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MGA Mutation as a Novel Biomarker
for Immune Checkpoint Therapies in
Non-Squamous Non-Small Cell Lung
Cancer

Lei Sun™, Man Li%, Ling Deng, Yuchun Niu, Yichun Tang, Yu Wang* and Linlang Guo *

Department of Pathology, Zhujiang Hospital, Southern Medical University, Guangzhou, China

Background: Immune checkpoint inhibitors have changed the treatment landscape for
advanced non-small cell lung cancer. However, only a small proportion of patients
experience clinical benefit from ICls. Thus, the discovery of predictive biomarkers is
urgently warranted. Evidence have shown that genetic aberrations in cancer cells can
modulate the tumor immune milieu. We therefore explored the association between
oncogenic mutations and efficacy to ICls in non-squamous NSCLC.

Methods: We curated genomic and clinical data of 314 non-squamous NSCLC patients
receiving ICls from four independent studies for the discovery cohort. For external
validation, 305 patients from an ICl-treated cohort and 1,027 patients from two non-
ICl-treated cohorts were used. Relations between oncogenic mutations and outcomes of
immunotherapy were examined. Multivariate Cox regression models were applied to
adjust confounding factors. Further investigation on tumor antigenicity and antitumor
immunity was performed in The Cancer Genome Atlas lung adenocarcinoma cohort.

Results: A total of 82 oncogenes/tumor suppressor genes according to the Oncology
Knowledge base database with a frequency greater than 3% were identified and
investigated in the discovery cohort. Within these genes, MGA mutations were
enriched in patients with durable clinical benefit (p = 0.001, false discovery rate g <
0.05). The objective response rate was also significantly higher in patients with MGA
mutation (2.63-fold, p < 0.001, FDR g < 0.05). Longer progression-free survival was found
in MGA-mutated patients (HR, 0.41; 95% ClI, 0.23-0.73; p = 0.003), and the association
remained significant after controlling for tumor mutational burden (TMB), programmed cell
death ligand-1 expression, and treatment regimens. In the validation cohort, significant
improvement in overall survival was found in patients harboring MGA mutation (HR, 0.39;
95% ClI, 0.17-0.88; p = 0.02). Furthermore, the survival difference was not detected in
non-ICl-treated cohorts. We also demonstrated that MGA mutation correlate with higher
TMB, elevated neoantigen load and DNA damage repair deficiency. Gene set enrichment
analysis revealed that gene sets regarding activated immune responses were enriched in
MGA-mutated tumors.
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MGA Mutations Predict ICls Response

Conclusion: Our work provides evidence that MGA mutation can be used as a novel
predictive biomarker for ICl response in non-squamous NSCLC and merits further clinical

and preclinical validation.
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INTRODUCTION

Immune checkpoint inhibitors (ICIs) targeting programmed
cell death (ligand)-1 (PD-1/PD-L1) and/or cytotoxic T
lymphocyte-antigen 4 (CTLA-4) have emerged as a
promising treatment for patients with advanced non-small
cell lung cancer (NSCLC) (Lee et al., 2018; Garon et al., 2019;
Hellmann et al, 2019). Despite their remarkable success,
clinical benefit only occurs in a small subset of patients
with NSCLC. Therefore, there is an increasing interest in
investigating biomarkers for predicting response to ICIs,
both for enabling precision medicine and better
understanding the mechanisms of resistance.

A variety of biomarkers have been developed to identify cancer
patients who would benefit from ICIs, such as PD-L1 expression
(Topalian et al., 2012; Gibney et al., 2016), tumor mutational
burden (TMB) (Yarchoan et al.,, 2017; Hellmann et al., 2018),
microsatellite instability (MSI) status (Le et al., 2017), and tumor-
infiltrating lymphocytes (TILs) (Tumeh et al, 2014; Sade-
Feldman et al, 2018). However, the clinical utility of these
biomarkers has been limited for various reasons, including
spatial intratumor and intertumoral heterogeneity, inconsistent
measuring methods, lack of standardized cut-off value, and
relatively high cost. Thus, there is a critical need to identify
novel and reliable predictive biomarkers for checkpoint inhibitor-
based immunotherapy.

A growing evidence indicates that activation of oncogenes or
loss of tumor suppressor genes may enhance or dampen the
immune system (Wellenstein and de Visser, 2018). Oncogenic
mutations also correlate with antitumor immunity and response
to immunotherapy. STK11 mutation in lung adenocarcinoma
patients is associated with “cold” tumor immune
microenvironment, and it predicts poor anti-PD1 response
(Koyama et al.,, 2016; Skoulidis et al., 2018). Studies show that
mutations in TP53 were associated with an increased PD-L1
expression and co-occurrence of KRAS and TP53 mutation could
predict response to PD-1 blockades in lung adenocarcinoma
(Dong et al., 2017). In addition, genomic alterations in antigen
presentation and interferon-gamma (IFN-y) signaling pathways
were found to be associated with resistance to ICIs (Gao et al.,
2016; Zaretsky et al., 2016). These findings suggest that exploring
mutations of oncogenes and tumor suppressor genes may be
useful for patient stratification.

Here, by collecting and consolidating the genomic and clinical
data of non-squamous NSCLC patients treated with ICIs from
five published studies (Rizvi et al., 2015; Hellmann et al., 2018;
Miao et al., 2018; Rizvi et al., 2018; Samstein et al., 2019), we
systematically explored the association between oncogenic
mutations and efficacy to ICIs in non-squamous NSCLC.
Significantly, our results show that MGA mutations are

specifically enriched in patients with durable clinical benefit
(DCB) after immunotherapy, strongly associated with higher
objective response rate (ORR), improved progression-free
survival (PFS), and longer overall survival (OS). This work
provides evidence that MGA mutation may serve as a novel
predictive biomarker of response to ICIs in non-squamous
NSCLC.

MATERIALS AND METHODS
Clinical Cohorts

To evaluate the relationship between recurrently mutated genes
and patient response to ICIs, we collected data of ICI-treated
NSCLC patients from previously published articles (Rizvi et al.,
2015; Hellmann et al., 2018; Miao et al., 2018; Rizvi et al., 2018;
Samstein et al., 2019). The discovery cohort includes 314 non-
squamous NSCLC patients from four independent cohorts with
annotated response data to checkpoint inhibitor therapy. The
first cohort (Rizvi et al., 2018) comprised of 206 advanced non-
squamous NSCLC patients enrolled from Memorial Sloan
Kettering Cancer Center (MSKCC) and treated with anti-PD-
(L)1 monotherapy or in combination with anti-CTLA-4. The
second cohort (Hellmann et al., 2018) was part of CheckMate-
012 clinical trial, comprising 59 non-squamous NSCLC patients
treated with combined PD-1 and CTLA-4 blockade. The third
(Rizvi et al., 2015) and fourth cohort (Miao et al., 2018), which
was curated and filtered by Miao et al. (Miao et al., 2018),
included 49 non-squamous NSCLC patients from KEYNOTE-
001 clinical trial and the Dana-Farber Cancer Institute. The
validation cohort (Samstein et al., 2019) was composed of
305 non-squamous NSCLC patients enrolled from MSKCC,
this study provided OS outcomes instead of response data.
To access for a general possible association between MGA
mutation and patient OS, we also used The Cancer Genome
Atlas (TCGA) lung adenocarcinoma cohorts (TCGA-LUAD,
n = 509) (Campbell et al., 2016) and MSKCC non-ICI lung
adenocarcinoma cohort (n = 416) (Jordan et al., 2017; Zehir
et al., 2017). Somatic mutation files and clinical information of
all these studies were obtained from cBioPortal (Cerami et al.,
2012).

Clinical Outcomes

The clinical outcomes were DCB (durable clinical benefit),
ORR, PES, and OS. ORR was defined as the proportion of
patients achieving complete response (CR) or partial response
(PR) according to RECIST vl1.1 (Eisenhauer et al., 2009). DCB
was defined as CR/PR or stable disease (SD) that lasted more
than 6 months; no durable benefit (NDB) was defined as
progression of disease (PD) or SD that lasted no more than
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6 months (Rizvi et al., 2018). Patients with less than 6 months
of follow-up and had not progressed were categorized as not
evaluable (NE). PFS was defined as the time from the start of
immunotherapy administration to the date of disease
progression or death. For the ICI-treated cohort, OS was
calculated from the treatment start date. For the TCGA
cohort, OS was accessed from the date of first diagnosis and
in the MSKCC non-ICI cohort, survival was measured starting
from the date of the procedure to obtain the sequenced
specimen. Patients who did not die were censored on the
last date of follow-up. For survival analysis, patients with
survival duration less than 30 days were excluded.

Association of MGA Mutation With Tumor
Antigenicity

In order to access the relationship between MGA mutation with
tumor antigenicity, we compared TMB, neoantigen load and
defect of DNA damage repair (DDR) pathways between
MGA-mutated samples with MGA wild type samples. TMB
was calculated as the total number of somatic nonsynonymous
mutations in exonic regions of tumor genome examined. Patients
enrolled from MSKCC were profiled by MSK-IMPACT panels,
which has been proved to accurately estimate TMB (Rizvi et al.,
2018). To normalize TMB across panels of different sizes, the
total number of nonsynonymous mutations was divided by the
coding region target territory, covering 0.98, 1.06, and 1.22
megabases (Mb) for the 341, 410, and 468-gene panels,
respectively (Rizvi et al, 2018). Other cohorts conducted
whole-exome sequencing (WES) and TMB was normalized by
dividing 38 Mb as the estimate of the exome size. Neoantigen load
data of TCGA-LUAD cohort were obtained from Thorsson et al.
(Thorsson et al., 2018), which was defined as the total number of
predicted neoantigens. Gene sets associated with DDR pathways
were obtained from Knijnenburg et al. (Knijnenburg et al., 2018).
We compared the amounts of nonsynonymous mutations in
DDR pathway genes according to MGA mutation status in the
TCGA-LUAD cohort, MSKCC validation cohort, and MSKCC
non-ICI treated cohort.

Relationship Between MGA Mutation and

Tumor-Infiltrating Immune Cells.

We used the online analytical platform CIBERSORTx (Steen
et al, 2020) to analyze the relative abundance of 22 types of
tumor-infiltrating immune cells. CIBERSORTx is the next
generation version of CIBERSORT (Newman et al, 2015), a
deconvolution algorithm which outperformed other methods
for characterizing cell composition of bulk tissues. We also
download the Chen LUAD cohort (Chen et al., 2020) with
whole-exome and transcriptome sequencing data (n = 169)
from cBioPortal and applied CIBERSORTx analysis.

Gene Set Enrichment Analysis

In order to investigate biological pathways correlated with MGA
mutation, we performed GSEA analysis (Subramanian et al,
2005). The Deseq2 R package was used for differential

MGA Mutations Predict ICls Response

expression analysis of count data. We used these statistics as
input to R-function in ClusterProfile package to do GSEA. The
Molecular Signatures database (MSigDB) hallmark gene sets
(Liberzon et al., 2015), representing major biological processes,
were selected as the reference gene sets. The threshold was set at
p < 0.05 and false discovery rate (FDR) g < 0.1.

Statistical Analysis

Fisher’s exact test was used to examine the associations between
gene mutations with patient responses (DCB vs. NCB, ORR, CR/
PR vs. PD), and the FDR based on Benjamini-Hochberg (BH)
method was used for multiple comparison correction. To analyze
OS and PFS, survival curves were plotted using the Kaplan-Meier
method, and the survival differences between subgroups was
compared using the log-rank test. The Cox proportional
hazards model was used to analyze the effect of potential
factors on patient survival, in both univariable and
multivariable analyses. The differences of TMB, neoantigen
load, DDR gene mutation frequencies and tumor-infiltrating
leukocytes between MGA-mutated and wild type tumors were
analyzed with Mann-Whitney U test. All statistical tests were
two-sided and the significance level was set at 0.05. The statistical
analyses were conducted in R (version 3.6.0).

RESULTS

Patient Characteristics

Our discovery cohort included 314 non-squamous NSCLC patients
receiving ICIs (Figure 1; Supplementary Table S1). These patients
were treated with anti-PD-1/anti-PD-L1/anti-CTLA-4 (n = 224), or
a combination of anti-CTLA-4 and either anti-PD-1 or anti-PD-L1
therapies (n = 90). The median age was 64.0 years (22.0-92.0 years).
In total, 79% of patients were smokers. Seventy-seven patients
(24.5%) had CR/PR; 113 (36%) patients had DCB. The median
TMB was 5.70 mutations/Mb (range, 0.184-91.8 mutations/Mb).
PD-L1 expression was available for 129 patients, of whom 70 (54%)
had greater than 1% expression. Most cohorts did not provide data
about ethnicity.

MGA and TET1 Gene Mutations Were

Enriched in Patients Responding to ICls

In order to identify statistically robust associations with response
to immune checkpoint therapy, we only include oncogenes and
tumor suppressor genes according to Oncology Knowledge base
(OncoKB) database (Chakravarty et al., 2017) with a frequency
greater than 3% in the discovery cohort. A total of 82 genes were
identified and investigated (Supplementary Table S2). Within
these genes, mutations in MGA, TET1 and FAT1 were enriched
in patients with durable clinical benefit (p < 0.05, Fisher’s exact
test, BH FDR g < 0.05, Figure 2A). MGA and TET1 gene
mutations were also enriched in patients with CR or PR
(Figures 2B,C; Supplementary Figure S1). The ORR of
patients with TET1 mutation is 71%, compared with 23% in
patients with TET1 wild type. The ORR of patients with MGA
mutation is 58% (95% CI 37-78%), compared with 22% (95% CI
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FIGURE 1 | Summary of mutational and clinical information of non-squamous NSCLC patients in the discovery cohort. Individual patients are represented in each column,
organized by response category, with progression-free survival time in decreasing order. Categories of smoking status (never or ever) and treatment regimens (combination or
monotherapy) are characterized. PD-L1 expression is stratified as 0% or greater than 1%. The occurrences of selected genes in each case are represented in the OncoPrint, with
the percent frequency shown. *Mutational information unknown (not covered in the panel tested) are depicted in light gray on the OncoPrint. NSCLC, non small cell lung
cancer; DCB, durable clinical benefit; NDB, no durable benefit; PD-(L)1, programmed cell death -(igand)1; TMB, tumor mutation burden.
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17-28%) in patients with MGA wild type. The differences
between FAT1 mutated type and wild type was not significant
either for ORR or CR/PR vs. PD + CR/PR (Figures 2B,C).

Consistent with previous studies, mutations in TP53 and
POLE were enriched in patients with CR or PR, while
mutations in EGFR were enriched in patients with PD (p <
0.05, Fisher’s exact test, BH FDR g < 0.05 for all genes)
(Supplementary Figure S1).

A phase I study of NSCLC patients showed that the response
rate was better with anti-PD1 plus anti-CTLA4 therapy than anti-
PD1 therapy (Hellmann et al., 2017). And the FDA approved the
combination of nivolumab (anti-PD1) plus ipilimumab (anti-
CTLA4) as a first-line treatment for metastatic NSCLC patients
with positive PD-L1. So we investigated whether treatment
regimens would influence patient response to ICIs. The results
showed that non-squamous NSCLC patients receiving
combination therapy were more significantly likely to obtain
DCB (p < 0.001, Fisher’s exact test). In addition, the objective
response rate was 33% (95% CI, 23-44%) with combination
therapy vs. 21% (95% CI, 16-27%) with monotherapy.

Then we conducted a subgroup analysis based on different
treatment regimens to see whether the enrichment of MGA or
TET1 mutations was still observed in patients with DCB. While
MGA mutation was not associated with response to ICIs in the
monotherapy group, MGA mutation occurred exclusively in patients
with DCB in the combination treatment subgroup (n = 10; p = 0.001,
Fisher’s exact test). On the other hand, while TET1 mutation was not
associated with response to ICIs in the combination treatment
subgroup, it occurred exclusively in patients with DCB in the
monotherapy group (n = 6; p < 0.001, Fisher’s exact test).

MGA is an Independent Prognostic

Biomarker

In the discovery cohort, we compared PFS of patients according
to TET1 or MGA mutational status. PFS is significantly improved
in patients with MGA mutation. However, survival difference
between subgroups according to TET1 mutational status was not
significant (Figure 2D). The median PFS was 21.7 months (95%
confidence interval (CI), 12.09 to not reached) in MGA-mutated
group vs. 5.4 months (95% CI, 4.18-7.56) in the group of MGA
wild type (Figure 2E).

Baseline characteristics were examined according to MGA
mutational status, and no significant differences were found
between the two groups except for TMB (Supplementary
Table S4). We also compared co-mutated oncogenes and
tumor suppressor genes according to MGA mutational status,
but none of them pass FDR correction of 10%.

After adjusting for TMB, PD-L1 expression and treatment
regimens by multivariate Cox regression analysis, we found that
mutation in MGA was an independent prognostic biomarker of
patient survival (p = 0.037, hazard ratio (HR) = 042, 95% CI
0.19-0.95; Table 1). Besides MGA mutation, PD-L1 expression and
treatment regimen were also independently associated with patient
survival (Table 1).

To further validate the predictive function of MGA mutation, we
compared OS in the validation cohort (Figure 3A). The result showed
that OS was significantly improved in patients with MGA mutation
(HR = 0.39, p = 0.02), with the median OS not reached in the MGA-
mutated group vs. 12.0 months (95% CI, 10.0-16.0) in the wild type
group (Figure 3B). To confirm that the survival benefits observed in
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gene mutations in patients with DCB vs. NCB in the discovery cohort (two-tailed Fisher’s exact test, n = 113 patients with DCB, n = 181 patients with NCB). Red dashed line
denotes BH FDR g = 0.05 (B) ORR were compared between subgroups according to mutational status of FAT1, TET1 and MGA. *p < 0.05, Fisher’s exact test, BH FDR
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Meier curves comparing PFS of patients with or without TET1 (D) and MGA (E) mutations in the discovery cohort. A two-sided log-rank test p < 0.05 is considered as a statistically
significant difference. FDR, false discovery rate; BH, Benjamini-Hochberg method; DCB, durable clinical benefit; ORR, objective response rate; PFS, progression-free survival.
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TABLE 1 | Univariate and multivariable Cox regression analysis of progression-free survival in discovery cohort.

Variable Univariate analysis
HR 95% CI
Age (=65 vs. <65 years) 1.15 0.84 to 1.54
Gender (male vs. female) 1.18 0.84 to 1.53
Smoking (ever vs. never) 0.79 0.54 to 1.15
TMB (high vs. low) 0.87 0.64 to 1.18
PD-L1 (=1%vs. 0%) 0.53 0.34 t0 0.83
Treatment (combination vs. monotherapy) 0.69 0.49 to 0.96
MGA (mutated vs. wild type) 0.41 0.23t0 0.73

Cl, confidence interval; HR, hazard ratio.

Multivariate analysis

patients with MGA mutation were not simply attributed to its general

prognostic effect, we further analyzed the survival differences between
MGA-mutated and MGA wild type patients in the non-ICI-treated
MSKCC cohort and the TCGA-LUAD cohort. There were no

p value HR 95% ClI p value
0.37 — — -
0.43 — — -
0.22 — — -
0.37 - - -
0.006 0.63 0.40to 1.00 0.049
0.026 0.57 0.36 to 0.90 0.016
0.003 0.42 0.1910 0.95 0.037
significant ~ differences in OS (Figures 3CD) or PFS

(Supplementary Figure S2A) between subgroups according to
MGA mutational status. As most patients in the TCGA-LUAD
cohort was at early stage, we also compared OS and PFS of
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FIGURE 3 | Validation of the predictive function of MGA mutation (A) Summary of mutational and clinical information of non-squamous NSCLC patients in the
validation cohort. Individual patients are represented in each column, organized by response category, with progression-free survival time in decreasing order.
Categories of smoking status (never or ever) and treatment regimens (combination or monotherapy) are characterized. The occurrences of selected genes in each case
are represented in the OncoPrint, with the percent frequency shown. *Mutational information unknown (not covered in panel tested) are depicted in light gray on the
OncoPrint (B-E) Kaplan-Meier curves comparing OS of patients with or without MGA mutations in the validation cohort (B), Non-ICI-treated cohort (C), TCGA-LUAD
cohort (D) and TCGA-LUAD cohort with stage IV patients (E). Log-rank test was used in (B-E).

patients with stage IV in the TCGA-LUAD cohort. There was no  prognosis in patients with TET1 mutation, the survival difference
significant difference (Figure 3E, Supplementary Figure S2B). was not significant. A previous study have found that TET1

We also compared OS in the validation cohort according to ~ mutation can serve as a pan-cancer biomarker to ICI response
TET1 genotype. Although there was a trend toward favorable  (Wu et al, 2019). We also observed that TET1 mutation was
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enriched in patients responding to ICIs and correlated with
higher ORR. But our results showed no statistically significant
improvement in PFS and OS in non-squamous NSCLC patients
harboring TET1 mutation. The mutation frequency of TET1 in
non-squamous NSCLC patients was around 3%. The relative
small sample size may have limited the power to detect significant
associations. Thus a larger study is needed to study the
relationship between TET1 mutation and efficacy to ICIs in
non-squamous NSCLC patients.

The mutation frequency of MGA was 6.3 and 7.8%
respectively in ICI-treated cohorts and the TCGA-LUAD
cohort. The somatic mutation sites of the MGA gene were
randomly distributed, without any 3D hotspot mutation
annotations (Cerami et al., 2012) (Supplementary Figure S3).

MGA Mutation is Associated With Enhanced
Antigenicity

To investigate the underlying mechanism linking MGA mutation
to ICI response, we compared the TMB level and neoantigen load
between tumors with MGA wild type and MGA mutation. Non-
squamous NSCLC samples with MGA mutations had a
significantly higher level of TMB in both the ICI-treated
cohort and TCGA-LUAD cohort (p < 0.001, Figure 4A). We
also observed that MGA-mutated cancers harbor significantly
higher neoantigen load compared to samples with MGA wild type
(p < 0.01, Figure 4B).

Defects in DDR system leads to genome instability, which in
turn increase the overall rate of somatic mutations, so we
investigated whether MGA mutation is correlated with DDR
deficiency. We observed an enrichment of DDR gene mutations
in MGA-mutated samples. In the TCGA-LUAD cohort, tumors
with MGA mutations had a significantly increased number of DDR
pathway mutations, including base excision repair (BER),
homology-dependent recombination (HDR), mismatch repair
(MMR), nucleotide excision repair (NER), and non-homologous
end joining (NHE]) (Figure 4C). Patients enrolled from MSKCC
were profiled by MSK-IMPACT panels, so many DDR genes were
not covered. We analyzed DDR pathways as a whole in MSKCC
ICI-treated validation cohort and MSKCC non-ICI treated cohort.
Although not statistically significant, there was a trend toward
more DDR gene mutations for MGA-mutant patients in MSKCC
ICI-treated validation cohort (Supplementary Figure S4A). In the
MSKCC non-ICI treated cohort, DDR gene mutations were
significantly increased in MGA-mutant patients
(Supplementary Figure S4B).

Impact of MGA Mutation on Immune

Infiltration and Immune Response

Using Cibersortx, we did not find any higher level of immune cells
infiltration in MGA-mutated tumors compared with wild-type
ones in the TCGA-LUAD cohort (Supplementary Figure S5).
However, we explored the Chen cohort (Chen et al., 2020) and
observed that activated CD4 T cells were more enriched in MGA
mutate type group (Figure 5).

MGA Mutations Predict ICls Response

Gene set enrichment analysis on 50 hallmark gene sets
revealed that gene sets regarding inflammatory response and
tumor necrosis factor (TNFa)-nuclear factor kappa-B (NFkB)
signaling were enriched in MGA-mutated samples (Figure 6A).
As ICI-treated patients are usually at advanced stage, we next
performed GSEA on stage IV patients of the TCGA-LUAD
cohort. Results showed that a more prominent enrichment of
immune activation in MGA-mutated group, including IFN-y
response, IFN-a response (Figure 6B), the janus kinase-signal
transducer and activator of transcription (JAK-STAT) pathway
(Figure 6C), TNFa-NF«B signaling and inflammatory response
(Figure 6D).

DISCUSSION

The clinical application of ICIs has achieved impressive success in
the treatment of advanced NSCLC. However, the majority of
patients do not benefit from ICIs. Thus, biomarkers that can
predict response to immunotherapy are highly needed. In this
comprehensive study, we investigated whether cancer cell-
intrinsic gene mutations can influence the efficacy of ICIs in
non-squamous NSCLC. Our results suggested that MGA
mutation was associated with better DCB, higher ORR, and
improved PFS and OS. Notably, MGA mutation was
predictive of survival benefit in ICI-treated population, but not
in the immunotherapy-naive cohorts. And the survival benefit of
MGA mutation was independent of TMB and PD-L1 expression,
suggesting that MGA mutation could complement the two
biomarkers in non-squamous NSCLC. Furthermore, we found
that tumor immunogenicity and antitumor immunity were
enhanced in non-squamous NSCLC patients with MGA
mutation.

MGA, encoding MAX dimerization protein, is a tumor
suppressor gene in lung cancer. It functions as a dual-
specificity transcription factor that interacts with MAX and
contains a T-domain DNA-binding motif (Hurlin et al., 1999).
It suppresses MYC transcriptional program and inhibits E2F
target genes (Hurlin et al., 1999; Ogawa et al., 2002). It is shown
that inactivation at MGA is mutually exclusive with alterations of
members of the switch/sucrose nonfermentable (SWI/SNF)
chromatin remodeling complex and focal MYC amplification
(Cancer Genome Atlas Research, 2014), suggesting that it may
play a critical role in SWI/SNF-MYC functional axis (Romero
et al., 2014).

Although previous studies have indicated a vital role of MGA
in tumorigenesis, the effect of MGA mutations on tumor-host
interactions is unclear. Our study is the first to uncover that MGA
mutations in NSCLC may influence sensitivity to ICIs. Our
results were not only statistically significant but also clinically
meaningful. The ORR of patients with MGA mutation was 58%,
which is more than a 2.5-fold increase compared to patients with
MGA wild type. The survival improvement was also remarkable.
MGA mutant patients had a median PFS of 21.7 months (95% CI,
12.09 to not reached), compared with 5.4 months (95% CI,
4.18-7.56) in patients with MGA wild type. The median OS of
MGA mutant patients was not reached (more than 60 months) in
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the MGA-mutated group, vs. 12.0 months (95% CI, 10.0-16.0) in
patients with MGA wild type.

The fundamental basis for response to ICIs is the
immunogenicity of a tumor. Tumor antigenicity is one key
determinant of tumor immunogenicity. As elevated TMB may
increases the odds of generating immunogenic peptides
(Schumacher and Schreiber, 2015), it is reasonable to suggest
that TMB and neoantigen load are predictive biomarkers for ICI
treatment. Indeed, higher best ORRs have been observed in
cancers which harbor high somatic mutations, such as NSCLC
and melanoma (Yarchoan et al, 2017). Nonetheless, these
potential biomarkers have several limitations. Both TMB and
neoantigen load are continuous variables and the standardized
cutoff criteria are lacking. Although TMB has been validated in
several randomized controlled trials (RCT) involving ICIs in the
treatment of advanced NSCLC (Weinstock et al., 2017; Gandara

etal,, 2018), the sensitivity and specificity of TMB as a predictor is
modest. As for neoantigen load, it is still a major challenge to
specifically identify immunogenic neopeptides owing to the
heterogeneity of binding affinity of the peptide-major
histocompatibility complex (MHC) complex and diversity of the
T-cell receptor (TCR) repertoire. Evidence showed that neoantigen
burden determined by traditional methods generally performs no
better than TMB in predicting the efficiency of ICIs (Rizvi et al,
2015; Hellmann et al., 2018). Interestingly, we observed that MGA
mutation was positively associated with elevated TMB and higher
neoantigen load. Furthermore, we also found a higher mutation
frequency of major DDR pathways in MGA-mutated samples,
including BER, HDR, MMR, NER, and NHE] pathways.
Alterations in DDR pathways can be a source of genomic
instability and may sensitize responses to ICIs due to an elevated
production of tumor-associated neoantigen. These results suggested
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enriched in MGA mutated patients from the TCGA-LUAD cohort (B) IFN-a and IFN-y pathways were enriched in advanced MGA mutated patients from stage IV TCGA-
LUAD cohort (C) Inflammatory response pathway and TNFa-NFkB pathway were enriched in MGA mutated patients from stage IV TCGA-LUAD cohort (D) JAK-STAT
pathways were enriched in MGA mutated patients with stage IV from the TCGA-LUAD cohort. TNFa, tumor necrosis factor-alpha; NFkB, nuclear factor kappa-B;
IFN-a, interferon-alpha; IFN-y, interferon-gamma; JAK-STAT, janus kinase-signal transducer and activator of transcription.

a possibility of enhanced antigenicity in non-squamous NSCLC
patients with MGA mutation. Notably, multivariable analysis in the
discovery cohort, where TMB was associated with longer survival,
showed that the predictivity of MGA mutation is independent
of TMB.

Besides tumor antigenicity, another key determinant of tumor
immunogenicity is the ability to present such antigenicity.
Cytokines such as interferon (IFN), tumor necrosis factor
(TNEF), interleukins (IL-2, IL-6) have been acknowledged as key
mediators of antitumor immunity (Kearney et al., 2017; Overacre-
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Delgoffe et al., 2017). IFN-a and IFN- contribute to the antitumor
activity by supporting immune cell migration, stimulation, and
differentiation (Dunn et al., 2005; Diamond et al., 2011). They also
increase tumor immunogenicity through the upregulation of MHC
molecules on antigen-presenting cells (Keskinen et al, 1997;
Gessani et al., 2014). IFN-y is believed to be one of the critical
factors determining the success of immunotherapy. While defects
in the IFN-y pathway in tumors correlate with resistance to ICIs
(Gao et al,, 2016), higher expression of IFN-y-related genes were
found in patients who responded to anti-PD-1 therapy in some
types of cancer (Ayers et al., 2017), including NSCLC. In fact, the
majority of immune responses initiated by cytokines are dependent
on JAK-STAT signaling (Owen et al,, 2019). Here in the present
study, we observed that mutations of MGA were associated with
inflammatory response, JAK-STAT pathways, and interferon
pathways, which might be part of the mechanism in predicting
a better outcome of non-squamous NSCLC patients harboring
MGA mutations after immunotherapy.

Combination treatment with PD-1/PD-L1 and CTLA-4
blockades might provide greater anti-tumor activity than
single drugs as targeting both pathways may have synergistic
effects (Hellmann et al., 2017; Wei et al., 2017). Our study showed
that combination therapy was associated with better DCB, higher
ORR, and improved survival. Subgroup analysis indicated that
MGA mutation was not associated with response to ICIs in the
monotherapy group, possible due to the limited sample size.
However, MGA mutation occurred exclusively in patients with
DCB in the combination treatment subgroup. And MGA
mutation was an independent prognostic biomarker of patient
survival after adjusting treatment regimens. Further studies are
needed to investigate whether patients with MGA mutation
would benefit more from combination therapy.

The present study has several limitations. First, as the sample size
is limited, we only include oncogenes or tumor suppressor genes that
have a mutation frequency greater than 3%, which may miss some
rare but important oncogenic mutations. In addition, the mutation
frequency of MGA is around 7%, so only a small minority of patients
were classified as MGA-mutant patients. Thus the predictive value of
MGA mutation for immunotherapy should be followed-up in a
larger study. Second, the retrospective design and cohort
heterogeneity may introduce bias to this study. Although we used
multivariate Cox proportional hazards model to adjust potential
variables, unidentified factors that may influence outcomes could
bias our results. In addition, the underlying molecular mechanism
through which MGA mutation improve the efficacy of ICI treatment
is still unknown and require future investigation.

CONCLUSION

In summary, our study explored the association between genetic
mutations of oncogenes and tumor suppressor genes with the
efficacy of ICIs in non-squamous NSCLC patients. We found
that the presence of MGA mutation was enriched in patients
with durable clinical benefit, and it was associated with longer
PES and OS. In addition, we observed that MGA mutation
correlated with enhanced immunogenicity and antitumor

MGA Mutations Predict ICls Response

immunity. Thus, MGA mutation could serve as a novel
predictive biomarker of response to ICIs in non-squamous
NSCLC. Further preclinical and prospective clinical studies
are warranted.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: All the data and material used in this study
were publicly available and were retrieved from the cBioPortal for
Cancer Genomics  (http://www.cbioportal.org/) and the
Supplementary Material of previously published studies as
described in the Method section.

ETHICS STATEMENT

Ethical review and approval was not required for the study on
human participants in accordance with the local legislation and
the institutional requirements. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

Study design: LG and YW. Data analysis and interpretation: LG,
LS, ML, LD, and YT. Writing of the manuscript: LS and ML.
Revision of the manuscript: LG, YW, LD, YT, and YN. Statistical
analysis: LS, YT, YW. All authors have reviewed the manuscript
and approved the final version.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (Nos. 81772458 and 81972809); the
Clinical Research Initiative Project of Southern Medical
University (LC2016ZD029); Major Basic Research Projects and
Major Applied Research Projects of Educational Commission of
Guangdong Province (2017KZDXMO015).

ACKNOWLEDGMENTS

We would like to thank the TCGA research network, cBioPortal,
MsigDB, and OncoKB database for providing the data analyzed
in this study. We also thank all the authors for making their
valuable research data public.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.625593/
full#supplementary-material.

Frontiers in Pharmacology | www.frontiersin.org

April 2021 | Volume 12 | Article 625593


http://www.cbioportal.org/
https://www.frontiersin.org/articles/10.3389/fphar.2021.625593/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.625593/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sun et al.

REFERENCES

Ayers, M., Lunceford, J., Nebozhyn, M., Murphy, E., Loboda, A., Kaufman, D. R,,
et al. (2017). IFN-y-related mRNA profile predicts clinical response to PD-1
blockade. J. Clin. Invest. 127 (8), 2930-2940. doi:10.1172/JCI91190

Campbell, J. D., Alexandrov, A., Alexandrov, A., Kim, J., Wala, J., Berger, A. H,,
et al. (2016). Distinct patterns of somatic genome alterations in lung
adenocarcinomas and squamous cell carcinomas. Nat. Genet. 48 (6),
607-616. doi:10.1038/ng.3564

Cancer Genome Atlas Research, N. (2014). Comprehensive molecular profiling of
lung adenocarcinoma. Nature 511 (7511), 543-550. doi:10.1038/nature13385

Cerami, E., Gao, J., Dogrusoz, U., Gross, B. E., Sumer, S. O., Aksoy, B. A, et al.
(2012). The cBio cancer genomics portal: an open platform for exploring
multidimensional cancer genomics data: figure 1. Cancer Discov. 2 (5), 401-404.
doi:10.1158/2159-8290.CD-12-0095

Chakravarty, D., Gao, J., Phillips, S., Kundra, R., Zhang, H., Wang, J., et al. (2017).
OncoKB: a precision oncology knowledge base. JCO Precision Oncol. (1), 1-16.
doi:10.1200/P0O.17.00011

Chen, J., Yang, H,, Teo, A. S. M., Amer, L. B,, Sherbaf, F. G, Tan, C. Q,, et al. (2020).
Genomic landscape of lung adenocarcinoma in East Asians. Nat. Genet. 52,
177-186. doi:10.1038/s41588-019-0569-6

Diamond, M. S., Kinder, M., Matsushita, H., Mashayekhi, M., Dunn, G. P,,
Archambault, J. M., et al. (2011). Type I interferon is selectively required by
dendritic cells for immune rejection of tumors. J. Exp. Med. 208 (10),
1989-2003. doi:10.1084/jem.20101158

Dong, Z.-Y., Zhong, W.-Z., Zhang, X.-C,, Su, J., Xie, Z., Liu, S.-Y,, et al. (2017).
Potential predictive value of TP53 and KRAS mutation status for response to
PD-1 blockade immunotherapy in lung adenocarcinoma. Clin. Cancer Res. 23
(12), 3012-3024. doi:10.1158/1078-0432.CCR-16-2554

Dunn, G. P, Bruce, A. T., Sheehan, K. C. F,, Shankaran, V., Uppaluri, R., Bui, J. D.,
et al. (2005). A critical function for type I interferons in cancer immunoediting.
Nat. Immunol. 6 (8), 722-729. doi:10.1038/ni1213

Eisenhauer, E. A, Therasse, P., Bogaerts, J., Schwartz, L. H., Sargent, D., Ford, R.,
etal. (2009). New response evaluation criteria in solid tumours: revised RECIST
guideline (version 1.1). Eur. J. Cancer 45 (2), 228-247. doi:10.1016/j.ejca.2008.
10.026

Gandara, D. R,, Paul, S. M., Kowanetz, M., Schleifman, E., Zou, W, Li, Y., et al.
(2018). Blood-based tumor mutational burden as a predictor of clinical benefit
in non-small-cell lung cancer patients treated with atezolizumab. Nat. Med. 24
(9), 1441-1448. doi:10.1038/s41591-018-0134-3

Gao, J., Shi, L. Z., Zhao, H., Chen, ], Xiong, L., He, Q,, et al. (2016). Loss of IFN-y
pathway genes in tumor cells as a mechanism of resistance to anti-CTLA-4
therapy. Cell 167 (2), 397-404.€9. doi:10.1016/j.cell.2016.08.069

Garon, E. B, Hellmann, M. D., Rizvi, N. A,, Carcereny, E., Leighl, N. B., Ahn, M.-].,
et al. (2019). Five-year overall survival for patients with advanced non—small-
cell lung cancer treated with pembrolizumab: results from the phase I
KEYNOTE-001 study. J. Clin. Oncol. 37 (28), 2518-2527. doi:10.1200/JCO.
19.00934

Gessani, S., Conti, L., Del Corno, M., and and Belardelli, F. (2014). Type I
interferons as regulators of human antigen presenting cell functions. Toxins
6 (6), 1696-1723. doi:10.3390/toxins6061696

Gibney, G. T., Weiner, L. M., and and Atkins, M. B. (2016). Predictive biomarkers
for checkpoint inhibitor-based immunotherapy. Lancet Oncol. 17 (12),
e542-e551. doi:10.1016/S1470-2045(16)30406-5

Hellmann, M. D., Nathanson, T., Rizvi, H., Creelan, B. C,, Sanchez-Vega, F., Ahuja,
A, et al. (2018). Genomic features of response to combination immunotherapy
in patients with advanced non-small-cell lung cancer. Cancer Cel. 33 (5),
843-852.e4. doi:10.1016/j.ccell.2018.03.018

Hellmann, M. D., Paz-Ares, L., Bernabe Caro, R, Zurawski, B., Kim, S.-W.,
Carcereny Costa, E., et al. (2019). Nivolumab plus ipilimumab in advanced
non-small-cell lung cancer. N. Engl. J. Med. 381 (21), 2020-2031. doi:10.1056/
NEJMoal910231

Hellmann, M. D,, Rizvi, N. A, Goldman, J. W., Gettinger, S. N., Borghaei, H,,
Brahmer, J. R, et al. (2017). Nivolumab plus ipilimumab as first-line treatment
for advanced non-small-cell lung cancer (CheckMate 012): results of an open-
label, phase 1, multicohort study. Lancet Oncol. 18 (1), 31-41. doi:10.1016/
$1470-2045(16)30624-6

MGA Mutations Predict ICls Response

Hurlin, P. ], Steingrimsson, E., Copeland, N. G., Jenkins, N. A., and and Eisenman,
R.N. (1999). Mga, a dual-specificity transcription factor that interacts with Max
and contains a T-domain DNA-binding motif. EMBO. J. 18 (24), 7019-7028.
doi:10.1093/emboj/18.24.7019

Jordan, E. J., Kim, H. R,, Arcila, M. E., Barron, D., Chakravarty, D., Gao, J.,
etal. (2017). Prospective comprehensive molecular characterization of lung
adenocarcinomas for efficient patient matching to approved and emerging
therapies. Cancer Discov. 7 (6), 596-609. doi:10.1158/2159-8290.CD-16-
1337

Kearney, C. J., Lalaoui, N., Freeman, A. J., Ramsbottom, K. M.,, Silke, J., and and
Oliaro, J. (2017). PD-L1 and IAPs co-operate to protect tumors from cytotoxic
lymphocyte-derived TNF. Cell. Death Differ. 24 (10), 1705-1716. doi:10.1038/
cdd.2017.94

Keskinen, P., Ronni, T., Matikainen, S., Lehtonen, A., and and Julkunen, I. (1997).
Regulation of HLA class I and II expression by interferons and influenza a virus
in human peripheral blood mononuclear cells. Immunology 91 (3), 421-429.
doi:10.1046/j.1365-2567.1997.00258.x

Knijnenburg, T. A., Wang, L., Zimmermann, M. T., Chambwe, N., Gao, G. F,,
Cherniack, A. D,, et al. (2018). Genomic and molecular landscape of DNA
damage repair deficiency across the cancer genome atlas. Cell. Rep. 23 (1),
239-254.¢6. doi:10.1016/j.celrep.2018.03.076

Koyama, S., Akbay, E. A,, Li, Y. Y., Aref, A. R,, Skoulidis, F., Herter-Sprie, G. S.,
et al. (2016). STK11/LKB1 deficiency promotes neutrophil recruitment and
proinflammatory cytokine production to suppress t-cell activity in the lung
tumor microenvironment. Cancer Res. 76 (5), 999-1008. doi:10.1158/0008-
5472.CAN-15-1439

Le, D. T., Durham, J. N., Smith, K. N., Wang, H., Bartlett, B. R., Aulakh, L. K,, et al.
(2017). Mismatch repair deficiency predicts response of solid tumors to PD-1
blockade. Science 357 (6349), 409-413. doi:10.1126/science.aan6733

Lee, C. K., Man, ], Lord, S., Cooper, W., Links, M., Gebski, V., et al. (2018). Clinical
and molecular characteristics associated with survival among patients treated
with checkpoint inhibitors for advanced non-small cell lung carcinoma. JAMA.
Oncol. 4 (2), 210-216. doi:10.1001/jamaoncol.2017.4427

Liberzon, A., Birger, C., Thorvaldsdoéttir, H., Ghandi, M., Mesirov, J. P., and and
Tamayo, P. (2015). The molecular signatures database hallmark gene set
collection. Cel Syst. 1 (6), 417-425. doi:10.1016/j.cels.2015.12.004

Miao, D., Margolis, C. A., Vokes, N. L, Liu, D., Taylor-Weiner, A., Wankowicz, S.
M., et al. (2018). Genomic correlates of response to immune checkpoint
blockade in microsatellite-stable solid tumors. Nat. Genet. 50 (9),
1271-1281. doi:10.1038/s41588-018-0200-2

Newman, A. M., Liu, C. L., Green, M. R, Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust enumeration of cell subsets from tissue expression profiles. Nat.
Methods 12 (5), 453-457. d0i:10.1038/nmeth.3337

Ogawa, H., Ishiguro, K., Gaubatz, S., Livingston, D. M., and and Nakatani, Y.
(2002). A complex with chromatin modifiers that occupies E2F- and Myc-
responsive genes in GO cells. Science 296 (5570), 1132-1136. doi:10.1126/
science.1069861

Overacre-Delgoffe, A. E., Chikina, M., Dadey, R. E., Yano, H., Brunazzi, E. A,,
Shayan, G., et al. (2017). Interferon-y drives T reg fragility to promote anti-
tumor immunity. Cell 169 (6), 1130-1141.e11. doi:10.1016/j.cell.2017.05.005

Owen, K. L., Brockwell, N. K., and and Parker, B. S. (2019). JAK-STAT Signaling: a
double-edged sword of immune regulation and cancer progression. Cancers 11
(12), 2002. doi:10.3390/cancers11122002

Rizvi, H., Sanchez-Vega, F., La, K., Chatila, W., Jonsson, P., Halpenny, D., et al.
(2018). Molecular determinants of response to anti-programmed cell death
(PD)-1 and anti-programmed death-ligand 1 (PD-L1) blockade in patients with
non-small-cell lung cancer profiled with targeted next-generation sequencing.
J Clin Oncol. 36 (7), 633-641. doi:10.1200/JC0O.2017.75.3384

Rizvi, N. A, Hellmann, M. D., Snyder, A., Kvistborg, P., Makarov, V., Havel, J. J.,
et al. (2015). Mutational landscape determines sensitivity to PD-1 blockade in
non-small cell lung cancer. Science 348 (6230), 124-128. doi:10.1126/science.
aaal348

Romero, O. A, Torres-Diz, M., Pros, E., Savola, S., Gomez, A., Moran, S., et al.
(2014). MAX inactivation in small cell lung cancer disrupts MYC-SWI/SNF
programs and is synthetic lethal with BRG1. Cancer Discov. 4, 292-303. doi:10.
1158/2159-8290.CD-13-0799

Sade-Feldman, M., Yizhak, K., Bjorgaard, S. L., Ray, J. P., de Boer, C. G, Jenkins,
R. W, etal. (2018). Defining T cell states associated with response to checkpoint

Frontiers in Pharmacology | www.frontiersin.org

April 2021 | Volume 12 | Article 625593


https://doi.org/10.1172/JCI91190
https://doi.org/10.1038/ng.3564
https://doi.org/10.1038/nature13385
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1200/PO.17.00011
https://doi.org/10.1038/s41588-019-0569-6
https://doi.org/10.1084/jem.20101158
https://doi.org/10.1158/1078-0432.CCR-16-2554
https://doi.org/10.1038/ni1213
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1038/s41591-018-0134-3
https://doi.org/10.1016/j.cell.2016.08.069
https://doi.org/10.1200/JCO.19.00934
https://doi.org/10.1200/JCO.19.00934
https://doi.org/10.3390/toxins6061696
https://doi.org/10.1016/S1470-2045(16)30406-5
https://doi.org/10.1016/j.ccell.2018.03.018
https://doi.org/10.1056/NEJMoa1910231
https://doi.org/10.1056/NEJMoa1910231
https://doi.org/10.1016/S1470-2045(16)30624-6
https://doi.org/10.1016/S1470-2045(16)30624-6
https://doi.org/10.1093/emboj/18.24.7019
https://doi.org/10.1158/2159-8290.CD-16-1337
https://doi.org/10.1158/2159-8290.CD-16-1337
https://doi.org/10.1038/cdd.2017.94
https://doi.org/10.1038/cdd.2017.94
https://doi.org/10.1046/j.1365-2567.1997.00258.x
https://doi.org/10.1016/j.celrep.2018.03.076
https://doi.org/10.1158/0008-5472.CAN-15-1439
https://doi.org/10.1158/0008-5472.CAN-15-1439
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1001/jamaoncol.2017.4427
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1038/s41588-018-0200-2
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1126/science.1069861
https://doi.org/10.1126/science.1069861
https://doi.org/10.1016/j.cell.2017.05.005
https://doi.org/10.3390/cancers11122002
https://doi.org/10.1200/JCO.2017.75.3384
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1158/2159-8290.CD-13-0799
https://doi.org/10.1158/2159-8290.CD-13-0799
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sun et al.

immunotherapy in melanoma. Cell 175 (14), 998-1013.e20. doi:10.1016/j.cell.
2018.10.038

Samstein, R. M., Lee, C.-H., Shoushtari, A. N., Hellmann, M. D., Shen, R., Janjigian,
Y. Y, et al. (2019). Tumor mutational load predicts survival after
immunotherapy across multiple cancer types. Nat. Genet. 51 (2), 202-206.
doi:10.1038/s41588-018-0312-8

Schumacher, T. N., and and Schreiber, R. D. (2015). Neoantigens in cancer
immunotherapy. Science 348 (6230), 69-74. doi:10.1126/science.aaa4971

Skoulidis, F., Goldberg, M. E., Greenawalt, D. M., Hellmann, M. D., Awad, M. M.,
Gainor, J. F., et al. (2018). STK11/LKB1 mutations and PD-1 inhibitor
resistance in kras-mutant lung adenocarcinoma. Cancer Discov. 8 (7),
822-835. doi:10.1158/2159-8290.CD-18-0099

Steen, C. B, Liu, C. L., Alizadeh, A. A,, and and Newman, A. M. (2020). Profiling
cell type abundance and expression in bulk tissues with CIBERSORTx. Methods
Mol. Biol. 2117, 135-157. doi:10.1007/978-1-0716-0301-7_7

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A, et al. (2005). Gene set enrichment analysis: a knowledge-based approach
for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. 102
(43), 15545-15550. doi:10.1073/pnas.0506580102

Thorsson, V., Gibbs, D. L., Brown, S. D., Wolf, D., Bortone, D. S., Ou Yang, T. H,,
et al. (2018). The immune landscape of cancer. Immunity 48 (4), 812-830.e14.
doi:10.1016/j.immuni.2018.03.023

Topalian, S. L, Hodi, F. S, Brahmer, J. R, Gettinger, S. N., Smith, D. C,
McDermott, D. F,, et al. (2012). Safety, activity, and immune correlates of
anti-PD-1 antibody in cancer. N. Engl. J. Med. 366 (26), 2443-2454. doi:10.
1056/NEJMo0a1200690

Tumeh, P. C,, Harview, C. L., Yearley, J. H., Shintaku, I. P., Taylor, E. J. M., Robert,
L., et al. (2014). PD-1 blockade induces responses by inhibiting adaptive
immune resistance. Nature 515 (7528), 568-571. doi:10.1038/nature13954

Wei, S. C,, Levine, J. H., Cogdill, A. P., Zhao, Y., Anang, N.-A. A. S., Andrews, M.
C., et al. (2017). Distinct cellular mechanisms underlie anti-CTLA-4 and anti-
PD-1 checkpoint blockade. Cell 170 (6), 1120-1133. doi:10.1016/j.cell.2017.
07.024

MGA Mutations Predict ICls Response

Weinstock, C., Khozin, S., Suzman, D., Zhang, L., Tang, S., Wahby, S., et al. (2017).
US. food and drug administration approval summary: atezolizumab for
metastatic non-small cell lung cancer. Clin. Cancer Res. 23 (16), 4534-4539.
doi:10.1158/1078-0432.CCR-17-0540

Wellenstein, M. D., and and de Visser, K. E. (2018). Cancer-cell-intrinsic
mechanisms shaping the tumor immune landscape. Immunity 48 (3),
399-416. doi:10.1016/j.immuni.2018.03.004

Wu, H.-X,, Chen, Y.-X,, Wang, Z.-X,, Zhao, Q., He, M.-M., Wang, Y.-N,, et al.
(2019). Alteration in TET1 as potential biomarker for immune checkpoint
blockade in multiple cancers. J. Immunother. Cancer 7 (1), 264. doi:10.1186/
s40425-019-0737-3

Yarchoan, M., Hopkins, A., and and Jaffee, E. M. (2017). Tumor mutational burden
and response rate to pd-1 inhibition. N. Engl. J. Med. 377 (25), 2500-2501.
doi:10.1056/NEJMc1713444

Zaretsky, J. M., Garcia-Diaz, A., Shin, D. S., Escuin-Ordinas, H., Hugo, W., Hu-
Lieskovan, S., et al. (2016). Mutations associated with acquired resistance to pd-
1 blockade in melanoma. N. Engl. J. Med. 375, 819-829. doi:10.1056/
NEJMoal604958

Zehir, A., Benayed, R,, Shah, R. H,, Syed, A., Middha, S., Kim, H. R,, et al. (2017).
Mutational landscape of metastatic cancer revealed from prospective clinical
sequencing of 10,000 patients. Nat. Med. 23 (6), 703-713. doi:10.1038/nm.4333

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Sun, Li, Deng, Niu, Tang, Wang and Guo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

12

April 2021 | Volume 12 | Article 625593


https://doi.org/10.1016/j.cell.2018.10.038
https://doi.org/10.1016/j.cell.2018.10.038
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.1126/science.aaa4971
https://doi.org/10.1158/2159-8290.CD-18-0099
https://doi.org/10.1007/978-1-0716-0301-7_7
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1038/nature13954
https://doi.org/10.1016/j.cell.2017.07.024
https://doi.org/10.1016/j.cell.2017.07.024
https://doi.org/10.1158/1078-0432.CCR-17-0540
https://doi.org/10.1016/j.immuni.2018.03.004
https://doi.org/10.1186/s40425-019-0737-3
https://doi.org/10.1186/s40425-019-0737-3
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1038/nm.4333
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	MGA Mutation as a Novel Biomarker for Immune Checkpoint Therapies in Non-Squamous Non-Small Cell Lung Cancer
	Introduction
	Materials and Methods
	Clinical Cohorts
	Clinical Outcomes
	Association of MGA Mutation With Tumor Antigenicity
	Relationship Between MGA Mutation and Tumor-Infiltrating Immune Cells.
	Gene Set Enrichment Analysis
	Statistical Analysis

	Results
	Patient Characteristics
	MGA and TET1 Gene Mutations Were Enriched in Patients Responding to ICIs
	MGA is an Independent Prognostic Biomarker
	MGA Mutation is Associated With Enhanced Antigenicity
	Impact of MGA Mutation on Immune Infiltration and Immune Response

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	FUNDING
	Acknowledgments
	Supplementary Material
	References


