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CELL BIOLOGY

Genome-wide CRISPR screens define determinants of
epithelial-mesenchymal transition mediated immune
evasion by pancreatic cancer cells

Yuanzhuo Gu't, Zhengkui Zhang?t, Marcel G. M. Camps?, Ferry Ossendorp?, Ruud H. Wijdeven'1§,
Peter ten Dijke'*§

The genetic circuits that allow cancer cells to evade immune killing via epithelial mesenchymal plasticity remain
poorly understood. Here, we showed that mesenchymal-like (Mes) KPC3 pancreatic cancer cells were more re-
sistant to cytotoxic T lymphocyte (CTL)-mediated killing than the parental epithelial-like (Epi) cells and used
parallel genome-wide CRISPR screens to assess the molecular underpinnings of this difference. Core CTL-
evasion genes (such as IFN-y pathway components) were clearly evident in both types. Moreover, we identified
and validated multiple Mes-specific regulators of cytotoxicity, such as Egfr and Mfge8. Both genes were signifi-
cantly higher expressed in Mes cancer cells, and their depletion sensitized Mes cancer cells to CTL-mediated
killing. Notably, Mes cancer cells secreted more Mfge8 to inhibit proliferation of CD8" T cells and production
of IFN-y and TNFa. Clinically, increased Egfr and Mfge8 expression was correlated with a worse prognosis. Thus,
Mes cancer cells use Egfr-mediated intrinsic and Mfge8-mediated extrinsic mechanisms to facilitate immune

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

escape from CD8" T cells.

INTRODUCTION

The emergence of immune checkpoint blockade (ICB) therapies
[including anti-cytotoxic T lymphocyte antigen 4 (CTLA-4) and
anti-programmed death protein 1 or ligand 1 (PD-1/PD-L1)] has
led anticancer treatment into a new era, but achieving effective
and durable responses is still challenging in most patients with
cancer. To harness the vulnerability of tumors capable of evading
immune-mediated killing more effectively, additional immune re-
sistance mechanisms are being characterized and exploited (1), and
tumor epithelial-mesenchymal transition or plasticity (EMT or
EMP) is an emerging mechanism (2-4). During this process, epithe-
lial (Epi) cancer cells lose cell-cell adhesion properties and undergo
a morphological transition into mesenchymal-like (Mes) cancer
cells. EMT coincides with decreased expression of epithelial
markers (such as E-cadherin), gain of mesenchymal marker expres-
sion (such as N-cadherin and vimentin), loss of apical-basal polar-
ity, and acquisition of migratory and invasive properties (5).
Compared to epithelial cancer cells, mesenchymal cancer cells are
more prone to metastasize (6) and are more resistant to chemother-
apy and immune-targeted therapy (7-9). EMT is a reversible and
highly dynamic multistep process, and the term EMP was recently
coined to describe the dynamic and reversible spectrum of pheno-
typic states between the fully or partially epithelial and fully or par-
tially mesenchymal states occurring during EMT or mesenchymal-
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epithelial transition (5, 10). EMP has been identified as a critical de-
terminant for cancer cell stemness, metastasis, and chemo- and ra-
diotherapy resistance (11-13) and is emerging as a clinically
relevant mechanism of immune evasion (2—4, 9, 14, 15). Clinically,
mesenchymal features in patients with cancer show a negative cor-
relation with the response to ICB therapy (9). The mechanisms by
which mesenchymal versus epithelial tumors promote an immuno-
suppressive microenvironment and the identities of executors are
not clear.

An elegant study by Dongre et al. (8, 16) demonstrated that EMT
contributed to immunosuppression in breast carcinomas. Tumors
formed from mesenchymal cell lines were found to be more resis-
tant to immune attack than those formed from epithelial cell lines
after the cells were implanted orthotopically into immunocompe-
tent syngeneic mice. One of the underlying mechanisms was that
the mesenchymal tumors suppressed infiltration of CD8" T cells
and increased the numbers of CD25", transcription factor forkhead
box protein 3—positive regulatory T cells (T;eg), and M2 macro-
phages, providing cross-protection to the nearby epithelial cancer
cells to prevent immune-mediated elimination. This mechanism
was also observed in prostate cancer, lung cancer, and melanoma
(17-20). Moreover, in vivo data showed that mesenchymal breast
tumors did not respond to anti-CTLA-4 immunotherapy,
whereas epithelial tumors responded well (8, 16). Direct ectopic ex-
pression of the EMT-inducing transcription factor zinc finger E-
box binding homeobox 1 (ZEB1) in melanoma cells triggered resis-
tance, while depletion of ZEB1 improved the response to anti—PD-1
immunotherapy (20). In addition, a number of studies have demon-
strated that EMT is associated with inflammatory signals and elevat-
ed expression of multiple immune checkpoint molecules (15, 21—
24). A recent study revealed that the secretion or expression of
several factors [ecto-5'-nucleotidase (CD73) and colony stimulating
factor 1] or secreted phosphoprotein 1 by mesenchymal cancer cells
regulated macrophages to directly or indirectly suppress immune
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attack (8). Together, these studies indicate that cancer cells can use
EMT to evade immune surveillance.

While the differences in the tumor microenvironment are well
studied between epithelial and mesenchymal cells, which genetic
factors expressed or suppressed by mesenchymal cells govern
these alterations are mostly unclear. We developed an inducible
EMT system in pancreatic cancer KPC3 cells that we used to
uncover the genetic basis for the decreased sensitivity of mesenchy-
mal cells to CTL-mediated killing. Using parallel genome-wide
CRISPR-Cas9 knockout screens in these epithelial and mesenchy-
mal KPC3 cells, our findings revealed a systematic profile of en-
riched or depleted single-guide RNAs (sgRNAs) that are involved
in different signaling pathways. Although core CTL evasion genes
[such as interferon gamma receptor 1/2 (Ifngrl/2), Janus kinase 1/2
(Jak1/2), and protein tyrosine phosphatase nonreceptor type 11
(Ptpn11)] were clearly evident in both types, Mes cancer cells
showed less sensitivity to interferon-y (IFN-y) signaling. Further-
more, upon validating several candidates, we identified two genes,
epidermal growth factor receptor (Egfr) and milk fat globule-EGF
factor 8 protein (Mfge8, also known as lactadherin), that particular-
ly stood out in the CRISPR screens combined with RNA transcrip-
tional profiling as critical determinants for CD8" T cell-mediated
Mes cancer cell killings. Functional follow-up studies combined
with bioinformatic analysis of clinical cancer datasets confirmed
the unique and distinct roles of these genes in EMT-mediated resis-
tance to anticancer immunity.

RESULTS

Mes pancreatic cancer cells are more resistant to CD8* T
cell-mediated killing

To investigate the role of tumor EMP in CD8" T cell cytotoxicity, we
generated two types of tumor cells with Epi or Mes features through
an inducible EMT system (Fig. 1A). The parental KPC3 pancreatic
cancer cell line, derived from a female KrasS'?P"*; Trp53R172H/%;
Pdx-1-Cre mouse used as a pancreatic ductal adenocarcinoma
model (25), was stably transduced with green fluorescent protein
(GFP) and ovalbumin (OVA); this cell line can be specifically
killed by matched OT-I CD8" T cells, which are isolated form
OT-I T cell receptor transgenic mice that contain transgenic
inserts for mouse Tcra-V2 and Tcrb-V5 genes and recognize
major histocompatibility complex (MHC) class I presented OVA
antigen on cancer cells. KPC3 cells underwent EMT when
exposed to transforming growth factor—B (TGF-p), a major driver
of EMT, and in order to avoid the influence of TGF-$ on T cells
while maintaining stable Mes characteristics (26, 27), we transduced
a doxycycline (Dox)—induced constitutively kinase-active TGF-f3
type I receptor, also termed ALK5 CA (threonine-204 mutated to
aspartic acid), into KPC3 cells (28, 29), which were then named
KPC3-OVA :: Tet-On ALK5 CA cells. As expected from (30),
after treatment with Dox, only the kinase-active variant ALK5
CA, but not the kinase-dead mutant ALK5 DN (lysine-232
mutated to arginine), activated phosphorylated Smad2 (p-Smad2),
and this activation was blocked when treated with the selective
ALKS kinase inhibitor SB431542 (fig. S1A). Ectopic expression of
ALK5 CA was found insufficient to stimulate prominent EMT in
a short period of time (fig. S1, B and C), which is why we first
treated cells with TGF-p for 2 days (to boost a prominent EMT),
then removed TGF-p, and thereafter added Dox to activate ALK5
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CA to maintain the Mes state in the absence of exogenous TGF-
B (Fig. 1A).

The occurrence of EMT and maintenance of the mesenchymal
state upon TGF-p challenge and Dox-mediated ALK5 expression
were validated by measuring the protein and RNA expression of ep-
ithelial and mesenchymal markers. Immunofluorescence staining
showed decreased E-cadherin expression and increased stress fila-
mentous (F)-actin fibers in Mes cancer cells (fig. SID), which
were accompanied by protein and mRNA expression changes in
EMT markers [including E-cadherin, Snail family transcriptional
repressor 1 (Snail) and Zeb1/2] (Fig. 1, B and C). Furthermore,
the mesenchymal phenotype could be maintained for more than
16 days; this was more than sufficient for our following experiments
conducted on a time scale of 12 days (fig. S1, B and C). To further
investigate the transcriptional differences between Epi and Mes
cancer cells, we performed mRNA sequencing. Principal compo-
nents analysis (PCA) displayed clear separation between the two
types of cancer cells (fig. S1E); the levels of epithelial marker
genes were significantly decreased, while those of mesenchymal
marker genes were increased in Mes compared to Epi cancer cells
(Fig. 1D). Gene set enrichment analysis (GSEA) demonstrated that
Mes cancer cell-enriched genes positively correlated with up-regu-
lated EMT gene sets (Fig. 1E and fig. S1F) and negatively correlated
with down-regulated EMT gene sets (fig. S1G). The proliferation of
these two types of cells, as measured by either MTS cell viability
assay or confluency measured with IncuCyte live cell imager, was
not significantly different (fig. S1, H and I). Since this approach
to convert Epi state into Mes state was driven by TGF-p signaling,
we detected the concentration of TGF-p secreted by Epi or Mes
cancer cells using a HepG2-Smad3—dependent transcriptional
CAGA-GFP reporter (30); analysis of conditioned medium from
both cell types revealed no differences in either the latent or
active form of TGF-p (fig. S1, ] and K). This ruled out the influence
of differential TGF-f expression on CD8" T cell-mediated cancer
cell killing (31). Thus, we successfully established an in vitro pan-
creatic cancer model, which could be used to explore what differ-
ences in the EMP state affect CTL killing activity.

To test differential sensitivity, we cocultured Epi or Mes KPC3-
OVA : GFP cancer cells with increasing numbers of OT-I CD8" T
cells and monitored the percentage of surviving KPC3 cells.
Through live imaging of GFP (Fig. 1, F and G) or crystal violet stain-
ing (Fig. 1H), we found that Mes cancer cells were more resistant to
CD8" T cell-mediated killing than Epi cancer cells in cytotoxicity
assays. Those results are in line with, and extend previous results
that the acquisition of Mes features confer cancer cells more resis-
tant to CD8" T cell cytotoxicity (4).

Parallel genome-wide screens identify regulators of EMT-
mediated resistance to CD8" T cell cytotoxicity in KPC3
cancer cells

To identify genes modulating EMT-mediated immune evasion in
KPC3 cancer cells in an unbiased manner, we performed parallel
genome-scale screens (Fig. 2A). Epi and Mes cancer cells were in-
dividually infected with the Brie CRISPR Knockout Library (32)
and challenged with two rounds of OT-1 CD8" T cells, each result-
ing in a 50% survival rate, allowing for the identification of both
immune resistance— and sensitization-related genes in those two
types of cancer cells. sgRNAs were then recovered from the surviv-
ing cells and analyzed by deep sequencing (table S1). The results
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Fig. 1. Mes pancreatic cancer cells are more resistant to CD8" T cell-mediated killing. (A) Schematic representation of inducible constitutively active ALK5 (ALK5 CA)
using the Tet-On system. On the basis of it, KPC3-OVA cancer cells with an Epi and Mes status were established. (B) Western blot analysis of the protein expression of EMT
markers and p-Smad2 in the epithelial or mesenchymal state (Epi or Mes). (C) Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis of the
mRNA expression of the TGF-f target gene Pai-1 and EMT-associated marker genes. The results are quantified as mean + SD by an unpaired two-sided Student’s t test (**P
< 0.01 and ***P < 0.001). (D) Heatmap of the normalized mRNA expression of EMT marker genes obtained from RNA-seq analysis of Mes and Epi cancer cells. The
significantly DEGs are listed; the cutoff was [fold change| > 1.5, P adjusted < 0.001. (E) Gene set enrichment analysis (GSEA) plot of EMT signature. The P values were
calculated on the basis of a hypergeometric distribution. The normalized enrichment scores (NES) indicate enrichment in the corresponding function. (F to H) Epi and Mes
KPC-OVA cells were challenged with increasing ratios of OT-I CD8" T cells. E:T, effector T cell:target cancer cell (F) Representative live images of green fluorescence at the
48-hour time point (n = 3). (G) Quantification of the intensity images as shown in (F) (n = 3). Statistical significance was determined using two-way analysis of variance
(ANOVA) with Sidak’s multiple comparisons test (***P < 0.001). (H) Cancer cells were fixed and stained with crystal violet after 3 days of coculture with OT-1 CD8" T cells.
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Fig. 2. Parallel genome-wide screens identify regulators of EMT-mediated resistance to CD8" T cell cytotoxicity in KPC3 cancer cells. (A) Schematic overview of
the genome-wide parallel CRISPR-Cas9 knockout screens of Epi and Mes KPC3-OVA cancer cells challenged with OT-I CD8" T cells. (B and C) Robust ranking aggregation
(RRA) score and delta log fold change (Delta LFC) plot showing specifically enriched genes (red) or depleted genes (green) in Mes (B) and Epi cells (C). RRA scores were
—log;o-transformed from MAGeCK RRA scores. Delta LFCs were log,-transformed from the difference of the fold change between the Mes and Epi screens. The dashed
line indicates the cutoff of RRA score at 3 or —3 (shown as |RRA| < 3) and the cutoff of Delta LFC at log2(1.5) or —log,(1.5) [shown as diff (fold change) > 1.5]. The P value of
sgRNA from the MAGeck algorithm < 0.001 was used as the cutoff. (D and E) GO term GSEA (D) and STRING network analysis (E) showing biological processes or gene
interactions of the specifically enriched and depleted genes in either the Epi or Mes cancer cells from (B) and (C). GO:BP, Biological Processes of Gene Ontology term;

STRING, Search Tool for the Retrieval of Interacting Genes/Proteins.
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showed sufficient library representation, and strong correlations
between replicates were observed (fig. S2A). Moreover, enriched
sgRNAs targeting the IFN-y signaling pathway [such as Ifngrl/2,
Jak1/2, and signal transducer and activator of transcription 1
(Statl)] and depleted sgRNAs involved in the tumor necrosis
factor (TNF) pathway were significantly identified in both the Epi
and Mes screen (fig. S2, B and D); these pathways are well-charac-
terized and important to T cell killing activity (33—40). Together,
our screening results exhibited robustness and effectiveness, con-
vincing us that the screens were performed in such a way that the
results could be compared between these two cell types.

We next investigated the differences of screening results in Epi
and Mes types, respectively. By plotting robust ranking aggregation
(RRA) scores in the Mes screen, the fold enrichment in Mes versus
Epi (already normalized to the respective untreated control group),
we uncovered numerous sgRNAs that were specifically gained or
lost in Mes screens (Fig. 2B). Similar analysis methods were also
applied in Epi screens (Fig. 2C). To further explore the gene net-
works involved in regulating cancer-intrinsic immune evasion in
these two different states, we converged all specific sgRNAs of
either Epi or Mes status and performed GSEA on Gene Ontology
(GO) (Fig. 2D) or WikiPathways sets (fig. S2C). These analyses
demonstrated the diversity of signaling pathways involved in
evading CTL-mediated killing by these two types of cancer cells;
IFN-y signaling, mitochondrial electron transport, and adenosine
triphosphate or oxidation metabolic process were highly enriched
in Epi cells, whereas the Egfr signaling pathway and interleukin-5
(IL-5) and IL-2 signaling pathways were highly depleted in Mes
cells (Fig. 2D and fig. S2C). Search Tool for the Retrieval of Inter-
acting Genes/Proteins (STRING) network analysis further con-
firmed that the more depleted sgRNAs in Mes cells were
significantly connected with the Egfr signaling pathway [false dis-
covery rate (FDR) = 0.00571], and the more enriched sgRNAs in Epi
cells were significantly related to the IFN-y signaling pathway (FDR
= 8.8 x 107%°) (Fig. 2E). In addition, some particularly depleted
sgRNAs, such as sgRNAs targeting Egfr, phosphatidylinositol-4-
phosphate 5-kinase type 1 alpha (Pip5kla), Mfge8, calcineurin
binding protein 1 (Cabinl), PPFIA binding protein 2 (Ppfibp2), al-
dehyde dehydrogenase 18 family member al(Aldh18al), and GATA
zinc finger domain containing 2a (Gatad2a), represented signifi-
cant changes in Mes cancer cells, while Epi cancer cells were not
significantly affected by their loss (fig. S2, D and E). These results
suggested that Mes cancer cells gain resistance by using multiple
pathways, such as increasing the activity of the Egfr signaling
pathway and lowering the activity of the IFN-y signaling pathway.

To validate the screening results, we focused on sgRNAs that
were specifically depleted in Mes cancer cells, as we hypothesized
that if these genes were genetically ablated, Mes cancer cells
would become more sensitized to CTL-mediated killing, similar
to Epi cancer cells. Epi and Mes cancer cells were transduced with
a control sgRNA (sgCtrl) and individual candidate sgRNAs, and the
effects of specific gene depletion on the responses in a CD8" T cell
cytotoxicity assay and competition assay were determined. Pip5kla,
Aldh18al, Ppfibp2, Egfr, Gata2a, or Mfge8 ablation all sensitized
Mes cancer cells to killing by CTLs (fig. S3A). Furthermore, these
genes were much more essential for Mes cancer cells to evade CTL
killing than for Epi cancer cells, as the Mes cells exhibited signifi-
cantly higher fold changes of cell death after gene ablation (fig. S3B).
To further validate our results, we performed competition assays in
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which two groups of cancer cells were labeled with different fluoro-
phores and then mixed at 1:1 and subsequently challenged with
CD8" T cells (fig. S3C). We first confirmed the competition differ-
ence between Epi and Mes control cells (fig. S3, D and E); as expect-
ed, flow cytometry analysis showed that more Mes control cells than
Epi control cells survived. Next, we compared CellTrace Violet
(CTV)-labeled Mes control cancer cells (sgCtrl) with cancer cells
transduced with individual sgRNA targeting indicated genes.
Flow cytometry analysis validated the candidates that we tested
(fig. S3F). Together, our approach identified genes specifically re-
quired for CTL-mediated killing of mesenchymal KPC3
cancer cells.

Down-regulation of Ifngr2 inhibits Mes cancer cells from
sensing IFN-y signaling

Given that our Epi and Mes cancer cells are of the same origin, the
differences in susceptibility to immune attack should be a conse-
quence of altered gene expression. Therefore, we integrated the
results of our genome-wide CRISPR-Cas9 screens with those of
the transcriptional profiles of the Epi and Mes states.

Upon analysis of RNA sequencing (RNA-seq) data, we found
large transcriptional differences between Epi and Mes cancer
cells; 1670 genes were significantly up-regulated and 1204 genes
were down-regulated in Mes cancer cells compared to Epi cancer
cells (fig. S4A). In addition to the activated EMT signature, the in-
terferon signatures were suppressed in the Mes state (fig. S4B). Al-
though sgRNA-targeting IFN-y-related genes were enriched in
either Epi or Mes state (fig. S2B), these genes were more depleted
in the Epi CRISPR screens (Fig. 2, D and E, and fig. S2C), arguing
that Epi and Mes KPC3 cells respond differently to IFN-y signaling.

When we overlapped the down-regulated differentially ex-
pressed genes (DEGs; the significantly DEGs were cut off at |fold
change| >1.5, P adjusted < 0.001) (1670) in Mes versus Epi cancer
cells and the sgRNAs specifically enriched in Epi cells (126), many
interesting candidates were identified (Fig. 3A). We focused on
Ifngr2 because it associates with Ifngrl to form the heterodimeric
IEN-y receptor, and it was the only down-regulated gene in the
IFN-y pathway (Fig. 3B; the |fold change| >1.5, P adjusted < 0.001
was used as the cutoff). This finding prompted us to suspect that the
loss of Ifngr2 in Mes cancer cells disrupted the IFN-y response. We
first confirmed that the membrane protein level of Ifngr2 was ro-
bustly decreased in Mes cancer cells (Fig. 3C). Challenging Epi
and Mes cancer cells with IFN-y revealed that the level of Statl
phosphorylation was lower in Mes cells than in Epi cells
(Fig. 3D). This was further confirmed by examining the expression
levels of IFN-y signaling target genes [such as interferon regulatory
factor 1 (Irfl), Statl, indoleamine 2,3-dioxygenase 1 (Ido1), and Pd-
I1] in response to IFN-y, as the levels were lower in Mes cells than
Epi cells (Fig. 3E). Because of the loss of IFN-y sensing, the protein
levels of MHC class I (H2Kb) and Pd-11 were also decreased in Mes
cells (Fig. 3F and fig. S4C). Together, these results showed an atten-
uated IFN-y response was present in Mes cancer cells compared to
Epi cells, probably mediated by down-regulation of Ifngr2.

Next, we examined whether this differential sensitivity to IFN-y
also occurred in Mes versus Epi cancer cells after coculture with
CD8" T cells. We cocultured Epi and Mes cancer cells with OT-I
CD8" T cells for 0, 6, or 24 hours and performed RNA-seq analysis.
PCA showed clear separation of the Mes and Epi cancer cells after
OT-I T cell treatment (fig. S4D). The IFN-y signaling responses
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Fig. 3. Down-regulation of Ifngr2 inhibits Mes cancer cells from sensing IFN-y signaling. (A) RNA-seq data analysis using Venn diagrams revealed the overlap of
down-regulated DEGs (1670) in Mes versus Epi cancer cells and specifically enriched sgRNAs (126) in Epi cancer cells. (B) RNA-seq analysis of IFN-y signaling components
in Mes versus Epi cancer cells. (C) Flow cytometry analysis of Ifngr2 expression in Epi or Mes cancer cells (n = 4). (D) Western blot analysis of p-Stat1 and Stat1 (top part) and
RT-gPCR analysis of Ifngr2 and IfngrT mRNA expression (bottom part) in Epi or Mes cancer cells after IFN-y treatment (n = 3). (E) RT-gPCR analysis of Irf1, stat1, Ido1, and Pd-
IT mRNA expression in Epi or Mes cancer cells after IFN-y treatment. (F) Flow cytometry analysis of H2-Kb in Epi or Mes cancer cells after 24-hour treatment with IFN-y (n =
3). (G) GSEA showing a decreased IFN-y response in Mes versus Epi cancer cells after OT-I T cell coculture. (H) Western blot analysis of p-Stat1 and Stat1 expression in Epi or
Mes cancer cells after OT-I CD8* T cell treatment. (I) Flow cytometry analysis of H2-Kb in Epi or Mes cancer cells co-cultured with OT-1 CD8" T cells. (J) Western blot analysis
of Pd-I1 in Epi or Mes cancer cells (un)treated with OT-I CD8™ T cells (n = 5). (K) Cell viability analysis of Epi or Mes cancer cells treated with (different doses) TNF and IFN-y (n
= 3). Two-sided Student's t test in (C), (D), (E), (F), and (I) and two-way ANOVA with Sidak’s multiple comparisons test in (K) (*P < 0.05, **P < 0.01, and ***P < 0.001). For all
experiments, bars represent mean + SD. ns, not significant. MFI, mean fluorescence intensity.
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were significantly attenuated in Mes cancer cells compared to Epi
cancer cells after T cell treatment (Fig. 3G and fig. S4E). Consistent
with the IFN-y stimulation results, Mes cancer cells had reduced
Statl activation (Fig. 3H) and lower levels of H2kb and Pd-11 re-
sponsiveness after T cell treatment compared to Epi cancer cells
(Fig. 3, I and J). Furthermore, we used the coculture system to
detect the production of cytokines, mainly including IFN-y and
TNFa, which are established effectors of CD8" T cell anticancer
function (36). We found that OT-I T cells cocultured with Mes
cancer cells secreted less IFN-y after 24 hours and less TNFa
during 2 to 16 hours (fig. S4F), which indicated that compared to
Epi cancer cells, Mes cancer cells partially blocked the activity of T
cells. Given the direct antitumor functions of IFN-y and TNFa, we
used them alone or in combination to treat Epi or Mes cancer cells.
Unexpectedly, both Mes and Epi cancer cells were extremely resis-
tant to single cytokine IFN-y or TNFa treatment, as well as treat-
ment with TNF Superfamily Member 10 (TRAIL), another ligand
that induces apoptosis (fig. S4G). However, the combination of
IEN-y and TNF killed both Epi and Mes cancer cells, and Mes
cancer cells were significantly more resistant than Epi cancer cells
(Fig. 3K). This result was also confirmed in a competitive T cell
killing assay using CTV staining (fig. S4H). These results are con-
sistent with the previously proposed synergistic effect of TNFa and
IFN-y in triggering cancer cell death (26-28). Together, these
results demonstrated that Mes cancer cells escaped T cell cytotoxic-
ity in part by losing sensitivity to IFN-y signaling via down-regula-
tion of IFNGR2.

Mes cancer cells up-regulate Egfr to evade CD8"* T cell-
mediated killing

Further combined analysis of RN A-seq data with our screen results
revealed three significantly up-regulated genes, Egfr, Mfge8, and
Cabinl, by overlapping the up-regulated DEGs (1204) in Mes
versus Epi cancer cells and sgRNAs specifically depleted in Mes
cancer cells (Fig. 4A; the significantly DEGs were cut off at |fold
change| > 1.5, P adjusted < 0.001). This made us speculate that
these three genes are the executors of the acquisition of resistance
specifically in Mes cancer cells.

Egfr was indeed highly expressed at the mRNA and protein levels
in Mes cancer cells compared with Epi cancer cells (Fig. 4, B and C),
which was also observed in the coculture system containing cancer
cells and OT-I T cells (fig. S5A). Consistent with the knockout
results (fig. S3, A and B), Egfr knockdown via short hairpin RNA
(fig. S5B) greatly augmented the sensitivity of Mes cancer cells to
CD8" T cell-mediated killing but not that of Epi cancer cells
(Fig. 4D). This suggests a potential role for Egfr in the ability of
Mes cancer cells to evade CTL-mediated killing.

Next, we explored whether overexpressing EGFR alone in Epi
cancer cells could make these cells more resistant to CTL-mediated
killing. Overexpression of EGFR (Fig. 4E) conferred a more resis-
tant phenotype to Epi cancer cells in the context of CD8" T cell-
mediated killing (Fig. 4F). We used competition assays to evaluate
whether up-regulation of EGFR is a cancer-intrinsic mechanism for
evading killing by T cells. Flow cytometry analysis showed that both
genetic ablation and mRNA knockdown of Egfr sensitized Mes
cancer cells to CD8" T cell-mediated killing (Fig. 4G and figs.
S3F and S5C). In contrast, also in this assay, ectopic expression of
EGFR enhanced the immune resistance of Epi cancer cells (Fig. 4H).

Gu et al,, Sci. Adv. 9, eadf9915 (2023) 14 July 2023

On the basis of STRING network analysis of depleted sgRNAs in
Mes cancer cells (Fig. 2E), we suspected that other related genes in
the Egfr signaling pathway may also participate in the evasion of
CTL killing activity. We selected two genes. One was suppressor
of cytokine signaling 1 (SocsI), which is recruited by the Egfr C-
tail to block Stat activation (41), and the other was Junb, a down-
stream adapter in Egfr signaling (42). Similar to the results for
Egfr, knockdown of SocsI or JunB proto-oncogene, AP-1 transcrip-
tion factor subunit (Junb) sensitized Mes cancer cells to CD8* T
cells (Fig. 4I). These results indicate that engagement of the Egfr
signaling pathway is a cancer-intrinsic immune evasion mechanism
that is used by Mes cancer cells.

Cancer cell-secreted Mfge8 directly inhibits the anticancer
activity of CD8" T cells

Another candidate that we explored functionally was Mfge8. It has
been reported that Mfge8 is a secreted glycoprotein derived from
human or bovine milk (43) that promotes mesenchymal features
in melanoma cells by inducing twist family bHLH transcription
factor 1 (Twist) and Snail (44). In addition, it plays a critical role
in ameliorating inflammation, such as promoting the engulfment
of apoptotic cells by immune cells (45, 46) and inhibiting Foxp3"
Tregs (47, 48). These characteristics of Mfge8 prompted us to hy-
pothesize that it can be secreted by Mes cancer cells and then di-
rectly act on immune cells to suppress their killing activity against
cancer cells.

We first validated both at the mRNA and protein level that Mes
cancer cells expressed higher levels of Mfge8 than Epi cancer cells
(Fig. 5, A and B). Mfge8 expression was increased in both cell types
after coculture with T cells but maintained higher in Mes cancer
cells than in Epi cancer cells (Fig. 5B). Furthermore, through har-
vesting conditioned medium from Epi or Mes tumor cells, we found
that the KPC3-OVA cancer cells secreted Mfge8, which could be
suppressed by knocking out Mfge8 (Fig. 5C). Consistently, Mes
cancer cells secreted much more Mfge8 than Epi cancer cells
(Fig. 5C). We also checked the level of Mfge8 in the coculture
system and found that the secreted Mfge8 level was increased
after T cell treatment and persistently higher in Mes cancer cells
than in Epi cancer cells (fig. S6A). These findings and previous
data demonstrated that genetic ablation of Mfge8 sensitized Mes
cancer cells to T cell-mediated killing (fig. S3, A and B), which
raised the interesting possibility that Mes cancer cells might
secrete Mfge8 to impair T cell function. To test this hypothesis,
we collected conditioned medium from different states of cancer
cells and added those medium into the coculture system
(Fig. 5D). When the conditioned medium from Mes cancer cells
(Mes-conditioned medium) was added to the Epi cancer cell and
T cell coculture system, the Epi cancer cells exhibited better survival
than those in the normal culture medium treatment group (Fig. 5E).

Using two complementary approaches, a conditioned medium
exchange approach was then used to test the effect of secreted
Mfge8. We adjusted the concentration of Mfge8 in the supernatant
by removing Mfge8 through genetic depletion of Mfge8 (sgMfge8)
or by increasing the Mfge8 level through ectopic expression of
Mfge8 (Mfge8 OE). After removal of Mfge8 from the Mes cancer
cell-derived supernatant (Fig. 5C), T cells were more efficient in
killing Epi cancer cells as compared to the intact supernatant
(Fig. 5F). On the other hand, after increasing the Mfege8 level in
the supernatant (fig. S6B), T cells were less efficient in killing Epi
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Fig. 4. Mes cancer cells up-regulate Egfr to evade CD8" T cell-mediated killing. (A) RNA-seq data analysis using Venn diagram plots revealed the overlap of up-
regulated DEGs (1204) in Mes versus Epi cells and specifically depleted sgRNAs (85) in Mes cells. (B and C) RNA-seq analysis (B) and Western blot analysis (C) of Egfr
expression in Epi and Mes cells. (D) Epi or Mes cells expressing shCtrl) or shEgfr were challenged with OT-I CD8" T cells (two biological replicates, each with two technical
replicates). (E) Western blot analysis of EGFR-V5 expression in Epi cells. (F) Epi cells expressing EGFR (Epi EGFR) or control (Epi Ctrl) and control Mes cells (Mes Ctrl) were
challenged with OT-1 CD8" T cells (three biological replicates, each with two technical replicates). (G) Competition assays performed with Mes cancer cells expressing
sgCtrl or sgEgfr or Epi sgCtrl cells treated with OT-I CD8" T cells, analyzed by flow cytometry (see fig. S5C). The change in the ratio between cancer cells expressing the
indicated sgCtrl or sgEgfr (black) versus Mes sgCtrl cancer cells (purple) is presented relative to cancer cells without T cell challenge (n = 3). (H) Competition assays with Epi
cells expressing Egfr (Epi Egfr) or a control vector (Epi Ctrl), treated with OT-I CD8* T cells and analyzed by flow cytometry. The ratio change of Epi Egfr versus Epi sgCtrl was
calculated relative to cancer cells without T cells challenge. (I) Epi or Mes cells expressing shCtrl or indicated genes (sh-X) were challenged with OT-1 CD8* T cells (two
biological replicates, each with two technical replicates). Two-way ANOVA with Sidak’s multiple comparisons test in (D), (F), and (I) and a two-sided Student’s t test in (G)

and (H) (*P < 0.05, **P < 0.01, ***P < 0.001).

cancer cells (Fig. 5G). To further dissect whether cancer cell-secret-
ed Mfge8 directly affected the function of CD8" T cells, we exam-
ined its effect on cytokine (IFN-y and TNFa) secretion and
proliferation of CD8" T cells. Compared with conditioned
medium from Epi control cells, conditioned medium from Mes
control cells inhibited the secretion of both TNFa and IFN-y by
CD8" T cells, which were found to be rescued after removing
Mfge8 especially in Mes cancer cells (Fig. 5H). Consistently, the

Gu et al,, Sci. Adv. 9, eadf9915 (2023) 14 July 2023

downstream activation of p-Statl in cancer cells was increased
after genetic ablation of Mfge8, suggesting that the level of IFN-y
secretion by CD8" T cells was indeed affected by Mfge8 and
altered their killing efficiency (fig. S6C). In addition, we used
CTYV staining to monitor the division of T cells by assessing dye di-
lution and found that the proliferation of T cells was suppressed by
conditioned medium from cancer cells; conditioned medium from
Mes cancer cells showed the strongest inhibitory effect compared to
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Fig. 5. Cancer cell-secreted Mfge8 directly inhibits the anticancer activity of CD8* T cells. (A) RNA-seq analysis of mfge8 mRNA expression in Epi and Mes KPC3-OVA
cells. ***P adjusted < 0.001, fold change > 1.5. (B) Western blot analysis of Mfge8 in Epi and Mes cells cultured alone or with OT-I cells. (C) Enzyme-linked immunosorbent
assay (ELISA) of Mfge8 expression in the conditioned medium (CM) of Epi or Mes cells expressing sgCtrl or sgMfge8 (n = 3). (D) Schematic of CM exchange assay. (E) CM
derived from Epi or Mes cancer cells was added to the Epi or Mes cancer cells and OT-I killing system. (F) CM from the Mes cancer cells expressing sgRNAs targeting control
(sgCtrl) or Mfge8 (sgMfge8) was added into the Epi cancer cells and OT-I killing system. (G) CM from cancer cells ectopically expressing control vector (Ctrl) or Mfge8
(Mfge8 OE) was added into the Epi cancer cells and OT-I killing system. N = 2 independent donors, each with two replicates. (H) ELISA detection of IFN-y and TNF secreted
by OT-I cells cultured with CM from Epi or Mes cancer cells expressing sgCtrl or sgMfge8. N = 3 independent donors, each with two replicates. (I) Proliferation quantifi-
cation of OT-I cells using CTV prestaining and anti-CD3 activation after treatment with different CM sources. N = 3 independent donors, each with two replicates. (J) ELISA
for IFN-y and TNF secretion by OT-I cells cultured with CM from epi Ctrl or Mfge8 OE cells. N = 3 independent donors. (K) OT-1 CD8" T cell proliferation quantification (CTV
prestained, anti-CD3 activated) and treated with CM from cells expressing a control vector (Ctrl) or Egfr (Egfr OE). N = 2 independent donors, each with two replicates.
Two-sided Student's t test in (C), (H), (), and (K) or two-way ANOVA with Sidak’s multiple comparisons test in (E) to (G) and (J). (*P < 0.05, **P < 0.01, and ***P < 0.001).

Gu et al.,, Sci. Adv. 9, eadf9915 (2023) 14 July 2023 9 of 17



SCIENCE ADVANCES | RESEARCH ARTICLE

either normal medium or conditioned medium from Epi cancer
cells, and this difference was partially eliminated by removing
Mfge8 (Fig. 5I). In contrast, after treatment with Mfge8-supple-
mented conditioned medium (Mfge8 OE supernatant), the secre-
tion of TNFa and IFN-y by CD8" T cells and the proliferation of
T cells were further inhibited (Fig. 5, ] and K). These results are
in line with previous reports showing that Mfge8 promoted
cancer growth by suppressing anticancer immune responses in a
mouse model (47) and extend that observation by indicating that
cancer cell-secreted Mfge8 directly inhibits CD8" T cells by limiting
their cytokine secretion and proliferation.

High EGFR and MFGE8 expression is associated with a poor
prognosis

The above mechanistic data demonstrated that the up-regulation of
Egfr and Mfge8 in Mes KPC3 pancreatic cancer cells rendered them
more resistant to CD8" T cell-mediated killing. As the fourth
leading cause of cancer-related death, pancreatic adenocarcinoma
(PAAD) is quite refractory to immunotherapy (49, 50). We there-
fore investigated whether pancreatic cancer patients with high
EGFR and MFGES8 expression would have a relatively poor
prognosis.

Given that bulk RNA-seq data contain other noncancer cells, es-
pecially stromal cells, this inclusion increases the mesenchymal
score calculation, which may affect the EMT score (51, 52). We
therefore used a deconvolution method developed by Tyler and
Tirosh (52), which yielded a series of EMT signatures for different
cancer types/subtypes that robustly decoupled EMT from stromal
profiles to calculate the “real” EMT score of cancer samples in
The Cancer Genome Atlas (TCGA)-PAAD cohort. Using this
method, we successfully separated PAAD samples into two subtypes
based on the EMT score (Fig. 6A), the “classical” and “basal” sub-
types, which were consistent with previously identified molecular
characterizations (53-55). The classical subtype exhibits an epithe-
lial state and is more frequently resectable with a higher level of dif-
ferentiation, and the basal subtype exhibits a quasi-mesenchymal or
squamous state with worse clinical outcome and loss of differenti-
ation (55, 56). Within each subtype, EMT scores were also well cor-
related with the expression of EMT signature genes (fig. S7A). We
found that EGFR, as well as MFGES, had higher expression levels in
EMT-high cancers (with a high EMT score) than in EMT-low
cancers (with a low EMT score) (Fig. 6B). Notably, we did not
observe a difference in IFNGRI or IFNGR?2 (fig. S7B). Therefore,
we focused on EGFR and MFGES for the following analysis, as
they were significantly positively associated with EMT scores in
the TCGA-PAAD cohort (fig. S7D). Consistent with previous
reports (9, 52), we observed that pancreatic cancer patients with a
high EMT score had a significantly worse progression-free interval
(PFI) or disease-free interval (DFI) than patients with a low EMT
score (Fig. 6C). A similar trend was also seen in an overall survival
analysis (fig. S7C).

To further investigate the roles of EGFR and MFGES, we subdi-
vided the patients into EMT-high and EMT-low groups for each
subtype based on the EMT score (fig. S7A). In either the classical
or basal subtype, MFGES8 was expressed at higher levels in the
EMT-high group than EMT-low group (Fig. 6D). Similarly, EGFR
was already highly expressed in patients with the classical subtype
with high EMT score (Fig. 6D). The expression of EFGR and
MFEGES showed the greatest differences between the classical

Gu et al,, Sci. Adv. 9, eadf9915 (2023) 14 July 2023

subtype with a low EMT score and the basal subtype with a high
EMT score (Fig. 6D). We further used these two groups to
perform survival analysis and found that patients with pancreatic
cancer expressing low levels of EGFR and MFGES8 had a significantly
improved PFI and DFI compared with cancer patients with high
levels of EGFR and MFGES (Fig. 6E). Overall, the clinical analysis
demonstrated that the expression of EGFR and MFGES8 was up-reg-
ulated in pancreatic cancer patients with Mes features and was as-
sociated with a poor clinical prognosis.

DISCUSSION

Over the past few years, many efforts have focused on identifying
the mechanisms that render cancers unresponsive to ICB therapy
or unable to achieve durable responses (57-62). These mechanisms
are generally divided into two categories: (i) cancer cell-intrinsic
mechanisms, such as loss of tumor antigens or antigen presentation
and IFN-y sensing deficiency, and (ii) cancer cell-extrinsic mecha-
nisms, which promote an immunosuppressive microenvironment,
including reductions in the function or number of CD8" T cells, an
increase in the number of Tyeg, or M2-like tumor—associated mac-
rophages, and the production of immunosuppressive cytokines. In
addition to these elucidated mechanisms, other mechanisms must
exist to explain many cases for which the cause of insensitivity
remains unknown (59, 63-71). Our results are not only consistent
with previous reports but also expand on the proposed roles for
EMP as an important mechanism of immune evasion (4). We dem-
onstrated that EMT in KPC3 pancreatic cancer cells mediated direct
resistance to CD8" T cell cytotoxicity in both cytotoxicity or com-
petition assays and conditioned medium exchange assays, indicat-
ing that cancer cell-intrinsic factors contribute to the increased
resistance. To understand precisely how Mes cancers exert immu-
nosuppressive effects, we performed parallel genome-wide
CRISPR-Cas9 screens using an induced EMT system to identify
genes whose inactivation or activation specifically sensitized Mes
cancer cells to CD8" T cells but not Epi cancer cells.

Although multiple genome-wide CRISPR-Cas9 screens were
performed with a cancer cell<immune cell coculture system to iden-
tify sensitizers or resistors to immune attack (35, 36, 72-74), those
screens did not account for the intrinsic resistance caused by cellu-
lar plasticity. Many reports, as well as our data, have demonstrated
an important role for EMP and EMT in sensitivity to CTLs, and our
work defines several pathways by which mesenchymal cells down-
play their response. Identifying the critical determinants of EMT-
mediated immune evasion is particularly important, as most
human primary tumors are heterogeneous with diverse EMP
states, and the underlying mechanisms would also apply to other
cancer types with active EMT, highlighting potential therapeutic
targets to enhance ICB therapy.

To overcome the genetic differences brought by using the respec-
tive epithelial and mesenchymal cell line, we made use of the ability
of a Dox-inducible ALK5 CA system to induce a robust EMT re-
sponse, allowing us to screen in the same genetic background.
Using this approach, we identified a core conserved set of genes
and pathways for each cancer status, with down-regulation of
IEN-y pathway, EGFR signaling, and secretion of MFGES as key
drivers of immune resistance in mesenchymal cancer cells.

Previous reports found that loss of the IFN-y pathway is a
common immunotherapy resistance mechanism and that JAK1/

10 of 17



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
_Classical Basal EMT score: [ Low [ High
[9\]
> == 0.00013 R 0.0086
§ o T ) v 8 :
3
= E 6 i 7
oY 0] O 6
[T
g 4 =0
o 2 cc? 4
20 25 30 35 40 45 =2 ; ’ a3 . .
EMT ssGSEA score Classical Basal Classical Basal
" EMT low in classical
Cc ENT score: D Ciassicsl Basal E (low EGFR low MFGES)
- B Hioh o EMT high in basal
ow ig =10 8.2e-05 : (high EGFR high MFGES8)
1004 2 8 0023 1004
L
< 751 o6 L < 79
3 X
~ == .r‘! ~ 4
T 20 § 4 " ? T
o o5 n=85 Q- 254
ol P=3e-04 EMT score: Low High High 0
0 20 40 60 .
Months Classical Basal
1001 = 6.8e-12 ; 1001
< 751 + 49206 A2erll ~ 75] n=1s
= 50/ o ® < 5
251 z, Q 25 =
0l .P = 0.00I36 ' ' 8‘,“ o] P=0.0081 n=
0 20 40 60 — g 0 20 40 60
Months EMT score: Low ngh Low H|gh Months

Fig. 6. High EGFR and MFGE8 expression is associated with a poor prognosis. (A) The distribution of EMT scores for patients with pancreatic cancer from the TCGA
(TCGA-PAAD) calculated by the single-sample GSEA (ssGSEA) method using gene set variation analysis (GVSA). Samples are annotated with subtype information ("classic”
and "basic” subtypes). (B) The mRNA expression [log,(TPM +1)] of EGFR or MFGE8 in TCGA-PAAD cancer patients grouped by EMT score and annotated by subtype.
Statistical significance was computed by the Wilcoxon test, P values were labeled. (C) Kaplan-Meier PFl or DFI analysis of TCGA-PAAD patients divided into "EMT-low"” and
"EMT-high” groups based on the EMT score in (A). The P value was computed by the log-rank test. (D) The mRNA expression [log,(TPM +1)] of EGFR or MFGES8 in the two
TCGA-PAAD subtypes (classical and basal), which were each further subdivided into EMT-low and EMT-high groups respectively. EMT-low was defined as a z-score < 0 for
the EMT score, while EMT-high was defined as a z-score > 0 for the EMT score. Statistical significance was computed by the Wilcoxon test, P values were labeled. (E)
Kaplan-Meier PFl or DFI analysis of TCGA-PAAD patients in the EMT-low group for the classical subtype versus those in the EMT-high group for the basal subtype. The P

value was computed by the log-rank test.

JAK2 mutation usually occurs in ICB nonresponders (72, 75-77).
Extending these notions, we demonstrated that Ifngr2 was down-
regulated in Mes cancer cells and that decreased Ifngr2 expression
conferred Mes cancer cells less sensitive to IFN-y, thereby evading
IEN-y- and TNFa-mediated killing and T cell cytotoxicity. Recent
findings show that the IFN-y pathway may have a suppressive effect
in vivo because IFN-y also increases the expression of several
immune checkpoint molecules, inhibiting enzymes and MHC com-
ponents in the late phase, which may limit the anticancer activity of
T cells or natural killer cells (33, 73, 74). We observed less induced
expression of Pd-11 and H2-Kb, showing a defective transduction of
IFN-y in Mes cancer cells. In vivo data reported by Gao et al. (76)
revealed that knockdown of Ifngrl promoted tumor growth and
reduced survival in response to anti-CTLA-4 therapy, suggesting
that down-regulation of Ifngr2 is also one way in which the EMT
program contributes to immunosuppression in vivo. Notably, a
recent study found that mesenchymal-transitioned human small
airway epithelial cells could inhibit interferon regulatory factor 1
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(IRF1) expression, thereby suppressing the interferon pathway
during airway fibrosis (78). This could be an additional mechanism
or a consequence of reduced STAT1 activation and hereby reduced
IRF1 expression.

Combined with the differential gene expression analysis, we
identified two additional genes that were differentially expressed
in cancer cells with the Epi or Mes status, and their ablation also
exhibited differential susceptibility to killing by CD8" T cells. Egfr
and Mfge8 were highly expressed in EMT-induced cancer cells, and
their sgRNAs were significantly depleted after CD8" T cell chal-
lenge. Knockout or knockdown of these genes resensitized Mes
cancer cells to T cell-mediated killing. In contrast, ectopic expres-
sion of EGFR strongly protected Epi cancer cells from T cell-medi-
ated killing. Although Egfr activation also supports the EMT
process (79, 80), we did not observe EMT in KPC3 cancer cells
when only EGFR was ectopically expressed. These results suggest
that EGFR expression is a downstream consequence of EMT and
acts directly on immune resistance. Recently, a high-throughput
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screen was performed to identify kinase inhibitors that inhibited or
enhanced T cell-mediated killing of cancer cells and found that er-
lotinib, an EGFR inhibitor, was effective in enhancing T cell-medi-
ated killing of ID8 murine serous ovarian cancer cells (81). We also
tested this inhibitor in our setting and found that treatment with a
low dose (10 or 50 nM) of erlotinib enhanced the T cell-mediated
killing of Mes KPC3 cancer cells but had no effect on Epi cancer
cells. Thus, combining this information with our findings, it pro-
vides promising possibilities to target EGFR to enhance immuno-
therapy, as many non—small cell lung cancer patients with EGFR
alterations fail to benefit from ICB treatment (82).

MFGES regulated immune resistance in a different way. We
demonstrated that this secreted protein is highly expressed in Mes
cancer cells compared to Epi cancer cells, and its levels further in-
creased after cocultured with CD8" T cells. Using a conditioned
medium transfer approach, we found that removing Mfge8 from
conditioned medium (by depleting it from Mfge8-producing Mes
cells) augmented the killing efficiency of T cells, whereas increasing
the Mfge8 level in conditioned medium reduced cancer cell killing
by CD8" T cells. Furthermore, when CD8" T cells were directly
treated with conditioned medium, their proliferation and cytokine
secretion (IFN-y and TNFa) were inhibited. Thus, our findings
reveal a notable mechanism whereby mesenchymal-transformed
cancer cells secrete Mfge8 to suppress the anticancer activity of
CD8" T cells.

To extend our findings to the clinic, TCGA-PAAD data were an-
alyzed and revealed that the expression of both EGFR and MFGE8
was up-regulated in pancreatic cancer patients with Mes features
and was also associated with a poor clinical prognosis. As the avail-
able clinical data of pancreatic cancer patients treated with ICB ther-
apies is limited, the role of EGFR or MFGES in ICB treatment still
needs to be further investigated. However, our data about the im-
munosuppressive function for MFGES are in line with others,
where MFGES expression in esophageal cancer was found to corre-
late with decreased CD8" T cell infiltration, and MFGES impaired T
cell activation in the context of transplantation (83). Furthermore, a
recent study demonstrated a critical role for EGFR in creating an
immunosuppressive environment in breast cancer (84).

Above all, our work systematically delineates carcinoma cell-in-
trinsic factors that render cancers with an active EMT program
more resistant to CD8" T cell cytotoxicity, partially explaining
how EMT contributes to immunosuppression and immunotherapy
resistance, at least in relation to CD8" T cells. We identified and
highlighted three key factors, Ifngr2, Egfr, and Mfge8, and the un-
derlying mechanisms that Mes cancer cells use to escape T cell-me-
diated killing (Fig. 7). Our results provide notable and attractive
pharmacological targets that may be used, especially in cancers
with an active EMT program, to empower immunotherapy.

MATERIALS AND METHODS

Cell lines

Human embryonic kidney (HEK) 293T cells [CRL3216, American
Type Culture Collection (ATCC), Manassas, VA, USA] and human
liver cancer cells (HepG2) (HB-8065, ATCC) were obtained from
ATCC. The mouse pancreatic cancer cell line KPC3-OVA was pro-
vided by F. Ossendorp's laboratory; this line was derived from the
primary tumor of a female Kras®'*®'*;Trp53™7*%/*;pdx-1-Cre
mouse (25) and then transduced with an OVA-GFP expression
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construct. All cells were cultured in Dulbecco’'s modified Eagle's
medium (Thermo Fisher Scientific; catalog no. 41965062) contain-
ing 10% fetal bovine serum (FBS; Thermo Fisher Scientific; catalog
no. 16000044) and penicillin-streptomycin (100 U/ml; Thermo
Fisher Scientific; catalog no. 15140163) and grown at 37°C in a hu-
midified atmosphere containing 5% CO,. All cells were free of
rodent viruses and mycoplasma, as determined by routine polymer-
ase chain reaction (PCR) tests. Low passage number cultures from
stock vials were used for all experiments.

Isolation and in vitro activation of OT-1 CD8" T cells
OT-1 CD8" T cells were isolated from the spleen of C57BL/6-Tg
(TcraTcrb)1100Mjb mice (40), also referred to as OT-I mice
(both female amd male mice were used, age 8 to 14 weeks), which
were bred and housed at the Leiden University Medical Centre
(LUMC) animal facility under specific pathogen—free conditions;
these cells recognize OVA,s; 564 in the context of H2K". The
animal experiments were designed according to the Code of Prac-
tice of the Dutch Animal Ethical Commission and subjected to the
regulations as stated in project AVD11600202013796. The title of
the project is Immunotherapy and vaccination against cancer.
Spleens from OT-I mice were mechanically dissociated, filtered
through a 70-pm filter, and incubated in 2 ml of red blood cell lysis
buffer per spleen for 5 min. The lysis reaction was quenched with 10
x the volume of phosphate-buffered saline (PBS) + 2% FBS + 5 mM
EDTA. CD8" T cells were enriched using the Mouse CD8" T Lym-
phocyte Enrichment Set-DM (BD IMagTM #558471) according to
the manufacturer’s protocol. Freshly isolated CD8" T cells were
stimulated with anti-CD3e/CD28 (BD Biosciences; #553057 and
#553294) beads at concentrations of 1 and 5 pg/ml for 48 hours.
Pre-activated OT-1 CD8" T cells were cultured in RPMI 1640
medium (Gibco) supplemented with 10% FBS (Thermo Fisher Sci-
entific, catalog no. 16000044), 1% penicillin/streptomycin (Thermo
Fisher Scientific, catalog no. 15140163), 50 uM B-mercaptoethanol
(Gibco, catalog no. 21985), IL-2 (100 ng/ml; PeproTech, #200-02),
IL-7 (10 ng/ml; ImmunoTools, #12340073), and IL-15 (10 ng/ml;
ImmunoTools, #12340153).

Generation of Epi or Mes KPC3-OVA cells

Parental KPC3-OVA cells were transduced with a constitutively
kinase-active TGF-p type I receptor (ALK5 CA), which was con-
structed by Nakao et al. and Itoh et al. (28, 29). We further reengi-
neered it into a Dox-induced system in our laboratory. In this
system, we first treated cells with TGF-p (5 ng/ml) for 2 days to
induce EMT and thereafter removed the TGF-p (as it may have
other effects on the immune cells with which the cancer cells
were cocultured) before adding Dox to sustain activated ALK5 sig-
naling in the cancer cells in the absence of the exogenous ligand,
thereby maintaining the mesenchymal features. Analysis of EMT
marker expression revealed that mesenchymal phenotype was
maintained for more than 16 days, which was sufficient time to
perform all our experiments.

Lentiviral transduction and generation of stable cell lines

Lentiviruses were generated by HEK293T cell transfection with len-
tiCRISPR-v2 sgRNA plasmids (Addgene, #52961) or the indicated
overexpressed cDNAs and the helper plasmids pCMV-VSVG,
pMDLg-RRE (gag-pol), and pRSV-REV using polycation polyethy-
lenimine transfection reagent. The cell supernatants were harvested
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Fig. 7. Model of the tumor-intrinsic factors used by EMP to evade CD8" T cell-
mediated killing. Mes mouse KPC3 pancreatic cancer cells are more resistant to
CD8" T cell cytotoxicity than Epi parental cancer cells. EMT was induced and main-
tained by exposing the KPC3 epithelial cells to 2 days of TGF-f3 followed by a Dox
treatment to induce expression of a constitutively active TGF- type | receptor
(ALK5 CA) (using a rTA-Tet-on—inducible ALK5 CA expression construct). The in-
creased resistance of Mes versus Epi cells was attributed to several underlying
mechanisms, including the down-regulation of Ifngr2 to inhibit susceptibility to
IFN-y signaling, the up-regulation of Egfr to evade T cell-mediated killing, and
the increased secretion of Mfge8 to dampen the anticancer activity of CD8" T cells.

48 hours posttransfection, filtered through a 0.45-um filter, and
either used to infect cells or stored at —80°C. To obtain stable cell
lines, cells were infected at low cell culture confluence (20%) with a
lentivirus for 24 hours using normal culture medium supplemented
with polybrene (8 pg/ml; Sigma-Aldrich). After 48 hours of infec-
tion, the cells were selected with antibiotics for at least 1 week and
then passaged before use.

Knockout cells were generated using a puromycin-selectable
variant of lentiCRISPR-v2 for each sgRNA. sgRNAs were cloned
into the lentiCRISPR-v2 plasmid by the SAM target sgRNA
cloning protocol (85). The sgRNA sequences used were as
follows: sgCtrl: 5'-GCGAGGTATTCGGCTCCGCG-3/, sgMfge8
#1: 5'ACTCAAACTTGCGTCCGTCG-3', sgMfge8 #2: 5'-
AGTGCTTACCGGTTTCACAG-3', sgEgfr #1: 5 ACCAGACAGT-
CACTCTCTCG-3/, sgEgfr #2: 5'-CATGAATAGGCCAATCCCAA-
3, sgPip5kla #1: 5-GTGAGTGATGCCTAACTGGA-3, sgPip5kla
#2: 5'-ACAGCTATGGAATCCATCCA-3', sgAldhl8al #1: 5'-
CGATGGGGACGATGTTCATG-3', sgAldhl8al  #2: 5'-
CGTCCGAGAGGACAATCAAG-3, sgPpfibp2 #1: 5'-ACAGTCA-
CAGTACCTAATAC-3, sg Ppfibp2 #2: 5'-CAGTCCCAGGTAAAT-
CACCA-3', sgGatad2a#1: 5'-TCAGACAGCATTCCTCTACG-3/,
and sgGatad2a#2: 5'-GGGCGCACGAACCTGAAGTG-3'. For
stable overexpression cells, the following expression constructs
were used: Egfr cDNA (NM_005228) was inserted into the
pLX304-V5 blast vector (Addgene, #25890), and the Mfge8
plasmid was purchased from Addgene (#46847).

Compound and recombinant proteins

TGF-B3 was a gift from A. Hinck, University of Pittsburgh, and was
generally used at a concentration of 1 ng/ml (dissolved in 4 mM
HCIl/0.1% recombinant bovine serum albumin) when added to
cells. The selective small molecule TPRI/ALKS5 kinase inhibitor
SB505124 (#3263) was used at 1 mM (#3263, Tocris, Bristol, UK).

Genome-wide CRISPR-Cas9 knockout screen and analysis

The genome-wide Brie CRISPR-knockout (KO) library (four
sgRNAs per gene; ~78,637 sgRNAs) was purchased from
Addgene (#73632) (32) and amplified according to the supplier’s
protocol. The Epi and Mes KPC3-OVA cells were individually
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infected with the Brie CRISPR-KO library viruses at a multiplicity
of infection of 0.3 while maintaining 500x coverage of the library.
After 24 hours of transduction, the cells were selected with puromy-
cin (1.5 pug/ml) for 5 days to achieve a stable phenotype after gene
knockout. The CRISPR-Cas9 library—transduced KPC3-OVA cells
were challenged with activated OT-I CD8" T cells at an effector:
target (E:T) ratio of 1:1 until reaching approximately 50% killing
(determined by microscopic evaluation), and selection was con-
ducted twice. The OT-I CD8" T cells were derived from two differ-
ent mice, and the treatment was performed independently on three
samples. Untreated cells were cultured alongside as control groups.
The surviving cells were harvested, and genomic DNA was isolated
using the QIAamp DNA Blood Maxi Kit (51194, Qiagen).

sgRNA sequences were recovered by PCR using NEBNext High-
Fidelity 2x PCR Master Mix (M0541L, New England BioLabs) with
primers as described in https://addgene.org/browse/article/16517/.
Sequencing was performed using the Illumina NovaSeq6000.

The obtained sequence reads were aligned to the Brie CRISPR-
KO library, and the counts per sgRNA were generated, where reads
containing mismatches in common and sgRNA sequences were ex-
cluded from the analysis. Enrichment and depletion of sgRNAs and
genes in the epithelial and mesenchymal groups were determined
relative to the corresponding untreated groups and analyzed using
the MAGeCK algorithm (v0.5.9.4) (86). The MAGeCK results of
genome-wide screen in KPC3-OVA pancreatic cancer cells (epithe-
lial or mesenchymal types) challenged with or without OT-1 CD8"
T are shown in table S1. The —log;, transformed MAGeCK RRA
scores, P values, FDR, and log, fold change were used to assess
which genes were specifically depleted or enriched in mesenchy-
mal-type cells or epithelial-type cells. We selected specific screen
sgRNAs in either mesenchymal-type or epithelial-type cancer
cells by selecting depleted or enriched genes with a fold change dif-
ference between the mesenchymal-type screen and epithelial-type
screen > 1.5 [labeled as diff (fold change) > 1.5] and |RRA score|
> 3 with P value <0.01. The derived specifically depleted or enriched
genes in mesenchymal-type or epithelial-type cells were further an-
alyzed by GSEA using g:Profiler (https://biit.cs.ut.ee/gprofiler/gost)
on GO and WikiPathways pathways and STRING network analysis
(https://apps.cytoscape.org/apps/stringapp).

In vitro CD8" T cell cytotoxicity assay

KPC3-OVA GFP cells were seeded in 12-well (1 x 10° cells per well)
or 96-well (4 x 10 cells per well) plates. After overnight attachment,
the cells were treated with activated OT-1 CD8+ T cells at different
effector:target (E:T) ratios. The GFP intensity of live cancer cells was
recorded via the IncuCyte Life Cell Imaging system. After 48 hours
of coculture, the CD8" T cells and dead cancer cells were gently
washed off using PBS, and then the remaining cells were fixed
and stained using a solution containing 0.1% crystal violet
(Sigma-Aldrich) and 50% methanol (Honeywell). After removing
culture medium, the cell viability was measured by the CellTiter-
Blue Viability Assay (G8081, Promega). In all cases, cell viability
was calculated relative to the untreated group, and each group con-
tained at least three replicates.

In vitro competition assay

Cells with the indicated gene modification were stained with the
CTV Cell Proliferation Kit (C34571, Thermo Fisher Scientific) fol-
lowing the manufacturer’s instructions. Labeled cells were mixed at
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a 1:1 ratio and then challenged with activated CD8" T cells or left
untreated for 48 hours.

For cytokine treatment, IFN-y, TNFa, or TRAIL rather than T
cells was added to the culture medium. The cells were then washed
with PBS twice and cultured for another day before analysis by fluo-
rescence-activated cell sorting (FACS). The sensitivity was calculat-
ed by comparison of the proportions of CTV-negative versus CTV-
positive cells in each group and then normalized to the data for the
control group.

In vitro cytokine cytotoxicity assay

A total of 4 x 10° cancer cells were seeded per well in 96-well plates
and then treated with different doses of recombinant murine IFN-y
(PeproTech, #315-05), murine TNFa (ImmunoTools, #12343014)
or murine TRAIL (PeproTech, #315-19) at the indicated concentra-
tions for 3 days. The cell viability was read using the Cell Titer Blue
Viability Assay (G8081, Promega) according to the manufacturer’s
instructions.

Western blot analysis

Cells were washed with PBS, and whole cell lysates were prepared in
radioimmunoprecipitation assay buffer [50 mM Tris-HCI (pH 8.0),
150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, and
0.1% SDS] containing a freshly added complete protease inhibitor
cocktail (Roche, catalog no. 11836153001). The BCA protein assay
(Bio-Rad, catalog no. 5000111) was used for protein quantification.
Samples were loaded on 8 to 15% SDS—polyacrylamide gel electro-
phoresis gels and transferred to 0.45-um polyvinylidene difluoride
membranes (Merck Millipore, catalog no. IPVH00010). The mem-
branes were blocked in 5% nonfat dry milk dissolved in tris-buffered
saline with 0.1% Tween 20 (TBST) for 1 hour at room temperature
and then incubated at 4°C overnight with primary antibodies. After
washing with TBST, secondary antibodies were applied for 1 hour at
room temperature. The Clarity Western ECL Substrate (Bio-Rad,
catalog no. 1705060) and the ChemiDoc Imaging System (Bio-
Rad, catalog no. 17001402) were used to detect signals.

The primary antibodies used in this study are listed in table S2.
The secondary antibodies used in this study were anti-immuno-
globulin G (Sigma-Aldrich, catalog no. NA931V) and anti-rabbit
(Cell Signaling, catalog no. 7074 S). All results were derived from
at least three independent biological replicates, and representative
results are shown. Levels of tubulin, Gapdh, or vinculin as deter-
mined by Western blotting or Ponceau § staining of the membrane
were used for loading controls. Protein levels were quantified by
densitometric analysis using Image] (National Institutes of
Health, USA).

Flow cytometry

Cells were harvested and stained with fluorescent-conjugated anti-
bodies targeting surface molecules of interest according to the man-
ufacturer’s protocol and directly measured on a BD LSRII (BD
Biosciences, Franklin Lakes, NJ, USA). Flow cytometry data were
analyzed using FlowJoTM (v10, BD Biosciences, Franklin Lakes,
NJ, USA). The FACS antibodies used in this study are listed in
table S2.

RT-qPCR
Total RNA was extracted using the NucleoSpin RNA II Kit (Ma-
cherey-Nagel, Duren, Germany). A total of 1 ug of RNA was
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reverse-transcribed into cDNA using the Revert Aid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative PCR
was performed on a CFX Connect Real-Time PCR detection system
(Bio-Rad, Hercules, CA, USA) using SYBR GoTaq qPCR master
mix (Promega, Madison, W1, USA) and 0.5 mM primers. The ex-
periment was conducted three independent biological times with
three technical repeats. All target gene expression levels were nor-
malized to the Gapdh levels. The reverse transcription quantitative
polymerase chain reaction (RT-qPCR) primer sequences used to
detect target gene expression are listed in table S3.

RNA isolation and RNA-seq

A total of 2 x 10° KPC3-OVA cells (epithelial or mesenchymal type)
were cocultured with 1 x 10® OT-IT cells for 0, 6, or 24 hours. Each
group contained three independent biological replicates (OT-I T
cells derived from three different donors). The OT-I T cells and
culture medium were removed, and the remaining cells were
washed three times with ice-cold PBS. The cancer cells were collect-
ed for RNA sample preparation with a NucleoSpin RNA kit. After
mRNA enrichment by Oligo dT selection and subsequent library
preparation, RNA-seq was performed on the DNBseq platform
(Beijing Genomics Institute, BGI, Hong Kong).

RNA-seq data analysis

The RNA-seq raw dataset generated here is available in the Se-
quence Read Archive (SRA) repository and can be accessed using
GEO accession numbers GSE215803 (https://ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE215803). RNA-seq files were afterward
processed using the open source BIOWDL RNAseq pipeline
v5.0.0 (https://zenodo.org/record/5109461#.Ya2yLFPMJhE) devel-
oped at the LUMC. This pipeline includes FASTQ preprocessing
(including quality control, quality trimming, and adapter clipping),
RNA-seq alignment, read quantification, and optional transcript
assembly.

FASTQ files were quantified by FastQC (v0.11.9). The low-
quality sequences and adapters were removed, and then the se-
quences were mapped to the mouse reference genome GRCm39
(mm39) using STAR (v2.7) (87) with default settings. Gene reads
were counted using HTSeq2 (v0.11.1) (88). Count data were ana-
lyzed in R 4.2 and RStudio (v2022.07.1) with DESeq2 (v1.36.0) (89).

RNA-seq count data were normalized using rlog transformation
as implemented in DESeq2. DEGs were calculated using DESeq2,
and P adjusted <0.001 and fold change > 1.5 were used as the
cutoffs. GSEA was performed in R using the clusterProfiler
package (v4.1.4) (90) with the preranked log, fold change in gene
expression as a metric and using the C2-CP subcollection from
MSigDB (91). GSEA plots were redrawn using the gseaplot2 func-
tion of the enrichplot package (https://github.com/YuLab-SMU/
enrichplot).

Clinical data preparation and analysis

The TCGA bulk RNA-seq data (https://gdc.cancer.gov/about-data)
for the cancer types considered in this study were downloaded using
the R package TCGAbiolinks (v2.24.3), in which STAR count—
derived RNA-seq count and transcripts per million (TPM) data
were used. Nontumor samples (derived from normal tissue) were
excluded. The TCGA-PAAD tumor subtype information (basal
and classical types) and clinical data were downloaded alongside
as rda format data and then retrieved by column name
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“paper_mRNA.Moffitt.clusters..All.150.Samples..1basal..2classical”
(53-55).

To calculate the EMT signature score, the TPM data were passed
on as an input for single-sample GSEA (92) in the gene set variation
analysis RNA-seq normalized mode (93) using previously experi-
mentally validated pancreatic cancer gene signatures: (i) the
PAAD basal EMT signature and (ii) PAAD classical EMT signature,
which was created and optimized to decouple EMT-specific genes
from stromal cells by integrative expression analysis (52). The
derived EMT scores were normalized. The derived EMT scores suc-
cessfully distinguished PAAD patients between the basal and clas-
sical subtypes for identification of patients with high and low EMT
scores. Next, we analyzed the two subtypes separately. Within each
subtype, we normalized EMT scores using the Z-scale. On the basis
of Z score normalized EMT scores, we further subdivided the clas-
sical and basal subtypes into “EMT-high or EMT-low in the classical
subtype” and “EMT-high or EMT-low in the basal subtype.” The
log, (TMP + 1) expression of genes of interest was plotted and an-
alyzed between different groups. Statistical significance computed
by the Wilcoxon test is annotated by the number of stars (*P <
0.05; **P < 0.01; ***P < 0.001). Kaplan-Meier analysis was conduct-
ed using the R package survival (v3.4.0) and plotted using survmin-
er (v0.4.9). The P value was computed by the log-rank test.

Quantification and statistical analysis

Either a two-tailed Student's t test or one-way analysis of variance
(ANOVA) followed by Dunnett's correction test for multiple com-
parisons was used to compare the means of two groups. For two
factors with multiple groups, selected groups were compared with
two-way ANOVA followed by Sidak’s multiple comparisons test.
Each experiment was repeated with at least two independent biolog-
ical repeats including two to three technical replicates. For OT-I
CD8" T cell coculture assays, three biologically independent
donors were used, and each donor has two replicates (error bars
in the figures indicate the SD). To compare gene expression in
the clinical dataset, the Wilcoxon rank-sum test was performed
using the R function wilcox.test. GSEA was performed using the
R package clusterProfiler (v4.1.4). Kaplan-Meier analysis was per-
formed using the R packages survival (v3.4.0) and survminer
(v0.4.9), and the P value was quantified by the log-rank Mantel-
Cox test. For exceptions to these statistical methods, more details
for each figure can be found in the corresponding figure legends.
Analyses were performed using Prism 8 (GraphPad Software Inc.,
v8.0.2) or R (v4.2) and RStudio (2022.07.1). Unless otherwise indi-
cated, P values less than 0.05 were considered statistically signifi-
cant, and significance levels were set as follows: *P < 0.05, **P <
0.01, and ***P < 0.001.
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