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Abstract

Purpose—Although the combination of anti-PD1/PD-L1 with platinum chemotherapy is a
standard of care for NSCLC, clinical responses vary. While predictive biomarkers are validated for
immunotherapy, including PD-L1 expression, tumor mutational burden, and inflamed immune
microenvironment, their relevance to chemo-immunotherapy combinations is less clear. We have
recently shown that activation of the STING innate immune pathway enhances immunotherapy
response in SCLC. We hypothesize that STING pathway activation may predict and underlie
predictive correlates of anti-tumor immunity in NSCLC.

Experimental Design—We analyzed transcriptomic and proteomic profiles in two NSCLC
cohorts from our institution (treatment-naive-PROSPECT; relapsed-BATTLE-2) and The Cancer
Genome Atlas (total n=1320). Tumors were stratified by STING activation based on protein and/or
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MRNA expression of cGAS, phospho-STING, and STING-mediated-chemokines CCL5and
CXCL10. STING activation in patient tumors and in platinum-treated preclinical NSCLC models
was correlated with biomarkers of immunotherapy response.

Results—STING activation is associated with higher levels of intrinsic DNA damage, targetable
immune checkpoints, and chemokines in treatment-naive and relapsed lung adenocarcinoma. We
observed that tumors with lower STING and immune gene expression show higher frequency of
STK11 mutations; however, we identified a subset of these tumors that are 7”53 co-mutated and
display high immune- and STING- related gene expression. Treatment with cisplatin increases
STING pathway activation and PD-L1 expression in multiple NSCLC preclinical models,
including adeno- and squamous cell carcinoma.

Conclusions—STING pathway activation in NSCLC predicts features of immunotherapy
response and is enhanced by cisplatin treatment, suggesting a possible predictive biomarker, and
mechanism, for improved response to chemo-immunotherapy combinations.

Keywords
lung cancer; immunotherapy; innate immunity; STING; immune checkpoints

Introduction

Recently, immune checkpoint blockade targeting the programmed-cell-death-1 (PD1)/
programmed-cell-death-ligand-1 (PD-L1) axis, either alone or in combination with
conventional chemotherapy, has become a new standard-of-care in non-small cell lung
cancer (NSCLC) leading to improvements in survival (1). Analyses of clinical datasets have
identified high tumor mutation burden (TMB) (2) and PD-L1 expression (3) as predictors of
favorable T-cell responses, while somatic mutations (like EGFR and KRAS/STK11) are
associated with lack of T-cell response (4, 5). Ayers et al. developed an immune score that
includes genes related to immune-response, like IFN-y—signaling, antigen presentation,
chemokines, T-cells cytotoxic activity, and adaptive immunity, (6). This score has been
validated as an independent positive biomarker for clinical responses to anti-PD1
monotherapy in pan-cancer clinical trials including lung cancer; tumors with positive score
can be defined as “inflamed” and this is an independent biomarker of immunotherapy
response (7, 8). However, there is still a need for more extensive characterization of the
biology of immune responsive subsets in NSCLC as the underlying mechanism mediating
the enhancement of immune checkpoint inhibitor response by chemotherapy and the
biomarkers for this combination remain largely unexplored.

DNA damage, intrinsic due to tumor genomic instability (9) or increased under the pressure
of DNA damaging treatments (radiotherapy, chemotherapy, or inhibitors of DNA damage
response (DDR), may stimulate the immune system and enhance tumor response to
immunotherapy (10-13). Cytosolic DNA fragments (e.g. from DNA damage) are detected
by Cyclic GMP-AMP synthase (CGAS) which, in turn, activates the Stimulator of Interferon
Genes (STING) pathway and, subsequently, a type-I interferon (IFN) response (14). Our
group has demonstrated that the induction of DNA damage by treatment with DDR-
inhibitors, such as PARP- or CHK1-inhibitors, synergize with anti-PD-L1 in a syngeneic
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model of small cell lung cancer by activating a STING mediated anti-tumor immune
response (12). Therefore, we hypothesize that STING pathway activation markers may
identify NSCLC tumors with increased expression of targetable immune checkpoints and,
thus, sensitivity to immune checkpoint blockade (ICB). Furthermore, we hypothesize that
concurrent treatment with DNA damaging agents such as platinum increase STING pathway
activation creating a more immune responsive phenotype.

In this study, we explored the landscape of immune related genes that are associated with the
activation of the STING pathway in NSCLC patient tumors. Using transcriptomic and
proteomic profiling of five large, independent NSCLC patient cohorts (total of 1320 tumors),
stratified according to STING activation, we correlated the mRNA and protein expression of
immune-related genes to STING pathway activation. We then studied the effect of platinum
treatment, with or without PD-L1 blockade, /n vitroand in vivoin NSCLC models to
determine if activation of the STING pathway by cisplatin contributes to anti-tumor immune
response.

Materials and Methods

Reverse-phase protein array (RPPA)

Protein lysates were collected in a buffer containing 1% Triton X-100, 50mM HEPES (pH
7.4), 150mM NacCl, 1.5mM MgCl,, ImM EGTA, 100mM NaF, 10mM NaPPi, 10% glycerol,
1mM PMSF, 1ImM NazVOy, and 10 ug/mL aprotinin. Samples were quantified and protein
arrays were printed from lysates and stained as previously described (15, 16). Briefly, the
slide images were quantified by using MicroVigene 4.0 (Vigene- Tech, Carlisle, MA). The
spot level raw data were processed by using the R package SuperCurve, which returns the
estimated protein concentration (raw concentration) and a quality control (QC) score for
each slide. Only slides with a QC score >0.8 were used for downstream analysis. The raw
concentration data were normalized by median-centering each sample across all the proteins
to correct loading bias.

Clinical cohorts (Table 1)

PROSPECT—The MD Anderson cohort obtained from the Profiling of Resistance patterns
and Oncogenic Signaling Pathways in Evaluation of Cancers of the Thorax (PROSPECT)
study (n=209) (17) includes surgically resected NSCLC tumors, collected between 2006 and
2010, and sub-classified in lung adenocarcinoma (LUAD) (n=152) and lung squamous
(LUSC) (n=57) cohorts. Gene expression and protein data were available from 209 and 156
patients, respectively.TCGA. The Cancer Genome Atlas (TCGA) (18) included LUAD
(n=515) and LUSC (n=501) cohorts, containing untreated samples from NSCLC (total
n=1016), for which gene expression data (TPM) are available.

BATTLE-2—The MD Anderson Biomarker-integrated Approaches of Targeted Therapy for
Lung Cancer Elimination (BATTLE-2) trial represents a biopsy-mandated study in 255
heavily pretreated lung cancer patients; with mandatory pre-randomization tumor biopsy
profiling (19). Gene expression data was available from 95 patients.All gene expression data
are represented as log2 trasformed.
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For cell lines, western blot analysis, qPCR, immunohistochemistry, animal models,
statistical analysis: see supplemental materials and methods

Results

STING pathway protein expression is associated with immune activation in lung
adenocarcinoma cancer

cGAS protein, in the presence of cytosolic DNA fragments, catalyzes the synthesis of cyclic
GMP-AMP (cGAMP), which binds to the adaptor protein, STING and induces its
phosphorylation at the activation site (S366) (12). Here, we investigated the relationship
between cGAS and phospho-STING (S366) protein expression levels in treatment-naive
LUAD tumors from the MD Anderson Cancer Center (MDACC) PROSPECT trial (n=120).

As expected, phospho-STING (S366) protein levels were significantly correlated with cGAS
protein levels (p=0.010) (Figure 1A). To explore if STING activation is associated with a
distinct proteomic profile in lung cancer, we then stratified patient tumors by expression of
phospho-STING and cGAS and identified proteins measured by RPPA that were correlated
with cGAS or phospho-STING expression (p-value <0.05, Spearman rho (rho)=0.3) (Figure
1A). As shown in Figure 1A, we found that high protein levels of phospho-STING were
associated with high expression of 98 proteins, including the immune checkpoint proteins
PD1 and CTLA-4 (both rho>0.4, p<0.001), antigen presentation markers beta2-
microglobulin (B2M) and MHC class | (both rho>0.35, p<0.001). DNA damage response
proteins (p53, BRCA2, P21, ATR, RAD51) and mesenchymal markers (AXL, Phospho-AxI
(Y702), N-Cadherin) were strongly associated with phospho-STING protein levels (all
rho>0.35, p<0.001), suggesting that intrinsic DNA damage and mesenchymal markers may
be features of NSCLC tumors with higher basal levels of STING activation (20, 21).

As pSTING cannot be assayed directly by gene expression, we used expression of three
STING-related genes (CGAS and two downstream chemokines, CXCL10and CCL5) as a
surrogate and compared expression of these surrogates to expression levels of a curated list
of immune markers (22) in the PROSPECT LUAD cohort (n=120). The list includes
immune checkpoints, markers of immune cell infiltration, and chemokines, all known to be
associated with an “inflamed” tumor phenotype. As expected, expression of the three
surrogates was highly correlated (all rho>0.45, p<0.001). Within the curated list of markers,
a number of genes were correlated with CGAS including CD8& (rho= 0.77, p<0.001), that
indicates CD8+ T-cell infiltration, and with a list of targetable immune checkpoints, CD274
(PD-L1), CTLA4, LAGS3, IDO1, HAVCRZ, ICOS (ll rho >0.4, p<0.001) (Figure 1B-D).
These observations were then validated in the larger independent TCGA LUAD cohort
(n=511, rho>0.6, p<0.001) (Supplemental Figure 1A). Thus, in two independent clinical
cohorts that represent the entire heterogeneous genomic landscape of LUAD (including
known driver mutation cohorts-e.g., KRAS, TP53, EGFR, ALK), STING pathway activation
is highly associated with expression of PD-L1 and other immune markers that could be
therapeutically targeted.

Since immunotherapy is currently more frequently used in the treatment of locally advanced
or metastatic disease (1), we extended our analysis to the gene expression data from biopsies
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performed as part of the MDACC BATTLE-2 clinical trial (19). In this study, tumor biopsies
were obtained from metastatic LUAD NSCLC patients who were refractory to at least one
prior platinum-based chemotherapy prior to subsequent treatment. As shown in Figure 1E—
G, we detected a strong correlation between CXCL10gene expression and the other STING-
related genes, CCL5and CGAS, along with immune targetable genes (CD274, IDO1,
CTLA4, HAVCR?Z, ICOS, PDCD1L G2) and markers of immune cell infiltration CD8,
GZMB, HLA-genes, B2M (rh0>0.35, p<0.001). These results suggest that the interplay
between anti-tumor innate immune response, through the STING pathway, and the
expression of other immune markers is maintained in previously treated, relapsed NSCLC.

STK11/LKB1 mutation is associated with different immune activation phenotypes

In recent studies from our group and others, LKB1 has emerged as an important biomarker
of primary resistance to immune checkpoints blockade (ICB) in NSCLC. Skoulidis et al. (4,
23) demonstrated that, among KRAS mutated LUAD, tumors with STKZ(LKB1) mutations
are immunologically “cold” and are intrinsically resistant to anti-PD1/PD-L1
immunotherapy, and they have low expression of immune markers (including PD1, CTLA4,
PD-L1, CD8) compared to other LUAD. Furthermore, Barbie et al. recently demonstrated
that, mechanistically, LKB1 loss inducs a silencing of the STING pathway and impaired
response to cytosolic DNA in KRAS/STK11(LKB1) mutant NSCLC models and is
associated with downregulation of a type I IFN signature (24, 25).

Using hierarchical clustering in the TCGA LUAD cohort based on gene expression of
CGAS, CCL5and CXCL10we identified two main groups — STING-high (n=373) and
STING-low (n=138). We then compared expression of immune related genes (22) and the
frequency of mutations between these two groups. As expected from our observations, the
STING-low group had lower expression of the immune related genes (including immune
checkpoints and markers of immune infiltrations) (Figure 2A). Consistent with prior
findings in KRAS-mutant lung cancers (4, 23), we also observed that STK71 (LKB1) loss of
function mutations were significantly enriched in the STING-low immune group (21%
versus 12%, p=0.01) (Supplemental Figure 2A, Figure 2B); similar results were obtained for
KRAS mutation (37% versus 28%, p=0.05) (Figure 2B). Conversely, 7P53 mutations were
enriched in the high STING-high immune LUAD group (56% versus 35%, p<0.001) (Figure
2B).

As we observed STKZI mutant LUAD in both the STING-high and —low groups, despite
these tumors being universally considered to be immunologically cold, we next analyzed
only the STKZ1/LKB1 mutant LUAD tumors (n=73) from the TCGA cohort. Using
hierarchical clustering based on expression of CGAS, CCL5and CXCL10we identified
three distinct groups that we named STING-low, -intermediate, and —high. We then
performed a supervised analysis to compare expression of the immune related genes
between these three groups. While the majority of S7TKZIA.KB1 mutant tumors were in the
STING-low/-intermediate group (n=55) and had low expression of immune related genes,
there is a subset in the STING-high group (n=18) with higher levels of targetable immune
genes, like CD274, HAVCRZ2, PDCD1L G2, T-cell infiltration markers, and chemokines
(Figure 2C). These STING-high S7TK1Z/LKB1 mutant tumors showed an “inflamed”

J Thorac Oncol. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Corte et al.

Page 6

immune phenotype, enriched for immune checkpoints and cytokines expression, which is
more similar to a LKB1 wild-type tumor (Figure 2C). Interestingly, when we compared the
mutation profiles of the STING-high STKZ1/LKB1 mutant group with the other two groups,
including low or intermediate expression of these genes (immune “cold” groups), we found
that the STING-high group is enriched for 7P53 mutations (56% versus 16%, p=0.002)
(Figure 2D). Moreover, in the STING-high group, KRASand 7P53 mutations are mutually
exclusive, while in the STING-low/-intermediate group they can overlap (7% of samples are
co-mutant). While several groups have identified S7K27.1 mutations as predictive of poor
response to immunotherapy and that STKZ12/KRAS mutant lung adenocarcinoma have low
PD-L1 expression and STING gene silencing (26, 27), our data suggest that among the
STK11mutant subgroup, there are a range of inflammatory phenotypes defined by the
presence of co-mutations. Specifically, 25% of STKZZ mutant tumors have an active STING
pathway, immune checkpoint expression, and inflammatory characteristics consistent with
other immune “hot” NSCLC subtypes and, among these, 56% are 7P53 mutant and KRAS
wild-type. We investigated the difference in cGAS protein expression by RPPA in our panel
of LUAD cell lines, comparing STK11/KRAS mutant cells with STK11/TP53 mutant cells.
Cell lines in the STK11/TP53 mutant group are heterogeneous in their expression of cGAS
and include subsets with medium and high cGAS protein expression. In contrast (but
consistent with the patient data), the S7TK11/KRAS mutant cell lines were all cGAS low (26,
27) (Supplemental Figure 2B).

Cisplatin treatment enhances the protein expression of STING pathway markers in pre-
clinical models of NSCLC

Recent reports have described that DDR-inhibitors and radiotherapy can increase PD-L1
expression and immunogenicity of tumors in various cancer models (10-13). Phase 111
clinical trials in NSCLC have demonstrated that patients who receive standard chemotherapy
(platinum-based doublet) plus immunotherapy in first line of treatment do better in terms of
overall survival than patients treated either with chemotherapy or chemotherapy followed by
immunotherapy (28, 29). We hypothesized that the improvement in clinical response/
survival observed with the platinum plus immunotherapy combination (vs platinum alone)
may be mediated by platinum induced DNA damage leading to activation of the innate
immune (STING) pathway.

Platinum chemotherapyis the chemotherapeutic backbone for the frontline treatment of
NSCLC and is included in all chemotherapy plus immunotherapy combinations, thus we
investigated the influence of cisplatin treatment chemotherapy on the expression of immune-
related proteins in NSCLC cell lines. We treated a panel of LUAD cell lines (n=3) with
cisplatin for 96 hours and analyzed changes in protein expression and pathway activation
between control and treated samples by RPPA. We selected three LUAD NSCLC cell lines
representative of three biological profiles: Calu-6 (KRAS/TP53 mutant), HCC827 (EGFR
mutant), and H1944 (KRAS/STK11 mutant). The KRAS/TP53 mutant represents immune
sensitive disease, whereas the other two cell lines represent two immune-resistant
phenotypes (4, 5, 30). In the KRAS/TP53 mutant LUAD cell line, Calu6, we observed a
significant upregulation of multiple STING pathway proteins following cisplatin treatment,
including total STING (fold change, FC=2.34, p<0.001), phospho-TBK1 (S172) (FC=1.23,
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p<0.001) and cGAS (FC=1.86, p=0.002), along with a moderate increase in PD-L1
(FC=1.15, p=0.028) and phospho-H2AX (S139) (FC=1.98, p<0.001), that is a marker of
DNA damage, as compared to untreated controls (Figure 3A, B). We also investigated
changes in gene expression of CD274 (PD-L1), /FNJ, and the inflammatory cytokines,
CXCL10and CCL5 after cisplatin treatment in Calu6 cells. We found that expression of all
four genes was significantly increased following cisplatin treatment (Figure 3C). Similarly,
CXCL10and CCL5 expression was also increased after cisplatin treatment in two other
KRAS/TP53 mutant LUAD cell lines, H1651 (human) and 344SQ (derived from
KrastA/# p53R172HAG mice) (Figure 3D).

Retrospective analysis of immunotherapy clinical trials have shown that EGFR mutant
patients do not benefit from immunotherapy (4, 30). This is thought to be due to their
distinct biology, resulting from having a single dominant molecular driver with fewer
potential neoantigens, low levels of PD-L1 expression (only 11% of EGFR mutant tumors
have PD-L1>50%) and little CD8+ T-cell infiltration (36). Interestingly, in the EGFR
mutant-cell line HCC827, we did observe that PD-L1 was modestly increased (similar to
other NSCLC models), but cGAS was downregulated post-cisplatin treatment (FC-1.2,
p<0.01) without any significant change in other STING markers (Supplemental Figure 3A).
Similarly, since previous studies have characterized the KRAS/STK11 tumors as immune-
resistant and less responsive to cytosolic DNA signal, with downregulated 7TMEM173
(STING) levels and decreased STING activation (32), we expected that KRAS/STK11
(LKB1) mutated NSCLC cells would not show DNA sensing pathway activation in response
to cisplatin. Consistent with this, in the KRAS/STK11 (LKB1) mutant-cell line H1944, we
detected a modest increase in PD-L1 protein levels after cisplatin without any change in
cGAS levels (Supplemental Figure 3B). Having observed increased expression of STING-
related genes in STING-high STK11/TP53 mutant LUAD tumors (Figure 2B) and increased
expression of cGAS protein in STK11/TP53 mutant cell lines (Supplemental Figure 2A), we
were interested to understand how STK11/TP53 cells respond to cisplatin in terms of
production of /FNg and inflammatory cytokines, CXCL10and CCL5. We observed increase
of CXCL10and CCL5 after 96 hours of cisplatin treatment in two STKZ1/TP53cell lines:
both were significantly increased in H1573 cells (p= 0.02 for CCL5 and p=0.006 for
CXCL10) and CXCL10(p=0.01) in HCC2302, Supplemental Figure 4). These results
demonstrate that while cisplatin treatment leads to increased PD-L1 expression across
various NSCLC /n vitro models, the presence of STING activation is genotype-dependent in
LUAD.

Based on these results, we asked if chemotherapy treatment augments the anti-tumor
immune response and the efficacy of anti-PD-L1 treatment in models that are partially
sensitive to single agent anti-PD-L1 treatment, but display adaptive resistance (31, 32). We
selected the lung adenocarcinoma cell line, 344SQ, derived from KrastAL*p53R172HAG/*
mice, that produces highly metastatic, mesenchymal tumors and transplanted it into
immunocompetent syngeneic mice. Tumor-bearing mice (n= 8 per group) were treated once
a week with vehicle, cisplatin (4 mg/kg per week) and/or anti-PD-L1 (300ug per week) for
18 days. As expected, all vehicle-treated mice (n = 8) experienced rapid tumor progression
(Figure 3E). At day 18, cisplatin alone (4 mg/kg per week) also did not cause any significant
tumor regression in these models as compared to vehicle group (Figure 3E). Mice treated
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with anti-PD-L1 had inhibition of tumor growth as compared to vehicle (p=0.026, by
ANOVA, followed by Tukey’s test) (Figure 3E). However, combination of anti-PD-L1 with
cisplatin, even with submaximal dosing of cisplatin, significantly potentiated the anti-tumor
response with tumor growth inhibition as compared to vehicle (p=0.003) and to cisplatin
(p=0.026) (Figure 3E).

Histological analyses revealed the presence of infiltrating immune cells within the tumors,
collected at day 18, as demonstrated by representative images for CD8 staining in Figure 3F.
To identify the T-cells present within the tumors, we performed immunohistochemistry
(IHC) for CD3, CD4, and CD8. We observed a significant reduction in CD4+/CD3+ T-cell
ratio (p=0.038 by ANOVA, followed by Dunnett’s test, Figure 3G, /eft panel) in cisplatin
and immunotherapy arms, and a trend in increase in CD8+/CD4+ T-cell ratio in cisplatin
(2/4 tumors) and even more in combination arm (3/4 tumors) (Figure 3G, right panel). These
changes suggest that cisplatin induces changes in T-cell infiltration similar to
immunotherapy at a time point where immunotherapy treatment alone inhibits tumor
growth. Similar trends were confirmed evaluating CD4 and CD8 protein expression by
RPPA in the same samples (Figure 3G). To determine the effect of treatment with cisplatin
on STING pathway markers in this /n vivo model, we performed western blot analyses of
tumors from vehicle and cisplatin treated animals following 3 days of treatment and at the
end of treatment, at day 18 (Figure 3H). Tumors from cisplatin-treated animals showed
higher levels of PD-L1 and phospho-STING (in 2/3 samples), compared to tumors treated
with vehicle, as shown by western blot images and relative densitometric quantification
(Supplementary Figure 5). In contrast, we did not detect an increase of these proteins in
tumors treated with anti-PD-L1 alone or cisplatin/anti-PD-L1 combination at either time
point. However, in the case of the combination, protein analysis may have been technically
limited by the extent of necrotic tissue, as described above. To better explore the effect of
cisplatin on intra-cellular signaling, we repeated the experiment using a higher dose of
cisplatin (8mg/kg) that would be comparable to clinical dosing in patients. Unfortunately the
use of this dose was limited by toxicity, with occurrence of loss in body weights more than
15%, and cisplatin treatment had to be terminated after 2 weeks. However, tumors were
collected after two weeks of treatment. We assayed expression of the STING downstream
inflammatory chemokines CXCL10and CCL5 in treated tumors and we found that they are
increased in tumors from both the cisplatin and combination arms (Figure 31). In particular,
CXCL10was increased significantly in combination arm with cisplatin 8 mg/kg (p=0.03 by
ANOVA, followed by Tukey’s test) and CCL5was significantly increased by cisplatin
8mg/kg (p=0.01 by ANOVA, followed by Tukey’s test), as compared to single agent
immunotherapy and in combination arm with cisplatin 4mg/kg (p=0.03 by ANOVA,
followed by Tukey’s test) as compared to vehicle and single agent immunotherapy. Tumors
with increase in CD8+/CD4+ ratio were the ones with high STING activation, as
demonstrated by phospho-STING protein levels and increase of STING downstream
chemokines. Together, these findings indicate that cisplatin treatment activates the STING
pathway and induces the expression of PD-L1 in an aggressive mesenchymal NSCLC
murine model and suggest that the addition of platinum-chemotherapy may augment the
anti-tumor immune response of anti-PD-L1 through STING activation
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These data support future exploration of the interplay between STING and PD-L1 pathway
in response to chemo-immunotherapy treatment.

STING pathway expression is associated with immune activation in squamous lung cancer

Since combination of chemotherapy and immunotherapy is currently approved for both lung
adenocarcinoma and lung squamous carcinomas (LUSC) in the absence of driver mutations,
we investigated the association between STING pathway activation and immune activation
using RPPA data from a cohort of treatment-naive squamous lung tumors from our
institution (MDACC PROSPECT LUSC, n=36). As expected, phospho-STING protein
levels were highly correlated with cGAS protein levels (Spearman’s rho (rho) = 0.58,
p=0.0003) and targetable immune markers (PD1, ICOS, CTLA4, B7.H3, B2M) (all rho >
0.5, p<0.001) (Figure 4A). In addition, among the top markers associated with phospho-
STING, we also detected the EMT marker N-cadherin and DNA damage proteins
(DNAPKGcs, ATR, CHK1) (rho > 0.4, p<0.01). LUSC tumors with high levels of STING
proteins also have an “inflamed phenotype”, and EMT and high DNA damage may identify
such tumors.

We further investigated, in the PROSPECT LUSC cohort for which we have gene expression
data (n=57), the association between STING-related genes (CGAS, CXCL10and CCL5),
and expression of the curated list of immune markers by Chen et al. (29). Similar to lung
adenocarcinoma, CXCL10mRNA expression was positively correlated with other STING
genes, CGASand CCL5, and with the immune markers including targetable immune
checkpoints genes, CD274 (PD-L1), LAGS3, CTLA4, IDO1, HAVCRZ, ICOS (rho >0.4,
p<0.001) (Figure 4B-D). We further validated these findings in the TCGA LUSC cohort
(n=501) (Supplemental Figure 6) where STING related genes were again correlated with
immune markers (rho>0.3, p<0.001). In the same LUSC cohort, we also applied the
hierarchical clustering used in the TCGA LUAD cohort, based on gene expression levels of
CGAS, CCL5and CXCL10(Figure 2A) and identified two groups — STING-high (85%) and
STING-low (15%). Unlike in LUAD, there were no significant difference in the frequency
of 7P53and STK11 mutations between these two groups, as expected considering high
frequency of 7P53 mutation and almost null frequency of STKZ1 mutation (81% and 3%
respectively) (33). Similar to LUAD results, the STING-high LUSC group had higher
expression of the immune related genes (Figure 4E).

Finally, we treated three squamous lung carcinoma cell lines (H2170, HCC95 and H1869)
with cisplatin to explore the effect on STING and PD-L1: phospho-STING (S366), STING
and PD-L1 were among the top markers upregulated post-cisplatin treatment in all three cell
lines (p<0.01; Figure 4F, G). cGAS, and phosph-H2AX (S139), marker of DNA damage,
were also significantly upregulated post-cisplatin treatment in H2170 and HCC95 cells
(p<0.01; Figure 4F, G).

Discussion

In this work, we explored for the first time the landscape of STING pathway activation in
NSCLC tumors, including adenocarcinomas and squamous lung cancers. We found that
NSCLCs with high STING pathway activation (detected by STING related protein or gene
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expression) had higher levels of targetable immune checkpoints and markers of an active
immune microenvironment that are associated with clinical responses to immunotherapy (6,
34) (Figure 5A). In prior studies by our group and others, high levels of basal or post-
treatment T-cell infiltration markers and immune checkpoints molecules were associated
with greater immunogenicity and response to ICB (12). Thus, we show that STING
activation correlates with each of these known immune-responsive features in NSCLC, as
represented by expression of targetable immune genes by tumor or stromal cells (Figure 5B),
and could be a potential biomarker for novel immunotherapy- and immunotherapy-based
combination in NSCLC. When we correlated genomic features of LUAD tumors with
STING activation, we found that STKZ1 (LKB1) mutant tumors have lower expression of
immune genes, as compared to other LUAD tumors, as known from previous studies in
KRAS/STK11 mutant tumors (4, 23). However, we identified a novel subset of the STK11
patients, characterized by co-mutation in 7P53, that show high STING activation and
immune genes expression, thus suggesting a subset of S7K71 mutant lung adenocarcinoma
that may potentially benefit from immunotherapy. Our findings suggest that in addition to
STK11(LKB1) mutation itself, specific co-mutations such as KRAS or TP53 may play
important roles in regulating activation of the STING pathway and overall modulation of the
immune microenvironment. These findings warrant further investigation in patient samples
to investigate the predictive role of each genotype (KRAS/STK11 versus TP53/STK11) for
response to chemo-immunotherapy combination and to better understand the molecular
features of this subset of STING activated, STKZZ (LKB1) mutant NSCLC. The intrinsic
DNA damage associated with loss of p53 function (12) may counter-balance the epigenetic
silencing of TMEM173 (STING) by LKB1 in STK11/TP53 mutant tumors (4, 23); whereas,
the dual activation of mTOR pathway by both KRAS mutation and LKB1 loss may act
cooperatively to suppress activation of the innate immune system in KRAS/STK11 mutant
tumors.In LUSC tumors, we did not detect any significant difference in mutations between
the STING-high and STING-low subgroup.

As with 7P53 mutations, genetic alterations of DDR machinery genes may explain why
many cancer cells have intrinsic levels of DNA damage (35). DNA damage can also be
further increased secondary to anti-cancer therapies, including chemotherapy, radiotherapy,
or therapies targeting DDR pathway proteins (e.g. PARP inhibitors) (10-13). For example,
previous studies have shown that cisplatin treatment activates STING and PD-L1 expression
in models of breast cancer (11) and SCLC (12), supporting the idea of a connection between
innate and adaptive anti-cancer immunity. In this work, we detected a positive correlation
between STING-, immune- and DNA damage-related proteins expression in PROSPECT
cohorts. Recently, two clinical trials, Keynote-189 (LUAD) and Keynote-407 (LUSC) (28,
29), demonstrated that the addition of immunotherapy to standard platinum doublet
chemotherapy was superior to chemotherapy, in terms of PFS and OS, also in PD-L1 low
NSCLC. Therefore, there is a critical need to investigate the landscape of immune profiles in
NSCLC in this context to optimize patients’ selection. A limit of the clinical cohorts used in
this study is lack of paired pre- and post-treatment samples from patients treated with
chemotherapy or chemo-immunotherapy. First, we tested the effect of cisplatin in pre-
clinical models of NSCLC. We observed that chemotherapy induces STING and PD-L1
protein expression in KRAS/TP53 mutated human adenocarcinoma cells and murine tumors
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(32), and in human lung squamous cell lines; conversely, EGFRand KRAS/STK11
adenocarcinoma cells did not show increase in cGAS levels after cisplatin, even if there is an
increase in PD-L1 protein levels, thus suggesting another reason for their known immune-
resistance. The increase in inflammatory chemokines CXCL10and CCL5 post cisplatin
treatment in multiple models /n vitro and /n vivo, accompanied by the increase in CD8+
cytotoxic T-cells and decrease in CD4+ helper T-cells in murine tumors, suggest that
chemotherapy contributes to an “inflamed” microenvironment, similarly to what we have
previously demonstrated with DDR-inhibitors in SCLC (12, 36). We speculate that cisplatin-
induced STING activation may explain the enhanced activity of platinum-based
chemotherapy-immunotherapy combination. However, STING protein can be subjected to
multiple post-translational modifications that affect its transient response and may also cause
different downstream responses (37). Recently, STING activation has also been associated
with poor prognosis and low immune infiltration (38). Crosstalk among immune-
checkpoints could explain this apparent dual role of STING, since upregulation of immune
checkpoints leads to immunosuppression. Consideration of multiple and, as yet,
uncharacterized roles of the STING pathway may also explain the heterogeneous response in
terms of STING activation and associated CD8+ T-cells infiltration that we observed in our
animal models. Further studies should address this gap in knowledge, exploring changes in
STING pathway and immune cell infiltration at multiple time points during treatment.

Together, our data support an interplay between innate immune pathways and immune-
suppressive checkpoints in NSCLC and that intrinsic STING pathway activation may be an
upstream mediator of immune checkpoint expression and, ultimately, immunotherapy
response. However, inducing the activation of STING pathway by DNA damage, as we
demonstrated with cisplatin, or directly, with STING agonists or other novel
pharmacological modulators of STING (39-41), could potentially increase the immune
responsive phenotype also in some otherwise resistant tumors and encourage further
evaluation of novel combination strategies based on this rationale.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. STING pathway proteins expression is associated with immune activation in lung

adenocarcinoma.

(A) Heatmap shows correlation of phospho-STING (Ser_366) protein levels with CGAS and
other immune related proteins in the MD Anderson PROSPECT cohort, including treatment
naive adenocarcinoma (n=120, Spearman’s rho > 0.3, p<0.001).

(B) Expression of the STING downstream chemokine CXCL10is correlated with the other
STING related genes CCL5and CGAS (p<0.001), with expression of selected targetable
immune genes: CD274 (PD-L1), LAG3, CTLA4, IDO1, HAVCR2and /COS (Spearman’s
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rho > 0.5, p<0.001) and with CD8 mRNA levels, indicative of immune infiltration in
PROSPECT LUAD cohort (n=120). (C-D) Individual dot-plots showing correlation of
CXCL10(C) and CCL5 (D) gene expression with selected targetable genes CD274 and
CTLA4, and CD8in PROSPECT LUAD cohort (n=120). (E) Correlation of CXCL10with
CCL5and CGAS gene expression, with selected targetable immune genes and other
immune markers from the list of Chen et al. in the treatment-refractory and relapsed
BATTLE-2 cohort (n=95, Spearman’s rho > 0.3, p<0.001). (F-G) Individual dot-plots
showing correlation of CXCL10(F) and CCL5 (G) gene expression with selected targetable
genes CD274and CTLA4, and CD8in BATTLE-2 cohort.
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Figure 2. STK11/LKB1 mutation is associated with different phenotypes of immune activation.
(A-B) Identification of STING/immune signatures genes (from Chen et al.) shows two main

groups of LUAD carcinomas in TCGA LUAD cohort (n=515), a low STING/low immune
group and a high STING/high immune group (A). We found an enrichment of S7TK11
(LKB1) (p=0.01) and of KRAS (p=0.05) mutations in low STING/low immune group and of
TP53 mutations (p<0.001) in high STING/high immune tumors (B). (C-D) Hierarchical
clustering of immune signatures genes (from Chen et al.) in STKZZ- mutant tumors in the
TCGA LUAD cohort identifies three subgroups with low, intermediate and high expression
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of immune and STING genes (C). Comparison of the three subgroups detected a significant
enrichment in the frequency of 7P53 mutations (p=0.002, by Fisher’s exact test) in the
“immune-high” tumors as compared to the other two subgroups (D). NS= not significant.
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Figure 3. Cisplatin treatment activates STING pathway markersin NSCL C in vitro and in vivo.
(A-B) Supervised hierarchical clustering of protein expression profiles in untreated and

cisplatin-treated LUAD cells Calu-6 (KRAS/TP53 mutant) shows upregulation of proteins in
the STING pathway (STING, phospho-TBK1 (Ser_172), CGAS), PD-L1 and phospho-
H2AX(Ser_139) following cisplatin treatment (p<0.01, by t-test). (C-D) Quantitative PCR
(9PCR) measurement of PD-L1, CCL5, CXCL10and /FNB mMRNA expression in three
KRAS/TP53 mutant NSCLC cell lines treated with cisplatin for 24 and 96 hours. Data
presented as mean £SD and p values by t-test ***p<0.001, **p<0.01, *p<0.05.. (E) 344SQ
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tumor bearing mice were treated with vehicle, cisplatin (4 mg/kg, i.p., 1/7), anti-PD-L1
antibody (300ug, i.p., 1/7), or the combination. Relative tumor volumes (mean = S.E.M.) are
shown. The combination of cisplatin and anti-PD-L1 antibody significantly potentiated the
anti-tumor response to either single agent (P values were calculated by ANOVA, followed
by Tukey’s test. (F) Histological analysis of 344SQ tumors demonstrate the presence of
CD8+ immune cells. Scale bar = 200 pM. (G) Results from IHC and RPPA analysis for T-
cells infiltration: CD8+/CD4+ and CD4+/CD3+ ratio are presented. Ratio were calculated
from number of positive cells for any marker/ mm2. CD4+/CD3+ ratio was decreased by
IHC (p=0.038 calculated by ANOVA, followed by Dunnett’s test versus vehicle, p=0.02 for
cisplatin, p=0.03 for anti-PDL1, p=0.098 for combination) and by RPPA (p=0.1 by
ANOVA). Conversely, CD8+/CD4+ ratio was increased by IHC in 2/4 tumors from cisplatin
and 3/4 tumors from combination arm (p>0.1 by ANOVA) and the same result were
confirmed by RPPA (p>0.1 by ANOVA). (H) Images from western blot analysis on lysates
from tumors harvested from the 344SQ tumor bearing mice after three days or at the end of
treatment showed an increase in PD-L1 and phospho-STING levels in cisplatin-treated
tumors compared to the vehicle group. (I) Quantitative PCR (qPCR) measurement of CCL5
and CXCL10mRNA expression in tumors after indicated treatments. Data presented as
mean +SD and p values were calculated by ANOVA, followed by Tukey’s test. ***p<0.001,
**p<0.01, *p<0.05. ns=not significant.
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LUNG SQUAMOUS (LUSC) PROSPECT clinical cohort
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Figure 4. STING pathway activation is associated with expression of immune markersin
squamous cell lung carcinoma.

(A) Heatmap shows correlation of phospho-STING with cGAS protein levels and other
immune and inflammatory proteins in the MDACC PROSPECT lung squamous cohort
(Spearman’s rho > 0.5, p<0.001). (B) Expression of CXCL10is correlated with other
STING genes, CCL5and CGAS, CD8, and selected targetable immune genes in
PROSPECT LUSC: CD274 (PD-L1) (Spearman’s rho = 0.4, p<0.001), LAG3, CTLA4,
IDO1, HAVCRZand /COS (Spearman’s rho > 0.6, p<0.0001; respectively). (C-D)
Individual dot-plots showing correlation of CXCL10and CCL5 expression with selected
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targetable genes shown in 4B. (E) Hierchical clustering, as shown for LUAD in Figure 2A,
was applied to TCGA LUSC cohort. (F-G) Supervised hierarchical clustering of protein
expression profiles in three untreated and cisplatin-treated (3uM for 96hours) LUSC cells
shows upregulation of proteins in the STING pathway, PD-L1 and -yH2AX following
cisplatin treatment (p<0.01, by t-test).
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Figure 5. Working model.
(A) Schematic representation of the resources used in this work: genomic, transcriptomic

and proteomic analysis led to identification of two main group of STING/immune
expression in NSCLC, with distinct molecular subgroups in LUAD. (B) Schematic
representation of the novel potential therapeutic implication for high STING/high immune
NSCLC.
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NSCLC cohorts analyzed in the present work.
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Clinical cohort | Histology | Treatment n Genomic profile STING/ mml;r;gfﬁ;anscriptomic ﬂtg%:?g;ggﬁa
PROSPECT LUSC Naive 57 n=57 n=36
PROSPECT LUAD Naive 152 n=152 n=120

TCGA LUSC Naive 501 n=501 n=501
TCGA LUAD Naive 515 n=511 n=511
BATTLE-2 LUAD Relapsed 255 n=95
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