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Background: A suppressive immune microenvironment and pathological angiogenesis are
hallmarks of gastric cancer. Theoretically, immune checkpoint inhibitors (ICIs) stimulate pre-
primed neoantigen-specific T cells, and antiangiogenic agents then facilitate their infiltration
into the tumor niche by promoting vascular normalization. Currently, the interconnections of
these two phenotypes and their relevance to the tumor microenvironment (TME) have not been
fully characterized in gastric cancer.

Materials and methods: Transcriptome profiling data retrieved from The Cancer Genome
Atlas (TCGA) database were used to deconvolute the feature of TME for gastric cancer
(N =375). Machine learning, correlation, and prognosis analysis were applied to elucidate the
correlations between angiogenesis, cytotoxic T lymphocyte infiltration, and patient survival.
Results: Substantial heterogeneous infiltration of immune cell populations among cases was
observed. Furthermore, among targetable pathways, angiogenesis was identified as the dominant
factor in discriminating different infiltration statuses. Most importantly, the angiogenesis path-
way was negatively correlated with the amount of activated CD8" T cells only for patients with
a higher infiltration, and the concomitance of low angiogenesis signaling and highly activated
CD8"* T-cell infiltration was associated with a significant survival benefit.

Conclusion: Our findings demonstrated a negative correlation between angiogenesis signaling
and cytotoxic function in gastric cancer patients with a highly infiltrated immune niche. These
data provided a rationale for potential combination strategy and further clinical investigations
of ICIs plus antiangiogenesis agents for patients with gastric cancer with an inflamed TME.
Keywords: gastric cancer, immune microenvironment, TCGA, angiogenesis, therapeutic

implications

Introduction

Gastric cancer is the fifth most common malignant disease and the third leading cause
of cancer-related mortality worldwide.! However, the clinical benefit of available treat-
ment strategies is limited, emphasizing the need to develop novel strategies to improve
disease outcomes. Cancer immunotherapy has made encouraging breakthroughs in a
variety of other solid tumors,” which has also been evaluated for use as a treatment
for gastric cancer recently. In Phase Ib KEYNOTE-012 trial, researchers found
prolonged survival in advanced gastric cancer patients treated with pembrolizumab,
an anti-programmed cell death-1 (PD-1) antibody,*® and further identified upregula-
tion of interferon-y-related genes, including STAT1, HLA-DRA, IFNG, IDO1, and
CXCL9/10, in the tumor microenvironment (TME) of responders.* This phenomenon
suggests that successful stimulation of the immunological suppressive TME requires
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pre-primed and infiltrated neoantigen-specific T cells in the
tumor niche to eliminate the mutated cells. Therefore, the
prognostic value of these immune signatures provides a
convincing rationale for exploring combination therapies
to improve the objective response rate (ORR) by promoting
immune cell infiltration.

Emerging evidence suggests that impaired infiltration
of cytotoxic T cells (CTLs) in the TME may be related to
the increased level of vascular endothelial growth factor A
(VEGFA),* which facilitates vascularization without well-
regulated expression of adhesion molecules, such as inter-
cellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion-1 (VCAM-1). The AVAGAST trial demonstrated
that the addition of bevacizumab, a VEGFA-directed monoclo-
nal antibody, to the standard chemotherapy increased the per-
centage of patients achieving an ORR and slightly prolonged
progression-free survival (PFS) and overall survival (OS).}
Another antagonist targeting VEGFR-2, ramucirumab, was
also shown to provide some clinical benefits as monotherapy
or in combination with paclitaxel as a second-line regimen in
REGARD?® and RAINBOW? trials. Moreover, administration
of apatinib, a VEGFR tyrosine kinase inhibitor, was associated
with improved PFS and OS as third-line or later treatment.?
The favorable effects of antiangiogenic agents in patients with
metastatic gastric cancer are thought to be related to reduce
blood supply to tumor cells rather than immune modulation.
Elucidating the relationships between angiogenesis and
cytotoxic functions would expand our understanding of the
immune microenvironment of gastric cancer and provide a
basis for further investigations of combination therapies.

In this study, we aimed to elucidate the immune land-
scape of gastric cancers by analyzing previous clinical cases
reported in The Cancer Genome Atlas (TCGA) project. We
identified several dominant immunological features involved
in determining local immune cell infiltration status. Among
these features, angiogenesis, the most important drug-
targetable signaling pathway, was significantly correlated
with the magnitude of the signature of cytotoxic function,
particularly in patients with highly infiltrated TME. There-
fore, our study provided a rationale for potential combination
therapeutic strategies and further clinical investigations of
combination therapies.

Materials and methods

Data sources

The RSEM-normalized RNA sequencing data for the stom-
ach adenocarcinoma (STAD) cohorts were downloaded
from TCGA Data Portal (https://gdc-portal.nci.nih.gov/).
All gastric cancers analyzed in this study were untreated

primary lesions (N = 375). Additional data sets were also
downloaded from TCGA in May 2017. The Hallmark gene
sets were downloaded from GSEA Molecular Signatures
Database v6.0 (http://software.broadinstitute.org/gsea/

msigdb/index.jsp).

Gene signatures and single-sample gene

set enrichment analysis (ssGSEA) scores

The levels of immune infiltration were quantified using a
previously validated computational method based on expres-
sion profiles of immunomodulatory factors from 28 immune
cell types, comprising 782 genes in total.” The degree of
immune infiltration was determined by the ssGSEA,!"
computed using R-package Gene Set Variation Analysis
(GSVA). Cytotoxic (CYT) activity was computed as the
geometric mean of expression levels of PRF1 and GZMA,
as previously reported.!! For antigen-presenting machinery
(APM), we used a seven-gene signature composed of MHC
class I genes and antigen-processing genes.'> The IFN-y
signature was calculated as the mean of a series of gene
profiles as described in KEYNOTE-059,'* CheckMate-275,'
KEYNOTE-012,° and POPLAR?" clinical trials. The angio-
genesis and Wnt/B-catenin pathway were calculated using
ssGSEA scores from HALLMARK _ ANGIOGENESIS and
HALLMARK_WNT_BETA_CATENIN_SIGNALING.

Identification of determinants of the

tumor immune microenvironment

Cases of high infiltration and low infiltration groups were
selected for examination. A random forest classifier,
including 42 parameters from the Hallmark gene set, was
trained to separate the group of cases with high infiltra-
tion levels from cases with low infiltration levels using
the R package randomForest with 10,000 trees. Eight
signaling pathways of Hallmark that directly character-
ized the inflammation were excluded (TNFA_SIGNAL-
ING_VIA_NFKB, IL6_JAK_STAT3_SIGNALING,
INTERFERON_ALPHA_RESPONSE, INTERFERON_
GAMMA_RESPONSE, HALLMARK_COMPLEMENT,
INFLAMMATORY_RESPONSE, IL2_STAT5_SIGNAL-
ING, and ALLOGRAFT_REJECTION). The mean decrease
in Gini over all out-of-bag cross-validated predictions was
applied to rank the predictors. The immunophenogram was
visualized as previously described.'® The aforementioned
infiltration signatures of 28 immune cell gene profiles were
selected for multidimensional scaling (MDS) analysis.
Sample-wise Z-scores from gene expression data were
calculated for cell types, and an average Z-score from the
corresponding gene sets was calculated.
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Statistical analysis

Sample sizes from available TCGA data were regarded as
adequate according to power estimates performed previ-
ously using equivalent tests.!” Two-sided Student’s #-test
and one-way analysis of variance (ANOVA) were used for
comparisons using the R package. Unsupervised cluster-
ing for tumor cases, immune cell types, and gene sets was
performed with hierarchical clustering using Pearson’s cor-
relation. Furthermore, Pearson’s correlation coefficients were
also reported for ssGSEA scores in the angiogenesis pathway,
Wnt/B-catenin signaling pathway, and immune signatures.
For survival analysis, p-values in Figure 4 were obtained
from Cox proportional-hazards regression models using the
R package survival. Kaplan—-Meier curves were generated
using the survfit function from the survival package.

Ethical approval and informed consent
This article does not contain any studies with human partici-
pants or animals performed by any of the authors.

A

Results
Gastric cancers exhibited heterogeneous

immune cell infiltration

To evaluate immune cell infiltration in the TME of gastric can-
cer, we analyzed the RNA-sequencing profiles retrieved from
TCGA. ssGSEA was introduced to deconvolute the relative
infiltration level into a normalized ssGSEA score.! Significant
heterogeneous infiltration of diverse immune cell populations
was identified by visualizing the calculated scores (Figure 1A
and Table S1). Based on their infiltration spectrum, all cases
were classified into high, median, or low immune infiltration
groups by an unsupervised classification method. The high
infiltration group seemed to have more immune-active cells,

containing activated T cells (T, ..s), central memory T cells,

ACT
effector memory T cells, natural killer T cells, type 1 T helper
cells (Thl), T follicular helper cells, y8T cells, activated
B cells, and activated dendritic cells (Figure S1A). With the
higher levels of activated subtypes, immune-suppressive

subtypes, such as myeloid-derived suppressor cells (MDSCs)
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Figure | Heterogeneous infiltration landscape of gastric cancers.

Notes: (A) ssGSEA analysis of 375 gastric cancer cases identifying relative scores of infiltrated immune cell subtypes clustered into high, median, and low infiltration
phenotypes. (B) Relative APM and CYT scores among different groups. (C) IFN-y signatures based on gene panels described in KEYNOTE-059 (panel |), CheckMate-275
(panel 2), KEYNOTE-012 (panel 3), and POPLAR (panel 4) clinical trials among different groups. All box plots represent values within the IQR. Outliers are plotted as
values >1.5 X IQR (circles). All p-values for significance (<0.05) were obtained from two-tailed Student’s t-test and one-way ANOVA for continuous comparisons (N = 375).
Abbreviations: ssGSEA, single-sample gene set enrichment analysis; APM, antigen-presenting machinery; CYT, cytotoxic; IQR, interquartile range; ANOVA, analysis of

variance.

Q\\é\ \/o‘s &‘Z’Q Q\\é\

Qe,

\,0

"

SN
K¢

OncoTargets and Therapy 2018:1 |

submit your manuscript

Dove

2727


www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php?f=162729-TS1.xlsx
https://www.dovepress.com/get_supplementary_file.php?f=162729-FS1.jpg

Feng et al

Dove

and regulatory T cells (Tregs), were also enriched in the high
infiltration group (Figure S1A), implying a negative feedback
in modulating the cytotoxic response.

To thoroughly characterize the immunophenotypes of
distinct groups, with a particular focus on cytotoxic function,
we compared levels of several representative immunomodu-
latory and effector molecules, including APM, CYT scores,'!
and gene panels of [FN-ysignatures, including panels applied
in KEYNOTE-059" (panel 1), CheckMate-275" (panel 2),
KEYNOTE-012* (panel 3), and POPLAR" (panel 4). We
observed enhanced cytotoxic function in the high infiltra-
tion group, characterized by elevated APM, CYT score, and
the IFN-y signature of different standards (Figure 1B and C
and Table S2), strongly suggesting high cytotoxic potential
in patients with gastric cancer exhibiting higher immune
cell infiltration.

Additionally, we compared the aforementioned signatures
among different pathologic subtypes and found no significant
difference between any two distinct types (Figure S1B).
This suggested that infiltration levels were not subject to
pathologic type.

Machine learning identified angiogenesis
as a predominant determinant of immune

cell infiltration
To identify the most dominant determinants of immune
cell infiltration in gastric cancer, we introduced a machine
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Figure 2 Determinants of immune characterization in gastric cancers.

learning approach (random forest), based on a multitude of
decision trees.'® A total of 42 different input variables from the
Hallmark database were included to build the decision trees
for discriminating the high infiltration versus low infiltration
status. Eight signaling pathways that directly characterized
the inflammation were excluded because they were usually
indicators but not the original reason for immune signatures of
TME. By MDS visualization, the similarities in immunopheno-
types of every two cases were indicated as their spatial distance
(Figure 2A). The most dominant variables were identified by
sorting the importance of each pathway (Figure 2B). There
was a huge gap between the first two elements (KRAS and
apoptosis) and the remaing factors. As for KRAS, it has been
reported that expression of a mutant KRAS oncogene could
induce strong responses by activating cytokines and T cells
and thereby potently influence the immune milieu.'”*° As for
apoptosis, its positive correlations with host immunity have
also been confirmed by several studies.?** Interestingly, angio-
genesis pathway was identified as the most important variable
among the drug-targetable signaling pathway (Figure 2B).
However, the Wnt/B-catenin pathway, which is thought to
play a critical role in hindering T-cell infiltration in patients
with melanoma,? was not ranked high in the TME of gastric
cancer. These findings suggested tumor-type-specific regula-
tion of immune cell infiltration and highlighted the role of
angiogenesis in forming the immune microenvironment in

gastric cancer.
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mean decrease in Gini.
Abbreviation: MDS, multidimensional scaling.
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Angiogenesis, but not the Wnt/B-catenin
signaling pathway, was associated with
cytotoxic function in TMEs exhibiting

high infiltration

Previous studies have found that VEGF/VEGFR inhibi-
tors might repolarize immune cells to the Thl phenotype,
resulting in enhanced antitumor effects.?* Here, we analyzed
the association between angiogenesis and cytotoxic function
in the TME of a large cohort of gastric cancers. CYT scores
and the infiltration of CD8" T, ;s were examined as indica-
tors of cytotoxic function due to their ultimate effective roles
in tumor immunity. When the correlations were tested for
the entire cohort, we found an almost irrelevant correlation
between the angiogenesis pathway and cytotoxic function,
which was not represented by the CYT score or the infiltra-
tion of CD8" T, s (Figure 3A and Table S3). However,
when comparisons for each infiltration status were applied
separately, prominent negative associations between angio-
genesis and CYT scores were found, particularly for highly
infiltrated TME (Figure 3A). A similar tendency was also
observed between angiogenesis and CD8" T, s (Figure 3A
and Table S3). Immune-inhibitory cell types, such as MDSCs
and Tregs, showed positive correlations (Figure 3A and
Table S3), which is consistent with previous reports.?>2¢

As mentioned earlier, the Wnt/B-catenin signaling
pathway has been validated to regulate the development of
CTLs, the activation of Tregs, and further influence antitumor
immunity in malignant melanoma.?>*” However, we observed
no significant correlations between Wnt/B-catenin signaling
and infiltration characteristics in gastric cancer (Figure S2A
and B and Table S4), which is consistent with the findings in
Figure 2B and implied a tumor-type-dependent mechanism
of tuning immune cell infiltration.

Based on these findings, we then analyzed the relation-
ships between angiogenesis and IFN-y signature in detail
using several clinically tested gene panels. Our explora-
tion revealed interesting results (Figure 3B and Table S5):
1) there were almost no correlations between angiogenesis
and IFN-vy signature when judged at the integral level; 2) in
the low infiltration group, angiogenesis was irrelevant to
IFN-v signature; and 3) inverse correlations with angiogen-
esis were only observed in the high and medium infiltration
groups. Considering the valuable significance of the IFN-y
signature in response prediction of immune checkpoint
inhibitors (ICIs), these data indicated that the angiogenesis
pathway, but not the Wnt/B-catenin signaling pathway, was
inversely related to the responsiveness to immunotherapy,

particularly with inflamed immune niche, supporting further
clinical investigations of targeting angiogenesis to improve
clinical outcomes of immunotherapy by enhancing immune
cell infiltration and ameliorating immune suppression.

Favorable survival predicted by angiogenesis
and infiltration of activated CD8* T cells

Higher infiltration of immune-activating cells, especially
CD8" T, .,
siveness to immunotherapy and always results in better

s, is usually associated with improved respon-

prognosis.”® Therefore, we compared the clinical outcomes
between two cohorts grouped by the infiltration of CD8* T, ..s
(ActCD8" and ActCD8). Unexpectedly, the ActCD8!
group did not show significantly prolonged survival com-
pared with the ActCD8™ group (Figure 4A and Table S6),
indicating that CD8" T, ;s infiltration might not be an
effective predictor of prognosis in gastric cancer. We then
checked the correlation between angiogenesis and prognosis.
Interestingly, better prognoses in the ANGIO™ group were
observed in both high and median infiltration subpopulations,
but not in the low infiltration subpopulation (Figure 4B and
Table S6). These data suggested that angiogenesis partici-
pated as a negative predictor of prognoses in patients with
gastric cancer, particularly in those with inflamed immune
characterization.

From findings, we hypothesized that lower angiogenesis
and higher infiltration of CD8* T, ..
for prolonging survival. To test this, cases were categorized
into four groups (ActCD8"Angio™, ActCD8" Angio®°,
ActCD8™Angio™, and ActCD8Angio'°) based on the
ssGSEA scores of CD8" T, s and angiogenesis. As for

s cells may be favorable

the high and median infiltration groups, a comparison of the
prognoses of the four groups showed that ActCD8 Angio"®
patients exhibited better prognoses than patients in other
groups (Figure 4C and Table S6). On the contrary, in the
low infiltration group, ActCD8Angio™® was not inclined
to exhibit prolonged survival compared to other subpopu-
lations and even showed inverse trends (Figure 4C and
Table S6). These data provided insights into further testing
of immunotherapy/antiangiogenic combination therapy in
the clinical setting.

Discussion

Major breakthroughs in immunotherapy have recently been
made in various solid tumors, while several hurdles have
been met in gastric cancer. Early clinical trials on tremeli-
mumab only observed disappointing results for metastatic
gastric adenocarcinomas.?’ Soon after, compelling data
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Figure 3 Correlations between immune signatures and the angiogenesis pathway.

Notes: (A) Correlations between immune-activating and immune-inhibitory signatures and the angiogenesis pathway. (B) Correlations between angiogenesis and different
panels of IFN-y signatures from KEYNOTE-059 (panel 1), CheckMate-275 (panel 2), KEYNOTE-012 (panel 3), and POPLAR (panel 4). All r values are Pearson’s correlation
coefficients. Two-tailed p-values are presented to indicate significance (<0.05; N = 375). *p < 0.05, **p < 0.005, ***p < 0.001, ***p < 0.0001.

Abbreviations: ssGSEA, single-sample gene set enrichment analysis; CYT, cytotoxic; MDSC, myeloid-derived suppressor cell.

of pembrolizumab in gastric cancers were reported in  the US Food and Drug Administration (FDA). Another PD-1
KEYNOTE-012,> KEYNOTE-028,** and KEYNOTE-059 antibody nivolumab also exhibited encouraging clinical
studies, with an ORR of 22%, 30.4%, and 13.3%, respec-  activities.’! Nevertheless, the results of monotherapy with
tively. These exciting results made pembrolizumab the first ~ ICIs in gastric cancer may not yet be as impressive as

third-line therapy for advanced gastric cancer approved by  those seen in melanoma,** lung," and kidney cancers.'* The
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Figure 4 Prognosis predictions by angiogenesis and infiltration of activated CD8" T cells.

Notes: (A) Survival curves for different infiltration phenotypes between groups categorized by infiltration of activated CD8" T cells. (B) Survival curves for different
infiltration phenotypes between groups categorized by the angiogenesis pathway from Hallmark gene sets. (C) Dual-factor predictions of survival in different infiltration
groups, utilizing combinations of infiltration of activated CD8" T cells and angiogenesis. p-values for significance (<0.05) were determined using multivariable Cox regression

analysis (N = 375). *p < 0.05, **p < 0.005.

effective response to IClIs in patients with gastric cancer has
been associated with high PD-L1 expression, microsatellite
instability, and high IFN-y signature score;*!* these charac-
teristics can only be found in a minor proportion of patients,
which is a major limitation to providing clinical benefit to the
entire population. Therefore, enhancing the efficacy of ICIs
in gastric cancers has become an imperative issue.

The aforementioned characteristics are usually related
to immune characterization in the TME, suggesting that
ameliorating the TME may improve the ORR of ICIs.
The constitution of TME is attributed to a multitude of
tumor-intrinsic and tumor-extrinsic mechanisms, wherein
angiogenesis plays an important role. Pathologic angiogen-
esis may influence antitumor immunity in the following
ways: 1) impeding lymphocytic migration to tumor loci via
hypoxia-induced downregulation of adhesion molecules;**-*
2) inducing immune tolerance and anergy by overexpression
of immune-inhibitory molecules via endothelial cells in the
tumor vasculature;*>3¢ 3) directly regulating immune cells
through VEGFA, HIF-1a., and other factors.**” In our study,

the potent impact of angiogenesis on the TME of gastric
cancers was validated by machine learning, using RNA
sequencing data in a large cohort of gastric cancers from the
TCGA database. The direct association between angiogen-
esis and immune infiltration was further demonstrated by
correlation analysis. Our data highlighted the essential role
of angiogenesis in determining TME immune characteriza-
tion. Meanwhile, we also demonstrated the unessential role
of Wnt/B-catenin signaling, different from discoveries in
melanoma,? suggesting a tumor-type-dependent mechanism
of tuning immune cell infiltration.

Clinical trials on antiangiogenic drugs, including
ramucirumab and apatinib, have achieved encouraging
outcomes.*® Considering the determinant role of angio-
genesis in the immune niche, it is reasonable to believe
that combination of immunotherapy and antiangiogenesis
will result in a favorable prognosis. Such a treatment strategy
is under investigation in other solid tumors and has verified
the reinvigoration of immune infiltration, as well as impres-
sively improved response.*®*! Our data also indicated the

OncoTargets and Therapy 2018:1 |

submit your manuscript

2731

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Feng et al

Dove

potential benefit of combination therapy for patients with
gastric cancers, particularly for those with inflamed immune
characterization.

Nevertheless, all conclusions herein were drawn at the
sequencing level and thus are still theoretical; our observa-
tions require future validation by clinical investigations.
In addition, prolonged survival of patients with low angio-
genesis signaling and high CTL infiltration was not observed
in the low infiltration group, implying that there may be
other targets for patients with extremely impaired antitumor
immunity. If potential mechanisms defining the prognoses of
immune-inhibitory population are resolved clinically, there
will be additional clinical benefits available for a greater
number of patients.

Conclusion

Our study identified the distinct infiltration landscapes of
gastric cancers, which were significantly associated with
angiogenesis, the most targetable signaling pathway. The
relationship between angiogenesis and the tumor immune
microenvironment suggested that targeting angiogenesis
may ameliorate the immune niche and provide a rationale for
combination therapy and subsequent clinical investigations
in gastric cancer.
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