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Objective—Gastric cancer (GC) ranks fifth in incidence and fourth for mortality worldwide.

The response to immune checkpoint blockade (ICB) therapy in GC is heterogeneous due to tumor-
intrinsic and acquired immunotherapy resistance. We developed an immunophenotype-based
subtyping of human GC based on immune cells infiltration to develop a novel treatment option.

Design—A algorithm was developed to reclassify GC into immune inflamed, excluded, and
desert subtypes. Bioinformatics, human and mouse GC cell lines, syngeneic murine gastric

tumor model, and CTLA4 blockade were utilized to investigate the immunotherapeutic effects

by restricting receptor tyrosine kinase (RTK) signaling in immune desert (ICB-resistant) type GC.

Results—Our algorithm re-stratified subtypes of human GC in public databases and showed that
immune desert- and excluded-type tumors are ICB-resistant compared with immune-inflamed GC.
Moreover, epithelial-mesenchymal transition (EMT) signaling was highly enriched in immune
desert-type GC, and syngeneic murine tumors exhibiting mesenchymal-like, compared with
epithelial-like, properties are T cell-excluded and resistant to CTLA4 blockade. Our analysis
further identified a panel of receptor tyrosine kinases (RTKSs) as potential druggable targets in

the immune desert-type GC. Dovitinib, an inhibitor of multiple RTKSs, strikingly repressed EMT
programming in mesenchymal-like immune desert syngeneic GC models. Dovitinib activated the
tumor-intrinsic SNAIL1/2-1FN-vy signaling axis and impeded the EMT program, converting immune
desert-type tumors to immune inflamed-type tumors, sensitizing these mesenchymal-like “cold’
tumors to CTLA4 blockade.

Conclusion—Our findings identified potential druggable targets relevant to patient groups,
especially for refractory immune desert-type/ ‘cold” GC. Dovitinib, an RTK inhibitor, sensitized
desert-type immune-cold GC to CTLA4 blockade by restricting EMT and recruiting T cells.

Keywords
immunophenotype; multiple RTKSs; gastric cancer; EMT; tumor immune evasion

Introduction

Gastric cancer is the fifth most common cancer worldwide with an estimated 26,380

new cases and 11,090 deaths in the United States in 2022 [1, 2]. Furthermore, in

countries without screening programs, most patients with gastric cancer present with distant
metastasis showing poor response to standard chemotherapy with 5-year survival of 5% in
these patients [3]. Therefore, there is a critical need to identify novel therapeutic strategies in
the fight against gastric cancer.

Over the past decade, immunotherapy has revolutionized our treatment approaches in
several cancer types[4, 5]. Immune checkpoint blockade (ICB) activates T-cells by

blocking immune-inhibitory receptors and ligands, such as CTLA4[6, 7] and PD-1/PD-
L1[8, 9]. ICB is changing the therapeutic strategies from broadly targeting tumors with
chemotherapy to modulating immune responses against cancer cells. The clinical benefits
of the successful immunotherapeutic intervention have been encouraging in multiple types
of cancer, particularly in patients harboring hypermutated tumors [10, 11, 12]. However, the
heterogeneous responses to ICB have limited its wide applicability [13, 14, 15]. A major
unmet need in the field, therefore, is not only predicting which tumors are ICB resistant but
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also identifying and targeting novel underlying mechanisms of ICB resistance in tumors less
sensitive to immunotherapy.

To better elaborate on the impacts of the number of infiltrated T cells and its spatial
distribution on immunotherapeutic efficacy, Hegde et al. proposed the concept of tumor
immunophenotype (IP) [16], including the inflamed-type, the excluded-type, and the desert-
type. Immune-inflamed tumors, so-called ‘hot” tumors, are characterized by high T cell
infiltration and are more responsive to ICBs. Immune excluded-tumors and immune desert-
tumors can be described as ‘cold’ tumors that are less or not responsive to ICBs. In immune
excluded tumors, CD8* T cells localize only at the periphery (invasive margin) of the tumors
but do not penetrate deeply into the tumor core for destruction. In immune desert tumors,
CD8* T cells are absent from both the tumor core and periphery.

Beyond T-cell infiltration [17] [18], there are increasing reports providing evidence that
epithelial-mesenchymal transition (EMT) plays a critical role in ICB resistance in various
cancer types, such as breast cancer and lung cancer[19, 20]. The mesenchymal-like state

of tumor cells has been correlated with immunosuppression, such as reduced CD4*/CD8*
T-cell infiltration, as well as enrichment of immunosuppressive M2-like macrophages and
regulatory T-cells (Tygg) in the tumor microenvironment (TME) [21]. EMT is a dynamic

and reversible process in which quiescent epithelial cancer cells lose intercellular adhesion,
transdifferentiate into aggressive mesenchymal-like cells, and trigger tumor metastasis[22,
23]. Typically, the activation of the EMT program sheds E-cadherin and overexpresses
mesenchymal marker genes (Vimentin and Fibronectin) and core EMT-transcription factors
(EMT-TFs), such as Snail, Slug, Twist, and Zebl. EMT-TFs promote tumor immune evasion
by upregulating multiple immune inhibitory chemokines to assemble an immunosuppressive
TME[24], which may cause tolerance to ICB immunotherapy. However, the underlying
mechanisms of EMT-assembled immunosuppressive TME remain largely unknown in GC.

In the present study, we develop a novel algorithm to accurately predict immunophenotypes
from human gastric cancer specimens and GC patient-derived bulk transcriptomic

data. Interrogation of putative signaling pathways underlying this immunophenotypic
reclassification of GC reveals a panel of receptor tyrosine kinases (RTKs; i.e., FGFR1,
PDGFRB, etc.) that are highly enriched in immune-desert tumors in GC and other

cancers. A multivalent RTK inhibitor dovitinib restricts EMT programming, restores T-cell
infiltration, and improves responses to anti-CTLA4 ICB in a syngeneic, immunocompetent
murine model of mesenchymal-like GC. Our findings will contribute to treating ICB-
refractory immune desert ‘cold’ tumors in a diverse spectrum of carcinomas.

Materials and Methods

The detailed materials and methods can be obtained in online supplementary methods.
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Results

Immune desert-type human gastric tumors show EMT signaling enrichment and exhibit
immunotherapeutic resistance and poor prognosis

Understanding the immunophenotypes of tumors is essential to predict patients’ responses
to immunotherapies, such as anti-PD-L1 and anti-CTLA4 immune checkpoint blockades. In
the past several years, increased studies have correlated the signature gene sets with different
immunophenotypes[25, 26], making it possible to stratify the tumor immunophenotypes
through ‘bulk’ transcriptome analysis. To determine molecular signatures for each
immunophenotype, we performed RNA-sequencing analysis of 36 human gastric cancer
(GC) tissue samples. These samples were stratified into immune-inflamed, immune-
excluded, and immune-desert tumors based on the histological identification of spatial
CD8* T-cell distribution in the tumor microenvironment (TME) (Fig. 1A). Ultimately, we
identified 12 immune-inflamed tumors, 16 immune-excluded tumors, and 8 immune-desert
tumors (Fig. 1B). We then utilized tumor transcriptomes to perform gene set enrichment
analysis (GSEA) and applied hallmark gene sets and GO biological processes such as
immune cell signature, metabolism, and stem cell signature gene sets to interrogate
heterogeneity among these three immunophenotypes. This revealed disproportionate
enrichment of IFN-y response, estrogen response, and EMT signatures in immune-inflamed,
-excluded, and -desert tumors, respectively (Fig. 1C).

We next examined whether these transcriptomic signatures are concordant with known
immunophenotypic classifications. We identified two previously described transcriptomic
signatures as the basis for our new algorithm: (1) pan-cancer T cell-inflamed gene
expression profile (GEP) in 220 patients with 9 cancers[25]; (2) pan-cancer transcriptomic
EMT signatures of ovarian, breast, bladder, lung, colorectal and gastric cancers[26].
Unsupervised clustering of the 36 samples was performed using the single sample GSEA
scores of the two signatures/GEPs. Our predicted immunophenotypes (predicted IP) and the
histology-identified immunophenotypes were highly identical. The prediction accuracy, as
measured by the area under the curve (AUC), was 0.88 in the inflamed tumors, 0.82 in the
excluded tumors, and 0.74 in the desert tumors (Fig. 1D). In line with the results from our
local gastric cancer cohort, the predominant immune relative signatures in the inflamed-type
and the strong EMT signature in the desert-type were confirmed in The Cancer Genome
Atlas Program (TCGA) SKCM cohort (Fig. 1E). Receiver operating curve analysis further
validated the high performance of the predicted IP, especially for the inflamed and desert
types in TCGA SKCM cohort and urinary tract tumor cohort (IMvigor210) (Fig. 1F).

To validate the broad applicability of our IP methodology, we stratified tumors in multiple
TCGA datasets, including stomach (STAD) (Fig. 2A), breast (BRCA), skin (SKCM), lung
(LUAC), ovary (OV), colon (COAD), and esophagus (EAC) according to this immune
classification with excellent concordance with T-cell inflamed and EMT-like signatures
(Supplementary Fig. SIA-S1F). Additionally, we applied this algorithm to GCs from the
Asian Cancer Research Group (ACRG) and European Nucleotide Archive (ENA) datasets
(Supplementary Fig. S2A). In each of these cohorts (Fig. 2A-2D, Supplementary Fig. SIA-
S1F, and Supplementary Fig. S2A-S2C), the inflamed IP was characterized by enrichment
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in computationally inferred CD8* T-effector, Th1, activated dendritic cells (aDC), and M1
macrophage signatures, as well as immune checkpoints and antigen presentation machinery
(APM) signatures. Conversely, the desert-type IP demonstrated significant enrichment in
EMT-like and CD4* Th2, MAIT, and M2 macrophage signatures. The excluded-type IP
exhibited enrichment of CD8* naive T-cell, Th17, and neutrophil signatures. Taken together,
we describe a novel immunophenotyping methodology derived from bulk transcriptome
data to stratify gastric and other cancers into immune-inflamed or desert classifications,
conflating with effector immune and EMT-like transcriptional identities, respectively.

We next explored differences in clinical features, ICB responsivity, and prognosis across
our IP classifier. Although the majority of Epstein—Barr virus (EBV)-associated and
microsatellite instability (MSI) tumors in the TCGA-STAD dataset were classified as
inflamed-type, and most of genomic stable (GS) and chromosomal instability (CIN) tumors
were classified as desert-type and excluded-type, respectively, there was considerable
subtype-mixing suggesting that TCGA consensus molecular subtyping may not adequately
capture the nuances of our IP classification (Fig. 2E-2F). Not surprisingly, the desert-

type IP correlated well with consensus EMT subtype based on the ACRG classification
(Fig. 2F), while most Lauren diffuse tumors were also classified as desert-type (Fig. 2F,
Supplementary Fig. S2D).

We next classified molecularly annotated gastric and esophageal cancer, as well as non-
gastric cancer, cohorts with available ICB response data[27, 28, 29, 30] with our IP
stratification. In the gastric/esophageal, as well as melanoma, datasets, a higher incidence

of complete response (CR) and partial response (PR) to ICB was observed in patients with
inflamed-type IP tumors, while stable disease (SD) and progressive disease (PD) were more
frequent in the desert-type IP (Fig. 2G, p > 0.05 in melanoma cohorts and p < 0.05 in
gastric/esophageal cohorts). Finally, GC patients with tumors classified as desert-type IP
demonstrated significantly worse overall and disease-free/specific survival compared with
inflamed-type and/or excluded-type IP tumors (Fig. 2H). These data highlight the prognostic
and predictive value of our IP classification system.

Multivalent RTK inhibitors restrict the EMT program in gastric cancer cells

Sensitizing ‘cold’ tumors to ICB is the central objective of cancer immunotherapy. We
investigated molecular targeting approaches that can improve immune responses to ICBs

in desert-type GC. First, we stratified the immunophenotypes of GC samples from TCGA
(n=375) and ACRG (n=300) into our IP classifier. Second, we examined the differentially
expressed genes (DEG) in desert-type compared to inflamed-type tumors, revealing 1854
overlapping DEGs highly expressed in immune desert-type tumors. Third, overlapping
these DEGs with FDA-approved 182 cancer relative targets (obtained from Human Protein
Atlas) revealed 29 potential druggable gene targets in immune desert-type tumors (Fig.
3A-3B). Among these targets, a panel of receptor tyrosine kinases (RTK), such as fibroblast
growth factor receptor-1 (FGFR1) and platelet-derived growth factor receptor-B (PDGFRB),
were strongly overexpressed in the desert-type GC, vs. inflamed-type or excluded-type

GC (Fig. 3B-3C). Additionally, overexpression of FGFR1 and PDGFRB in desert-type
tumors was confirmed in multiple TCGA cancer subtypes (COAD, EAC, BRCA, etc.;
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Supplementary Fig. S2E). Furthermore, we observed specifically enriched gene signatures
and several druggable RTK targets, such as ERBB2 and FGFR3, in immune-exclude type
GCs, suggesting potential therapeutic benefits to this group (Supplementary Fig. S3).

Next, pan-cancer transcriptomic analysis from the Cancer Cell Line Encyclopedia (CCLE)
compendium demonstrated overexpression of FGFR1 and PDGFRB RTKs in mesenchymal-
like human cancer cell lines (Fig. 3D). We specifically investigated the EMT signaling
enrichment of GC cell lines (n=37) from the Cancer Cell Line Encyclopedia (CCLE)
database by EMT score[26], and stratified these as epithelial-like or mesenchymal-like
(Supplementary Fig. S4A). Western blotting confirmed elevated expression of FGFR1 and
PDGFRB in mesenchymal-like gastric tumors (designated by preferential expression of
vimentin vs. E-cadherin; Fig. 3E), as well as in human and mouse mesenchymal-like GC
cell lines (i.e., SNU-1, HGC-27, Hs746t, YTN16; Supplementary Fig. S4B).

Given that aberrantly overexpressed RTKs play pivotal roles in the EMT process in

various cancers[31], we hypothesized that RTK inhibitors may restrict the EMT program

in immunologically cold desert-type GC. Among several multivalent RTK inhibitors,
dovitinib exhibited the most robust inhibitory effect and cancer cell killing in mesenchymal
GC cells (Fig. 3F-3G, Supplementary Fig. S4C). In particular, dovitinib efficiently
inhibited phosphorylation of FGFR1 (Tyr653/654) and PDGFRB (Tyr751), as well as

their downstream targets in mesenchymal-type GC cells (human HGC-27 cells and mouse
YTNL16 cells), but not in epithelial-type GC cells (human MKN45 cells and mouse

YTNZ2 cells) (Supplementary Fig. S4D-S4F). Notably, dovitinib treatment induced a
cellular morphological shift from spindle-like to epithelial-like shape in mesenchymal-type
YTN16 cells (Fig. 3H). These morphologic changes were associated with repression

of EMT markers Vimentin, SNAIL, SNAI2, and ZEB1 and concomitant induction of E-
cadherin (CDH1) transcription/expression with dovitinib treatment in these cells (Fig. 31-3J,
Supplementary Fig. S5A).

To further clarify the role of RTKSs in promoting EMT in GC, we utilized agonists of
dovitinib targets, such as FGF2 (i.e., FGFR1 agonist) and PDGF-BB (i.e., PDGFRB
agonist), to treat epithelial-type GC cells (human AGS cells and mouse YTNZ2 cells).

The results indicated these agonists enhanced EMT characteristics by increasing SNAI1,
SNAI2, and Vimentin expression and decreasing E-cadherin expression (Supplementary
Fig. S5B), confirming multivalent RTK signaling can induce EMT programming in GC.
Given that desert-type tumors exhibit higher metastatic characteristic (Supplementary Fig.
S5C), we next examined whether dovitinib could inhibit this property in vitro. As expected,
dovitinib significantly repressed migration and invasion of mesenchymal-like gastric cancer
cells (Supplementary Fig. SSD-S5E). Therefore, we investigated the possibility of clinical
application of dovitinib on metastatic GC. Remarkably, after removing batch effect between
the different datasets, the metastatic gastric tumors in GSE198136 dataset (n=21), showed
an active EMT signaling and repressed immune response signature compared to inflamed
tumors in TCGA (n=146) (Supplementary Fig. S5F). Given that YTN16 is a higher
metastatic mouse GC cell line than YTN2[32], the hyperactive EMT signature and positive
response to dovitinib of YTN16 suggest a potential clinical approach towards metastatic GC
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by dovitinib. Collectively, these results indicate that dovitinib significantly restricts EMT
programming in mesenchymal-like immune desert-type GCs.

Dovitinib reprograms TME by recruiting CD8* T cells into immune desert-type syngeneic

tumors

Our bioinformatics analysis suggested that EMT-related genes correlate with desert-type
gastric tumors. To further investigate the role of EMT in GC immunosuppression, we
compared tumor formation and T lymphocyte infiltration of syngeneic tumors derived from
epithelial-like GC cells (YTN2) or mesenchymal-like GC cells (YTN16). Interestingly,

the number of formed tumors and tumor volume of YTN2-derived xenografts was
significantly less than YTN16-derived tumors (frequency: 30% vs. 90%, Fig. 4A; mean

of tumor volume: 185.2 vs. 552.9 mm3, p<0.05, Supplementary Fig. S6A). The epithelial-
like or mesenchymal-like state of YTN2- and YTN16-derived tumors was confirmed

by immunofluorescent staining and Western blots of E-cadherin and Vimentin (Fig. 4B,
Supplementary Fig. S4B). Importantly, CD3/CD8 staining revealed abundant CD8* T cells
infiltration in the core and invasive margin of YTN2-derived tumors but not in YTN16-
derived tumors (Fig. 4C). In line with the previous studies[33], our results suggested an
intimate relationship between EMT and the desert-type of TME in GC.

Next, we investigated whether targeting multiple RTKs will reprogram the TME in YTN16-
derived tumors. Once tumor volume reached 150mm3, dovitinib (40mg/kg) or the vehicle
control (CTRL) was administrated daily by oral gavage for 3 weeks (Fig. 4D). Our results
showed that dovitinib dramatically delayed tumor growth in YTN16-derived tumors without
compromising mouse body weight (Fig. 4E). Western blotting confirmed that dovitinib
treatment inactivated downstream targets (Supplementary Fig. S6B), consistent with our /n
vitro results. We also detected increased E-cadherin and decreased Vimentin by dovitinib
treatment, suggesting that blockade of multiple RTKs reprograms the EMT program /n

vivo (Fig. 4F, Supplementary Fig. S6B). Most importantly, immunofluorescence staining,
and flow cytometry analysis showed that dovitinib significantly increased CD3*CD8* T
cells within tumors (Fig. 4G—-4H, Supplementary Fig. S6C-S6D). By contrast, splenic
CD3*CD8* T cells seemed unaffected in the relevant tumor-bearing dovitinib-treated vs.
vehicle-treated mice (Fig. 41, Supplementary Fig. S6E). Additionally, as mesenchymal-type
carcinoma cells were reported to recruit a large number of M2-like tumor-associated
macrophages (TAM) into the tumor core [19, 20], we investigated whether dovitinib

could repress M2 macrophages by restricting EMT. Our results indicated that dovitinib
significantly decreased F4/807CD206* M2-like macrophages within YTN16-derived tumors
(Supplementary Fig. S7). In summary, we demonstrate that targeting multiple RTKs via
dovitinib represses EMT-related gene expression and reprograms TME of mouse syngeneic
mesenchymal-like immune desert gastric tumors /in vivo.

Dovitinib promotes CD8* T cell infiltration via activation of IFN-y signaling in tumor cells

To identify potential mechanisms for dovitinib-induced T cells infiltration in GC, we
performed a gene set enrichment analysis (GSEA) using the TCGA GC cohort. This
analysis revealed enrichment of several critical immune pathways, such as IFN-a/y
response and T cells recruitment chemotaxis, in the inflamed-type compared to the desert-
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type GC (Fig. 5A). These results suggested that lack of IFN-a/y response and T cells
recruitment chemotaxis promotes immune evasion in the desert-type GC. At first, we
excluded CD103 * dendritic cells (DCs)-dependent effector T cells recruitment[34], since
dovitinib didn’t increase CD103* DCs in YTN16-derived mouse tumors (Supplementary
Fig. S8A). Next, we found dovitinib treatment dramatically upregulated IFN-y expression
(Fig. 5B-5E, Supplementary Fig. S8B) and activated downstream STAT1/IRF1 signaling
axis in both humans and mice mesenchymal-type GC cells (Fig. 5E, Supplementary Fig.
S8B). Moreover, the chemotaxis assays confirmed that neutralization of IFN-y attenuated
the dovitinib-induced recruitment of CD3" T cells toward gastric tumor cells (Fig. 5F, all

£<0.05).

Additionally, the transcriptome analysis in TCGA and ACRG cohorts uncovered a group

of chemokines as potential downstream mediators of IFN-y/STAT1/IRF1 in GC, such as
CXCL9and CCL5, known to play an important role in T cell recruitment in GC. These were
specifically activated in the inflamed-type tumors (Supplementary Fig. S8C) and correlated
with /FNG expression and cytotoxic T cell infiltration (Supplementary Fig. S8D). The
gRT-PCR results demonstrated that dovitinib induced CXCL9and CCL5 mRNA expressions
in HGC-27 and YTN16 cells (Supplementary Fig. S8E, all p<0.01). ELISA and Western
blots further confirmed that dovitinib increased intracellular and secreted levels of CXCL9
(Supplementary Fig. S8F-S8G). Furthermore, antibody neutralization assays using IFN-y
antibody abrogated dovitinib-induced mRNA and/or protein expression of CXCL9 and
CCLS5 (Supplementary Fig. S8H, all p<0.05). Our findings suggest that dovitinib promotes T
cells infiltration into desert-type syngeneic tumors via activation of intrinsic IFN-y/STAT1/
IRF1 signaling axis and downstream chemokines in GC cells.

Ifngr-knockout in tumor cells abrogates dovitinib-induced T cells infiltration in immune
desert-type syngeneic mouse gastric tumor

To test whether IFN-vy signaling blockage attenuated the effect of dovitinib therapy, we
introduced /fngr1 knockout (KO) into our mouse GC cell line. Following the instruction

of the previous study[35], we established a stable /fngri knockout (KO) clone of YTN16
cells (Supplementary Fig. S9A). We used dovitinib to treat the syngeneic mouse tumors
derived from YTN16 cells or /fngr1-KO YTN16 cells as per the indicated schedule (Fig.
5G). Compared to the untreated control group (CTRL), /fngri-KO did not affect mouse
weight and tumor volume. However, /fngrl knockout significantly impaired the tumor
suppression of dovitinib therapy (Fig. 5H, p<0.01). The gRT-PCR results indicated that
Ifngr1 knockout significantly abrogated dovitinib-upregulated Cxc/9and Cc/5 (all p<0.05,
Supplementary Fig. S9B). At the end of the treatment, tumor samples were harvested for
subsequent analysis. The knockout of /fngr1 was verified /n vivo (Supplementary Fig. S9C).
Immunofluorescence staining and flow cytometry analysis indicated that /fngri-deficiency
limited dovitinib-induced CD8* T cells infiltration in the desert-type syngeneic tumors (Fig.
51-5K). Collectively, our results suggest that dovitinib treatment promotes CD8* T cell
recruitment depending on intrinsic IFN-y mediated IFNGR/STAT1 signaling in tumor cells.
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Dovitinib transcriptionally upregulates IFNG expression by repressing SNAI1/2

Our previous bioinformatics analysis and /n vivo syngeneic tumor model verified activation
of IFN-y signaling in epithelial-type GC. Consistently, Pearson’s correlation analysis in the
TCGA cohort exhibited an inverse correlation between /FNG mRNA expression and EMT
score or EMT transcription factors (EMT-TFs) expression in the inflamed-type and desert-
type GC (Fig. 6A). These findings led us to hypothesize that activation of the EMT program
could regulate /FNG expression in GC. To address it, we used TGF-B, FGF2, and PDGF-BB
to transiently induce EMT characteristics in epithelial-like gastric cancer cells (Fig. 6B,
Supplementary Fig. S5B). qRT-PCR results indicated that /FNVG mRNA expressions were
significantly decreased with EMT program activation (Fig. 6B—6C). To identify the potential
upstream transcription factors, sequence homology analysis identified a 619 bp sequence of
IFNG promoter highly conserved between human and mouse. Next, the JASPAR tool (http://
jaspar.genereg.net/) predicted the high scores of binding possibilities of SNAI1, SNAI2,
TWISTL, and ZEB1 within the conserved sequence of /FNG promoter (Fig. 6D). There were
two putative SNAI1/2 binding regions named P1 and P2 (Fig. 6E). Transient overexpression
of SNAI1 or SNAI2 inhibited /FNG expression in AGS cells (Fig. 6F). Conversely, SNAI1
or SNAI2 knockdown significantly promoted /FNG mRNA expression in mesenchymal-like
HGC-27 cells (Fig. 6G). In addition, luciferase reporter assay indicated that both dovitinib
treatment and SNAI1/2 silencing increased /FNG promoter activity, whereas overexpression
of SNAI1/2 or TGF- treatment reversed these results (Fig. 6H, all p < 0.05). Quantitative
chromatin immunoprecipitation (ChlP) assay confirmed direct binding of SNAI1/2 on the
two /FNG promoter regions with or without overexpression of SNAI1/2 compared to the
IgG controls (Fig. 61, all p< 0.05). These data suggest that dovitinib treatment upregulates
/IFVG mRNA in gastric cancer cells by repressing SNAI1/2 expression.

Targeting multiple RTKs sensitizes mesenchymal-like desert-type syngeneic tumors to
CTLA4 blockade

Although we found that dovitinib treatment significantly promoted CD8* T cells infiltration
(Fig. 4G) in the desert-type murine tumors, relatively few of the CD8* T cells are

cytotoxic with Granzyme B (GZMB) expression (Supplementary Fig. S10A). Thus, we
hypothesized that, beyond recruitment, activation of CD8* T cells is also suppressed in the
TME of YTN16-derived tumors. The transcriptome analysis of TCGA and ACRG gastric
cancer cohorts revealed that the essential immune checkpoint genes, programmed cell

death ligand 1 (PD-L1) and CD80, are highly expressed in the predicted inflamed tumors
compared to the predicted desert/excluded tumors (Supplementary Fig. S10C). Western blots
confirmed overexpression of CD80 in epithelial-like GC cells but not in mesenchymal-like
ones (Supplementary Fig. S10D). Interestingly, dovitinib upregulated the expression of
CD80 (not PD-L1) in mesenchymal-like GC cells (Supplementary Fig. SIOE-S10F) and
mesenchymal-like murine tumors (Supplementary Fig. S10G). Consistently, we observed
increased exhausted T cells, such as CTLA4*/CD8* cells (Fig. 7A, p< 0.001) and PD1*/
CD8™ cells (Supplementary Fig. S10B, p< 0.01), in dovitinib-treated mesenchymal mouse
tumors. Furthermore, T cell-mediated tumor cell-killing assays demonstrated that dovitinib
renders the mesenchymal GC cells more resistant to T cells; however, CTLA4 blockade
improved the sensitivity of dovitinib-treated GC cells to lymphocytes attack (Fig. 7B). These
results suggest that the combination of dovitinib and ICB may achieve a better outcome.
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The following treatments on YTN16-derived syngeneic mouse tumors included dovitinib,
CTLA-4 monoclonal antibody (mAb), or the combination (Fig. 7C). Compared to the
untreated control group (CTRL), none of treatments significantly affected mouse body
weight (Supplementary Fig. S10H). Although dovitinib alone significantly repressed the
tumor growth in the early two weeks, this suppression was gradually attenuated after

two weeks of treatment. As we expected, CTLA4 mAb alone had a weak anti-tumor

effect and slightly prolonged survival time compared to the control group (CTRL) in

our mesenchymal-like desert-type tumor model. However, a combination of dovitinib and
CTLA4 mAb further decreased tumor growth and extended animal survival time compared
to control (CTRL), dovitinib, or CTLA-4 mAb alone (Fig. 7D-7E). The survival analysis
also indicated that combined therapy of dovitinib and CTLA4 mAb had the best effects on
decreasing the hazard risk (HR) of mouse death compared to the other groups (Fig. 7E).
Accordingly, immune profiling by immunofluorescence staining and flow cytometry showed
dovitinib treatment activated CD3* and CD8* T cell infiltration (Fig. 7F-7H, Supplementary
Fig. S101). More importantly, the combined treatment group exhibited a striking increase

of the cytotoxic T cell (GZMB*/CD8*) infiltration in the tumor core compared to the

other groups (Fig. 7F=7H). Our findings identified that dovitinib improves the responses

of desert-type gastric cancer to CTLA4 blockade by increasing the infiltration of cytotoxic
CD8* T cells.

Discussion

Gastric cancer is the fifth most common cancer with a poor 5-year overall survival rate
worldwide[2, 36]. In absence of screening programs, most patients with gastric cancer
present with distant metastasis showing poor response to standard chemotherapy with
5-year survival of 5% in these patients [3]. Although some ICB clinical trials showed
encouraging response in MSI-high and EBV-positive GC [27, 37, 38], most clinical trials
of pembrolizumab/nivolumab or ipilimumab failed to improve the overall survival (OS) or
progression-free survival (PFS), compared to standard of care [39, 40, 41]. The therapeutic
effects of ICBs are minimal in immune-desert type GC. Here, we demonstrate a new
approach to stratify immunophenotypes in gastric cancer. We analyzed patient-derived
transcriptomic data to develop immunophenotype classification and identified a panel of
multiple RTKs enriched in immune desert-like tumors. Targeting RTKSs using dovitinib
restricted the EMT program and sensitizes the mesenchymal-like syngeneic tumors to
CTLA4 blockade.

We classified GCs, based on patient-derived bulk transcriptomic data and histological
identification of spatial CD8* T-cell distribution in the relevant tumors. This approach
allowed us to predict tumors’ immunophenotypes (IP) in public databases that usually
lack histological IP stratification. The predicted IP was validated in our gastric cancer
cohort and the TCGA SKCM cohort with similar clinical immunophenotype classification.
More specifically, the predicted IP satisfies the large sample size for the further discovery
of predominant signaling pathways and potential therapeutic vulnerabilities in different
immune subtypes of tumors. We also report EMT signature as a critical phenotype in
shaping the tumor-immune microenvironment (TIME), supporting earlier studies of EMT
signature [21, 24]. Applying the predicted IP to multiple molecularly annotated human
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GC datasets, we discovered a group of receptor tyrosine kinases (RTKs), specifically
FGFR1 and PDGFRB, as potential druggable targets in the predicted desert tumors. RTKs
like HER3, FGFR, EGFR, MET, VEGFR and AXL act as major mediators of EMT[42].
Recently, dovitinib, an inhibitor targeting multiple RTKSs, has been submitted to FDA as

a third-line therapy for renal cell carcinoma patients after completing a phase 3 clinical
trial[43]. In the present study, dovitinib effectively inhibited phosphorylation of FGFR1 and
PDGFRB and restricted the EMT program. Dovitinib also reshaped the immunosuppressive
TME by improving CD8* T lymphocytes infiltration in the desert-type syngeneic tumors
derived from mesenchymal-like mouse GC cells.

Several attempts have combined EMT inhibitors with ICB therapy, such as anti-PD-L1
combined with targeting TGFBR[44, 45], or MEK inhibitor[46, 47]. EMT inhibitors may
activate immune response to anti-PD-L1 by reconstituting T cell infiltration into the TME of
‘cold’ tumors. Although Dongre et al. demonstrated that abrogation of quasi-mesenchymal
(gM) breast carcinoma cell-derived factors sensitizes refractory gM tumors to anti-CTLA4
ICBJ[19], there is lack of data on combination therapy of EMT inhibitors and CTLA4
blockade. We found that dovitinib significantly sensitized the ICB-resistant desert tumors
to anti-CTLA4 treatment by recruiting T cells into TME. Dovitinib also restricted EMT
program and restored CD80 expression in the mesenchymal tumors, suggesting CD80-
CTLA4 inhibitory interaction plays a core role in the immune evasion of the GC inflamed
tumors.

Although clinical trials reported frequent toxicities of long-term dovitinib
administration[48], we utilized a low dose of dovitinib in our study. This dose was

safe to mice and dramatically improved the effectiveness of ICB therapy. Compared to
dovitinib, other multitarget RTK inhibitors, such as nintedanib, lenvatinib, and others, may
work similarly, providing alternative options for the combined treatments. Based on these
findings, we suggest that anti-CTLA4 in combination with dovitinib as a therapeutic strategy
in the GC mesenchymal/desert-type tumors. Our GSEA and ‘predicted immunophenotype’
analysis revealed enriched EMT and repressed immune response signatures in metastatic
gastric tumors, compared to inflamed tumors. These findings rationalize the use of a
combination of dovitinib and anti-CTLA4 as a second line therapy in metastatic immune
desert-type tumors.

Interferon-y (IFN-y) has a prominent role in tumor immunity with paradoxical anti-
tumor and pro-tumor functions in cancer. Studies of IFN-y-neutralization and knockout

of IFN-+y receptor (IFNGR) or STAT1 showed that endogenous IFN-y prevents tumor
development[49, 50, 51]. On the other hand, IFN-y promotes expression of the inhibitory
molecules, such as PD-L1, PD-L2, IDO1, iNOS, FAS, and FASL, to restrict anti-tumor
immunity[52]. In our study, we demonstrated high expression of IFN-y was associated
with improved T-cell infiltration in epithelial-like GC compared to mesenchymal-type
tumor cells, although it is difficult to decipher from bulk transcriptomic data whether the
source of high IFN-y is tumor cell-intrinsic or derived from lymphocytes such as NK cells
in epithelial-type GC human tumors. The results may also suggest that the presence of
autocrine activation of STAT1 signaling via tumor cell-derived IFN-y. Dovitinib treatment
not only restricted the EMT program but also restored the IFN-y expression levels in desert-
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type tumors. The immune-activating functions of IFN-y on tumor cells are largely attributed
to inducing the expression of MHC class I, CXCL9, CXCL10, and CXCL11 in tumor
cells[53]. In dovitinib-treated desert-type tumors, the IFN-y-IFNGR1-STAT1 signaling axis
promoted the expression and secretion of trafficking chemokines, such as Cxcl9, Cxcl10,
and Ccl5, sequentially improving T cell recruitment and infiltration. Mechanically, dovitinib
upregulated /FNG gene expression in GC cells by decreasing the expression of SNAI1

and SNAI2, which we identified as transcriptional repressors of /FNG. Therefore, tumor
cell-intrinsic IFN-y may play critical anti-tumor functions by recruiting T-cells via a
chemoattractant program to sensitize GC responses to ICB. Future avenues in the laboratory
are pursuing whether dovitinib promotes antigen presentation via upregulating IFN-y-MHC
class I or affects non-tumor cells in the TME, which remain outstanding questions.

In summary, our studies provide a novel approach to reclassify GC and other solid tumors
into immunophenotypes using transcriptomic data and discover a multivalent RTK-driven
EMT-like transcriptional program in immune desert-like GCs. Dovitinib, a multi-RTK
inhibitor, restricts the EMT program and successfully induces conversion from immune
desert-type tumors to immune inflamed-type tumors, sensitizing these mesenchymal-like
‘cold’ tumors to CTLA4 blockade. These findings support the development of a clinical trial
combining dovitinib and ICB in immune desert GCs to improve therapeutic responses and
clinical outcomes following immunomodulatory therapies in GC patients.
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What is already known about this subject?

What are the new findings?

How might it impact on clinical practice in the foreseeable future?

Significance of this study

The response to immune checkpoint blockade (ICB) therapy in gastric cancer
(GC) is heterogeneous due to tumor-intrinsic and acquired immunotherapy
resistance.

Epithelial-Mesenchymal Transition (EMT) signaling contributes to tumor
progression, metastasis, and chemoresistance in GC.

We established an algorithm to reclassify the immuno-subtypes of human GC
by analyzing public databases.

EMT signaling is highly enriched in immune desert-type GC, compared with
immune inflamed-type GC.

Receptor tyrosine kinases (RTKSs) are potential druggable targets in the
immune desert-type GC. Inhibition of multiple RTKSs restricts EMT
programming in mesenchymal-like immune desert syngeneic GC models.

Inhibition of RTKs converts immune desert-type GC to immune
inflamed-type via tumor-intrinsic SNAI1/2-1FN-y signaling axis, promoting
recruitment T cells and enhancing immunotherapeutic efficacy of CTLA4
blockade.

Gastric cancer ranks fifth for incidence and fourth for mortality worldwide,
where immunotherapies have limited efficacy. Our findings provide a new
perspective on converting immune-cold tumors to immune-hot tumors by
repressing EMT programming.

Multivalent tyrosine kinase inhibitors can restrict EMT, promote T cell
infiltration, and improve the therapeutic efficacy of CTLA4 blockade,
suggesting that it can be a promising strategy for combined therapy with
ICB in GC patients.
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Figure 1. Construction of the new algorithm, the predicted immunophenotypes (predicted IP) via

two signature gene sets

(A) Representative immunohistochemistry staining (scale bars, 80um) of CD8 in tumor core
and invasive margin of 36 human gastric tumors. (B) The quantification of CD8+ T cell per
tumor (the black spot) was shown as the mean value of 3 independent high-power fields
(HPF) in tumor. ns indicate no significance, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(C) Gene set enrichment analysis (GSEA) was employed in the local cohort, using a panel
of functional gene sets from GO biological processes item and hallmarks item in MSigDB
database of the Broad Institute. The values indicate normalized enrichment score (NES).
(D) Unsupervised clustering of the 36 tumors was performed using the scores of T cell
gene expression profile (GEP) and EMT signature. The predictive performance was verified
by area under curve (AUC) of receiver operating curve analysis. (E) GSEA was performed
in TCGA SKCM cohort. (F) The predictive performances of TCGA SKCM cohort and

IMvigor210 cohort.
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Figure 2. Variation of clinical features, immunotherapeutic response and prognosis among the
subtypes of predicted immunophenotype

(A) Heatmap presented the expression of marker genes in the critical functional gene

sets in TCGA gastric cancer cohort. The TCGA gastric cancer cohort were stratified as
inflamed-type, excluded-type, and desert-type tumors by our predicted immunophenotype
(predicted IP). AMP, antigen-presenting machinery. (B) The abundance of immune cells was
evaluated by the immune cell abundance identifier (ImmuCellAl) and CIBERSORT tools in
TCGA gastric cancer cohort. The values were normalized into Z score. (C) The abundance
of various population of dendritic cells (DCs) in TCGA gastric cancer cohort. (D) Relative
protein levels of PD-L1, JAK2, E-cadherin and N-cadherin in The Cancer Proteome Atlas
(TCPA) gastric cancer cohort. (E and F) Correlation of predicted IP with clinicopathological
characteristics in gastric cancer cohorts. (G) Immunotherapeutic response rate among the
subtypes of predicted IP in ENA and three GEO cohorts (p = 0.204 for GSE91061, p = 0.520
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for GSE35640, p = 0.031 for ENA cohort and p = 0.044 for GSE165252). (H) Kaplan-Meier
survival analysis for patients with different predicted IP in TCGA and ACRG gastric cancer
cohorts.
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Figure 3. Dovitinib inhibits EMT program in mesenchymal-like gastric cancer cells
(A) Differentially expressed genes (DEGSs) analysis were performed by comparing the

predicted desert-type tumors with the predicted inflamed-type tumors in both TCGA and
ACRG (GSE66229) cohorts. The 1854 common DEGs that are highly expressed in the
desert tumors of TCGA and ACRG cohorts were selected for the overlapping with 182

FDA approved cancer-relative-targets (obtained from the Human Protein Atlas). (B) Gene
expression heatmap of the final 29 DEGs that were identified as potential targets in the
desert-type tumors in TCGA cohort. (C and D) The relative mRNA expression of a group of
receptor tyrosine kinases (RTKS) in the desert-type tumors in TCGA STAD (gastric cancer)
cohort, compared to the inflamed-type tumors (C), or in the mesenchymal-like cancer cell
lines from CCLE database, compared to the epithelial-like cancer cell lines (D). (E) Western
blots for E-cadherin, Vimentin, SNAI1, FGFR1 and PDGFRB in 14 cases of human gastric
tumor samples. (F) ATP-Glo assays showed the IC50 curves of dovitinib in a panel of
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human gastric cancer cell lines and one human gastric epithelial cell line (H-GEC). (G)
Pearson’s correlation between EMT score and 1C50 value of dovitinib in the five accessible
gastric cancer cell lines (R = —0.55, p = 0.33). (H) Phalloidin staining (scale bars, 25um) for
F-actin (green) and DAPI (blue) in YTN16 cells under vehicle control (CTRL) or dovitinib
(1.0uM) treatment. (1) Immunofluorescence staining (scale bars, 50um) for Vimentin (red)
and DAPI (blue) in HGC-27 cells under vehicle control (CTRL) or dovitinib (1.0uM)
treatment. The quantification of Vimentin-positive and -negative cells was shown as the
mean + SD of 3 independent fields, normalized to total cells (%); **p < 0.01. (J) Western
blots for E-cadherin, Vimentin, SNAI1/2 and ZEB1 in HGC-27 and YTN16 cells under
vehicle control and dovitinib treatment (0.5uM or 1.0puM).
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Figure 4. Dovitinib reprograms TME by promoting CD8" T cell recruitment
(A) Tumor initiation rate and tumor volume of syngeneic tumors derived from YTN2 and

YTNL16 cells. Each group included 10 tumors. (B) Immunofluorescence staining (scale bars,
50um) for E-cadherin (green), Vimentin (red) and DAPI (blue) in the relevant tumors.
White arrows indicate representative staining of tumor cells. (C) Immunofluorescence
staining (scale bars, 50um) for CD3/CD8 (green) and DAPI (blue) in tumor core or

invasive margin in the syngeneic tumors from (A). The quantification of CD3*/CD8*

T cells were shown as the cell numbers of 3 independent high-power fields for each

tumor. Each group included 5 tumors. (D) A schematic view of the treatment plan for

the syngeneic tumors derived from YTN16 cells. (E) Plots of mice body weight (Left) and
tumor volumes (Middle), which were measured twice per week. The box whisker plots

of the tumor volumes on day23 were shown (Right). Each group included 7 tumors. (F
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and G) Immunofluorescence staining (scale bars, 50um) for E-cadherin/Vimentin/DAPI in
tumor core (F), or CD3/CD4/CD8/DAPI in the core or invasive margin (G) of the syngeneic
tumors from (E). The quantification of T cells shown as the cell numbers of 3 independent
high-power fields for each tumor (bottom). (H and 1) Flow cytometry analysis for CD45%/
CD3*/CD8* T cells in syngeneic tumors (H) and relevant mouse spleens (). A one-way
ANOVA test was performed for the between-group difference. ns indicate no significance,
**p < 0.01, ***p < 0.001.
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Figure 5. Dovitinib promotes CD8" T cell infiltration via activation of intrinsic IFN-y/IFNGR/
STAT1 signaling in tumor cells

(A) GSEA were performed in TCGA cohort, using a panel of immune relative gene

sets from MSigDB database. NES, normalized enrichment score. (B and C) HGC-27

or YTN16 cells were treated with indicated doses of dovitinib. CTRL: vehicle control.

(B) gRT-PCR analysis of /IFNAI, IFNB1/Ifnb1, or IFNG/Ifng. (C) ELISA of IFN-y. (D)
Immunofluorescence staining (scale bars, 50um) for IFN-y (white), E-cadherin (green),
Vimentin (red), and DAPI (blue) in YTN16-derived tumors. (E) Western blots for p-STAT1
(Tyr701), STATL, IRF1, IFN-vy, and p-actin in HGC-27 cells treated with indicated doses
of dovitinib. IFN-y (secreted), secreted IFN-vy in the conditional medium. (F) Chemotaxis
assay of CD3* T cells, isolated from peripheral blood mononuclear cells (PBMC), toward
tumor cells. HGC-27 cells were pre-treated with Dovitinib or incubated with 19G, IFN-y
neutralization antibody or recombinant IFN-y. The T cell migration ratio toward tumor cells
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were quantified by T cells number in the media of bottom wells, normalized to the media
from the well of tumor cells alone (CTRL). (G) A schematic view of the treatment plan

in C57BL/6 mice implanted with YTN16 cells with or without /fngr knockout. (H) Plots
of mice body weight (Left) and tumor volumes (Middle), which were measured twice per
week. The box whisker plots of the tumor volumes on day23 were shown (Right). Each
group included 6 tumors. (I) Immunofluorescence staining (scale bars, 50um) for CD3/CD8/
DAPI in the core of syngeneic tumors from (h). (J) The quantification of T cell/HPF of (1)
were shown as the cell numbers of 3 independent fields for each tumor. (K) Flow cytometry
analysis for CD45*/CD3*/CD8* T cells in syngeneic tumors from (H). A one-way ANOVA
test was performed to examine the between-group difference. In all panels, ns indicate no
significance, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Dovitinib transcriptionally upregulates | FNG expression by repressing SNAI1/2
(A) Pearson’s correlation between /FNG expression and EMT score or EMT marker genes

expression in the inflamed-type and desert-type of TCGA cohort. (B) Western blots of
E-cadherin, Vimentin and SNAI2 in YTNZ2 cell with the treatment of indicated doses of
TGF-p for 3 days (left). gRT-PCR analysis of /fngin YTN2 cell with treatment of TGF-p
(right), (C) gRT-PCR analysis of IFNG//fng in gastric cancer cells with treatment of FGF2,
PDGF-BB or the combination. (D and E) JASPAR scores (https://jaspar.genereg.net/) of
EMT-TFs binding sites (D) and two putative SNAI1/2 binding regions named P1 and P2
(E) in the conserved sequence of /FNG promoters. (F and G) Western blots for SNAI1/2
and gRT-PCR analysis of /FNG in AGS cells with overexpression of SNAIL or SNAI2

(F), or in HGC-27 cells with knockdown of SNAIL or SNAI2 (G). (H) /FNG promoter
luciferase reporter assays were performed in HGC-27 cells with dovitinib treatment or
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transient knockdown of SNAI1/2, and in AGS cells with transfection of SNAI1/2 plasmids
or TGF-Btreatment. (1) Chromatin immunoprecipitation (ChlP) assays were performed by
using SNAI1 or SNAI2 antibodies, followed by qPCR applying primers covering P1 or

P2 region. 1gG works as non-specific pull-down control. AGS cells were transfected with
SNAI1/2 plasmids. In all panels, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. Targeting multiple RTKSs sensitizes the desert-type syngeneic tumors to CTLA4
blockade

(A) Immunofluorescence staining (scale bars, 50um) for CD8/CTLA4/DAPI in YTN16-
derived syngeneic tumors treated with dovitinib or vehicle control. 3 independent fields for
each tumor and 7 tumors for each group were utilized for quantification of CTLA4*/CD8*

T cells. (B) T cell-mediated tumor cell-killing assays showed the relative dead YTN16

cells treated with dovitinib and/or CTLA4 neutralization antibody. (C) A schematic view of
the experiment plan in C57BL/6 mice implanted with YTN16 cells treated with dovitinib,
CTLA-4 monoclonal antibody (mAb) or the combination. (D) Plots of tumor volumes (Left),
which were measured twice per week. The box whisker plots of the tumor volumes on day23
were shown (Right). Each group included 8 tumors. (E) Kaplan-Meier survival analysis for
the tumor host mice. (F) Immunofluorescence staining (scale bars, 50um) for CD8/GZMB/
DAPI in the core of the syngeneic tumors from (D). (G) The quantification of T cell/HPF
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of (F) were shown as the cell numbers of 3 independent fields for each tumor. (H) Flow
cytometry analysis for CD45*/CD3*/CD8*/GZMB™* T cells in the syngeneic tumors from
(d). () Representative summary of findings. A one-way ANOVA test was performed to
examine the between-group difference. In all panels, ns indicate no significance, *p<0.05,
**p<0.01, ***p<0.001.
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