit-
ination, or CARD domain truncation mutants were generated from
site-specific mutagenesis of RIPK2 (Vazyme) or via overlapping PCR.
Plasmids were sequenced to confirm the mutations. Plasmids were
purified by the SANGON Miniprep Kit or NucleoBond Xtra Midi
kit (MACHEREY-NAGEL). Specific primers are included in Supple-
mentary Table S4.

Mouse Strains and Tumor Models

Nude mice (CS7BL/6J"/™, 6-8 weeks) and wild-type CS7BL/6]
(6-8 weeks) were purchased from the Shanghai Laboratory Ani-
mals Center. The KTC (Ptf1a-Cre;LSL-KrasS12P/+ Tgfbr2o¥/1ox) (28) and
KPCoX (Pdux1-Cre; LSL-KrasC'2P/+; TrpS31ox/fox; refs, 26, 27) genetically
engineered mouse model were described previously. OT-I C57BL/
6-Tg(TcraTerb)1100Mjb/] mice were purchased from the Jackson
laboratory. All mice were bred and maintained in the animal facil-
ity of the Zhejiang University School of Medicine. All studies were
approved and supervised by the Animal Care and Use Committee of
the Zhejiang University School of Medicine (#24817).

In Vivo CRISPR Screening

In vivo CRISPR screen was performed as described previously (19,
64). Briefly, after transduction of KPC™* cells with lentivirus, single
clones were isolated, and doxycycline-induced Cas9 expression was
confirmed by Western blot analysis. The Cas9-mediated DNA-editing
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efficiency was further confirmed with sgRNAs targeting the PD-LI1
gene. KPC™'-Cas9 clones with validated Cas9 expression were trans-
duced with sgRNA libraries targeting 2,012 kinase genes and 954
membrane genes (ref. 23; 10 gRNAs per gene) at a MOI of 0.2 with
at least 200-fold coverage (cells per construct). After selection with
puromycin, KPC™ cells transduced libraries were either expanded
in vitro or orthotopically implanted into nude mice (immunodefi-
cient) and C57BL/6 mice (immunocompetent). Mice were euthanized
on day 21 after implantation, and tumor genomic DNA was extracted
from the whole tumor tissue using the Qiagen DNA blood Midi kit.
Nested PCR was used to amplify the sgRNA region, and NGS was
performed on Illumina HiSeq to determine sgRNA abundance. After
trimming adaptor sequences using Cutadapt, gRNAs were mapped
and normalized, and the significantly enriched or depleted sgRNAs
from any comparison of conditions were identified by the MAGeCK
algorithm (65).

Genetic Knockdown and CRISPR Knockout

The shRNAs targeting the human RIPK2 gene or mouse Ripk2 and
H2k1 genes were cloned into pLKO.1-puro or Tet-pLKO-puro lenti-
viral vectors. To generate lentivirus, HEK-293T cells were co-trans-
fected with sShRNA expression plasmids targeting Ripk2 or scramble
sequences and packaging plasmids psPAX2 and pMD2.G using PEI
Transfection Reagents. Human and mouse PDAC cells were then
transduced by culturing with viral supernatants in the presence of
polybrene (Solarbio) and then selected with puromycin or blastici-
din. Single colonies with robust knockdown efficiencies (>70%) were
chosen for the downstream experiments.

Knockout cells were generated with lentivirus-mediated CRISPR-
Cas9 technology. sgRNAs specific for the mouse Ripk2 gene were
designed using an online CRISPR design tool (F. Zhang lab, MIT,
Boston, MA). sgRNA sequences targeting the Ripk2 gene were cloned
into plentiCRISPR-v2 using the standard protocol. To generate the
knockout cell lines, KPC™* cells were infected with sgRNA-encoding
lentivirus and then selected with puromycin for 3 days. Living cells
were seeded in 96-well plates following limiting dilution protocol,
and then the clones emerging from the plates were expanded, and
expression of the target protein was validated by Western blotting.
Specific primers are included in Supplementary Table S4.

Quantitative RT-PCR

Cells were lysed with RNAiso Plus reagent (Takara), and total RNA
was isolated according to the manufacturer’s instructions. An equal
amount of total RNA was then reverse transcribed (RT) using an
iScript cDNA synthesis kit (Bio-Rad). The resulting cDNA was used
for quantitative PCR using iTaq Universal SYBR Green Supermix
qPCR kit (Bio-Rad) with gene-specific primers. The results were nor-
malized with B-actin as internal control. Specific primers are included
in Supplementary Table S4.

Immunoblotting

Cultured cells were prewashed with PBS and lysed on ice with RIPA
buffer (50 mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, and 0.1% SDS) supplemented with pro-
tease inhibitor Cocktail (Roche) and phosphatase inhibitor mixture
(Thermo Fisher Scientific). Cell lysates were clarified by centrifuga-
tion at 13,000 x g at 4°C for 10 minutes, and the protein concentra-
tion was determined by a BCA kit (Thermo Fisher Scientific). Equal
amounts of protein lysates were resolved by SDS-PAGE and trans-
ferred to the polyvinylidene difluoride membrane after blocking with
5% nonfat milk. The membrane was incubated overnight with indi-
cated primary antibodies at 4°C and then horseradish peroxidase-
conjugated secondary antibodies at room temperature for 1 hour.
Finally, the relevant protein was visualized by SuperSignal West
Pico Plus Chemiluminescent Substrate (Thermo Fisher Scientific)

according to the manufacturer’s instructions. The results shown for
each blot represent at least three independent experiments. Detailed
information on antibodies is listed in Supplementary Table S3.

Immunoprecipitation and Ubiquitination Assay

For immunoprecipitation, whole-cell lysates were prepared by
incubating cell pellets in NP40 lysis buffer (0.5% NP-40, 20 mmol/L
Tris, pH 7.4, 150 mmol/L NaCl, 2 mmol/L EDTA, 10% glycerol,
and 1 mmol/L phenylmethylsulfonylfluoride) supplemented with
protease inhibitor Cocktail (Roche) on ice for 30 minutes. After cen-
trifugation at 13,000 x g at 4°C for 10 minutes, equal amounts of cell
lysates were immunoprecipitated with 0.5 pg of indicated antibodies
at 4°C overnight and then incubated with protein A/G magnetic
beads (Bimake) at 4°C for 1 hour. The protein-captured beads were
washed three times with lysis buffer and eluted with SDS loading
buffer. The eluted protein or protein complexes were separated on
SDS-PAGE gel and analyzed by immunoblotting. Detailed informa-
tion on antibodies is listed in Supplementary Table S3.

Immunoprecipitation of endogenous ubiquitylated RIPK2 was car-
ried out as described previously (59). Forty-eight hours after transfec-
tion or inhibitor treatment, cells were treated with S pmol/L MG132
(Sigma) for 12 hours. Cells were then harvested and resuspended in
NP40 lysis buffer in addition to N-ethylmaleimide (Sigma-Aldrich)
and protease inhibitor cocktail (Roche) on ice for 30 minutes. After
centrifugation, lysates were immunoprecipitated with 2 pg of RIPK2
antibody at 4°C overnight and then incubated with protein A/G
magnetic beads (Bimake) at 4°C for 1 hour. The immunoprecipi-
tates were washed with lysis buffer and then immunoblotted with
indicated antibodies. Detailed information on antibodies is listed in
Supplementary Table S3.

Mass Spectrometry

To identify RIPK2-interacting proteins, PANC-1 cells overexpress-
ing Myc-tagged RIPK2 were lysed by incubating cell pellets in NP40
lysis buffer. Cell lysates were immunoprecipitated with anti-Myc tag
antibodies at 4°C overnight and then incubated with protein A/G
magnetic beads (Bimake) at 4°C for 1 hour. The immunoprecipitates
were resolved using SDS-PAGE, extracted from the gel, and subjected
to LC/MS-MS sequencing by Applied Protein Technology Co., Ltd.
The resulting MS-MS data were blasted against the human FASTA
from UniProt. Data analysis was performed with Maxquant software.
Peptides that were exclusively assigned to a given protein group were
considered unique.

Immunofluorescence Staining

Immunofluorescence staining and imaging were performed as pre-
viously described (66). For mouse PDAC tumors, S-um-thick frozen
sections were washed with PBST, blocked with blocking buffer (5%
goat serum in PBST) for 1 hour at room temperature, and stained
with primary antibodies at 4°C overnight. For plasma membrane
colocalization experiments, human PDAC cell lines were seeded on
coverslips coated with poly-lysine overnight. After washing with Hanks
balanced salt solution (HBSS), cells were stained with Alexa Fluor
594-conjugated wheat germ agglutinin (WGA) at 37°C for 10 min-
utes before fixation and then incubated with primary antibodies at
4°C overnight without permeabilization. For lysosome colocalization
experiments, cells expressing LC3-GFP or NBR1-GFP were washed
with PBST, fixed with 4% paraformaldehyde at room temperature for
15 minutes, permeabilized with 0.3% TrtionX-100 at room tempera-
ture for 10 minutes, and then blocked with 5% goat serum at room
temperature for 1 hour. After blocking, cells were then incubated with
primary antibodies at 4°C overnight. After washing with PBST, slides
were incubated with Alexa Fluor 488/594/647-conjugated secondary
antibody (Thermo Fisher Scientific) at room temperature for 1 hour.
Sections were counterstained with DAPI (Thermo Fisher Scientific)
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and mounted with ProLong Diamond Antifade Mountant (Thermo
Fisher Scientific). Fluorescent images were obtained with an Olym-
pus FV3000 and a Zeiss LSM 800 scanning confocal microscope. For
colocalization analysis, intracellular puncta were selected and analyzed
using the JACoP plugin of Image]J software. Detailed information on
antibodies is listed in Supplementary Table S3.

Flow Cytometry

Flow cytometry was performed as previously described with modi-
fications (67). For in vivo sample preparation, mouse tumor tissues
were minced with scissors into small pieces and digested at 37°C
for 30 minutes with 1 mg/mL Collagenase type IV (Thermo Fisher
Scientific) and 0.1 mg/mL DNase I (Roche). Digestion was stopped
by EDTA, and cells were filtered through 40-um cell strainers and
then washed twice with staining buffer (PBS supplemented with
1 mmol/L EDTA and 2% FBS). Red blood cells were lysed with
ACK lysis buffer (Solarbio) for 5 minutes. Samples were centri-
fuged and resuspended in staining buffer and stained with a Zombie
Aqua fixable viability kit (BioLegend) following the manufacturer’s
instructions. Around 2x10° cells per sample were then washed and
incubated with anti-CD16/CD32 (2.4G2, BD Biosciences) in PBS
staining buffer for 15 minutes on ice and then stained with the follow-
ing fluorochrome-labeled antibodies on ice for 1 hour, including anti-
CD45 (30-F11), anti-CD11b (M1/70), anti-CD11c (N418), anti-F4/80
(BMS), anti-Ly6C (HK1.4), anti-Ly6G (1A8), anti-IA/IE (M5/114 15.2,
BD Biosciences), anti-CD3e (145-2C11), anti-CD4 (RM4-5), anti-
CDSu (53-6.7), anti-CD69 (H1.2F3), anti-H2 (M1/42), anti-CD107a
(1D4B), anti-PD-1 (29F.1A12), anti-TIGIT (GIGD7, Invitrogen), anti-
TIM3 (RMT3-23), anti-LAG3 (C9B7W, Invitrogen), anti-CD44 (IM7),
anti-CD62 L (MEL-14), anti-EpCAM (G8.8), anti-NK1.1 (PK136),
anti-CD103 (2E7), anti-CD206 (C068C2), and anti-Grl (RB6-8C5).
For in vitro cell lines, human and mouse PDAC cells were pretreated
with ponatinib, GSK583, or DMSO for 24 hours, and then stimulated
with IFNy for 24 hours following staining with antibodies against
class I HLA (W6/32), H2 (M1/42), and PD-L1 (29E.2A3 or 10F.9G2).
For assessment of cell death, cells were stained with Annexin V
and propidium iodide (BioLegend) according to the manufacturer’s
instructions. Stained cells were analyzed on a BD LSR Fortessa flow
cytometer using FACS Diva software and data were analyzed and illus-
trated by using FlowJo software (BD Biosciences). All antibodies were
obtained from BioLegend unless otherwise noted. Detailed informa-
tion on antibodies is listed in Supplementary Table S3.

Tumor-infiltrating T Cells In Vitro Restimulation

To assess the functionality of PDAC-infiltrating lymphocytes
ex vivo, mouse tumor tissues were collected and dissociated into
single-cell suspensions as mentioned in flow cytometry. Dissociated
single cells were cultured in the presence of phorbol 12-myristate
13-acetate (100 nmol/L) and ionomycin (1 umol/L) for 4 hours. BFA
(5 ng/mL, BioLegend) was added 2 hours before cell collection to block
cytokine secretion. After washing, cells were blocked with anti-CD16/
CD32 (2.4G2, BD Biosciences) in PBS staining buffer for 20 minutes
on ice followed by staining with antibodies against surface markers
as mentioned above. Cells were then fixed with BD fixation/permea-
bilization solution on ice for 15 minutes and then washed twice with
BD Perm/Wash Buffer, followed by intracellular staining with the
following antibodies on ice for 1 hour, including anti-IFNy (XMG1.2),
anti-TNFo (MP6-XT22), and anti-GZMB (QA18A28). Detailed infor-
mation on antibodies is listed in Supplementary Table S3.

T-cell Coculture Assay

KC6141-OVA, KPC™-OVA, and KPC™*~QOVA were seeded into a
96-well plate with RPMI1640 complete medium and preincubated
for 2 hours. Naive OT-I CD8" T cells were isolated from the spleens of
OT-I mice using EasySep Mouse CD8" T Cell Isolation Kit (StemCell

Technologies). Purified CD8" T cells were cocultured with tumor cells
at a ratio of 2.5:1 for 24 hours in RPMI1640 containing 50 U/mL
IL2 (PeproTech), 10% FBS, 10 mmol/L HEPES, 100 mmol/L NEAA,
and 50 mmol/L p-Mercaptoethanol. BFA (5 pg/mL, BioLegend) was
added 2 hours before cell collection to block cytokine secretion. T
cells were washed and resuspended in a staining buffer and stained
with anti-CD8a and anti-CD69 antibodies for 30 minutes on ice, fol-
lowed by intracellular staining as described above.

For T-cell proliferation assay, OVA-expressing tumor cells were
seeded into a 96-well plate and incubated with either anti-H-2K"-
SIINFEKL antibody (25-D1.16, 100 pg/mL) or IgG control for 30
minutes at 4°C. Isolated CD8" T cells were labeled with 10 umol/L
CFSE (BioLegend) for 10 minutes at room temperature in the dark
and washed three times with RPMI1640 supplemented with 10%
FBS. CSFE-labeled CD8* T cells were cocultured with tumor cell at a
ratio of 2.5:1 in complete media. After 48 hours, cells were harvested,
and CD8" T-cell proliferation was analyzed by CFSE dilution using
flow cytometry.

For the T-cell killing assay, lymphocytes were obtained from lymph
nodes of OT-I mice and seeded in a U-bottom 96-well plate precoated
with 5 mg/mL anti-CD3 plus 5§ mg/mL anti-CD28 antibodies (BioLe-
gend) in a U-bottom plate for 4-6 days. KC6141-OVA, KPC™'-OVA,
and KPC1*-OVA cells (~1 x 10%) were seeded into wells of a 96-well
plate with a complete medium, and the activated T cells were added.
Dead tumor cells were quantified by LDH Cytotoxicity Assay Kit
(Beyotime) or Luciferase Reporter Assay Kit (Yeasen) after cocultur-
ing for 6 hours. There are three to four cell culture replicates for
each condition.

Mouse Experiments

For the subcutaneous model, age-matched 6- to 8-week-old wild-
type C57BL/6]J or nude mice were used. When they reached 70%-80%
confluence, mouse PDAC cells were washed, harvested, and resus-
pended in PBS. Around 2.5 x 10° cells resuspended in 100 pL PBS
were subcutaneously injected into the flank of C57BL/6 or nude mice.
Tumor size was measured every 3-4 days using calipers to collect maxi-
mal tumor length and width. Tumor volume was measured by length
and width and calculated as tumor volume = (length X width?)/2.

To evaluate the role of specific subsets of T cells in mice, we
depleted CD4* T cells or CD8* T cells as previously described (66).
Mice were pretreated with 150 pg of intraperitoneally injected anti-
CD4 antibody (clone GK1.5) or 100 pg of anti-CD8a antibody
(clone 2.43), respectively, 3 days before tumor inoculation. Equal
amounts of IgG isotype antibodies were injected as a control. After
tumor implantation, mice were further treated every 3 days sustained
throughout tumor progression. Depletion efficiency was verified by
flow cytometry on cheek bleeds on day 14 or spleen at endpoint.

Age-matched 6- to 8-week-old wild-type C57BL/6] were used in
orthotopic mouse models. Orthotopic PDAC tumors were estab-
lished by surgical implantation, as previously described (68). Around
2.5 x 10° cells resuspended in 50 uL PBS were surgically implanted
into the pancreas with a 30-gauge insulin syringe. One week after
tumors were established in vivo, we monitored tumor progression
by palpation or ultrasound weekly. To study the antitumor effect of
RIPK2 inhibitors, mice were randomized into four different treat-
ment groups when the maximum tumor length reached ~5.0 mm,
including (i) vehicle + IgG; (ii) RIPK2i + IgG; (iii) vehicle + anti-PD-1;
and (iv) RIPK2i + anti-PD-1. Ponatinib was dissolved in in 0.5%
sodium carboxymethyl cellulose (CMC-Na) as previously described
and given orally using a gavage needle daily (20 mg/kg). GSK583 was
dissolved in 0.5% CMC-Na and given orally with a dose of 10 mg/kg
daily. For immune checkpoint blockade experiments, mice received
intraperitoneal injection of anti-mouse PD-1 antibody (200 ug, clone
RMP1-14, BioXCell) or rat IgG2a isotype control every 3 days. Tumor
progression was monitored by palpation or ultrasound weekly. Mice

344 | CANCER DISCOVERY FEBRUARY 2024

AACRJournals.org

20z 14dy 20 uo Jesn Aysieniun Buellfeyz Aq ypd-9z€/000v L ¥€/92€/2/v L /3pd-8o1ue/A1enoosipisoued/Bio sjeuinofioee//:dny woy pspeojumoq



RIPK2 is an Immunotherapeutic Target in Pancreatic Cancer

were euthanized when they met the institutional euthanasia criteria
for tumor size (15 mm in diameter) and overall health condition.
Tumor weights were measured at the study endpoints after mice
were euthanized.

scRNA-seq

Mouse PDAC tumors were isolated after removal of normal tis-
sues. Fresh tumor tissues were washed with HBSS buffer twice,
minced and dissociated to single-cell suspensions as mentioned
above. Tumor-infiltrating leukocytes were isolated from shNT and
shRipk2 tumors using CD45 MicroBeads (Miltenyi Biotec) and cell
viability was evaluated microscopically with Trypan Blue. Single-cell
suspensions (2 x 10° cells/mL) with PBS were loaded onto microw-
ell chip using the Singleron Matrix Single Cell Processing System.
Barcoding Beads are subsequently collected from the microwell
chip, followed by reverse transcription of the mRNA captured by the
Barcoding Beads and to obtain ¢cDNA and PCR amplification. The
amplified ¢cDNA is then fragmented and ligated with sequencing
adapters. The scRNA-seq libraries were constructed according to the
protocol of the Gexscope Single Cell RNA Library Kits (Singleron).
Individual libraries were diluted to 4 nmol/L, pooled, and sequenced
on Illumina Novaseq 6000 with 150-bp paired end reads.

scRNA-seq Data Analysis

After acquisition of digital gene expression matrices generated per
sample using CeleScope pipeline, preprocessing was conducted to
complete quality control using the R package Seurat (v4.3.0) with
default parameters. Cell with less than 500 unique molecular identi-
fiers, 250 detected genes, and >5% of reads mapping to mitochondrial
RNA were removed. To identify potential doublets, the doublet score
was calculated for each cell by Python package Scrublet (v0.2.3) and
R package doubletFinder (v2.0). WT and KD groups were normalized
respectively and merged together. For batch correction and data inte-
gration, 2,000 of the most variable genes were calculated using the
SelectIntegrationFeatures function, and all common ambient RNA
contaminant genes were removed from integration features, includ-
ing immunoglobulin genes, T-cell receptor genes, ribosome-protein-
coding genes, mitochondrial genes, as well as cell cycle-associated
genes. And the resulting ~1,500 genes were used for downstream
integration using CCA algorithm by default parameters, followed by
principal component analysis (top 30 PCs), graph-based clustering,
and UMAP. Default Wilcoxon rank-sum test was used by running
FindAllMarkers function in Seurat to find differentially expressed
genes (DEG) in each cluster. Annotation of the resulting clusters
to cell types was based on the expression of marker genes. We per-
formed a second round of clustering after removing a low-quality
cluster (low nFeature_RNA and nCount_RNA, high expression of
mitochondrial genes and ribosome-protein-coding genes), a doublet
cluster (T cell and monocyte), and two small contaminant CD45~
clusters and performed similar clustering and annotation approach.
Finally, we identified a total of 14 cell clusters in 29,448 cells. Next,
we filtered T-cell subclustering, and applied a similar strategy as
mentioned above.

We performed Slingshot (v2.6.0) to analyze pseudo-time distribu-
tion in scRNA-seq data and construct cell trajectories to discover
cell-state transitions in CD8" T cells. PCA-based dimension reduc-
tion was performed on DEGs of each phenotype, followed by two-
dimensional visualization on UMAP. We selected naive T cells as a
root state when calculating the trajectories and the pseudotime. And
CD8" T cells were split into two lineages. We applied Wilcoxon rank-
sum test by running FindAllMarkers and FindMarkers function in
Seurat to find DEGs in between KD group and WT group in T-cell,
macrophage, and neutrophil subclusters. Then, we chose RACTOME
(“CP”) gene sets from MsigDB. We ordered the DEGs by Log,FC and
wrapped them into the gene sets for enrichment analysis using R

package fgsea (v1.24.0). We calculated module scores for signatures
(Pdcdl, Ctla4, Tigit, Tox, Entpdl, Havcr2, Lag3, Dusp4, and Btla) with
Seurat function AddModuleScore per cell and compared the differ-
ence between KD and WT group.

PDAC Tissue Analysis and IHC

Human PDAC tissue microarrays were obtained from Zhejiang
University Cancer Center Biobank, including 60 pancreatic tumor
samples and 10 adjacent normal tissue samples. Human studies were
approved by the Ethics Committee of the Second Affiliated Hospital,
and prior informed consent was obtained from all subjects under
protocol 12021001546. Written informed consent was obtained prior
to acquisition of tissue from all patients. The studies were conducted
in accordance with ethical guidelines (Declaration of Helsinki). Tis-
sue samples were deparaffinized, rehydrated, and antigen retrieved
using the standard IHC protocol. After blocking for 1 hour at room
temperature in blocking buffer (5% goat serum in TBST), slides
were incubated overnight in a humidified chamber at 4°C with anti-
mouse/human antibodies listed in Supplementary Table S4. The
stained samples were imaged using Olympus BX61 and VS200 slide
scanners, and ImageJ software was used for image visualization and
data analysis. The intensity of tissue sections was visually scored in
a “anonymized” manner by two pathologists using a scoring system
from 0 to 3 (0 = no signal, 1 = weak signal, 2 = intermediate signal,
and 3 = strong signal). Image analysis was performed by thresholding
for positive staining and normalizing to the total tissue area using
Image]J software (NIH, Bethesda, MD).

Statistical Analysis

Statistical analysis was performed using Graphpad Prism 7. Results
are expressed as mean + SD unless otherwise indicated. Student ¢ test
(unpaired, two-tailed) was used to compare two groups of independ-
ent samples. In an unpaired ¢ test, we assumed equal variance and
that no samples were excluded from the analysis. ANOVA was used
for multivariate comparisons, where indicated. Survival analysis was
done using the Kaplan-Meier method, as assessed using a log-rank
Mantel-Cox test. P < 0.05 was considered statistically significant.

Data Availability

The scRNA-seq data from mouse PDAC for this study have been
deposited at National Genomics Data Center under GSA: CRA011762
(hteps://ngdc.cncb.ac.cn/gsa/), and processed data of scRNA have been
deposited at NGDC under OMIX: OMIX004493 (https://ngdc.cncb.
ac.cn/omix/).
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