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Treatment with immune checkpoint inhibitors (ICls) has considerably improved prognosis
in multiple cancers. However, regardless of PD-L1 expression and TMB, better
predictive biomarkers are required to identify ICl-responsive patients. We analyzed a
pan-cancer cohort as the discovery cohort to identify the role of Max’s giant associated
protein (MGA) mutation in the outcome of ICI treatment in different types of cancers.
A pooled lung adenocarcinoma (LUAD) cohort was considered as the validation cohort.
Another two LUAD cohorts who received conventional treatment were included for
prognostic analysis and mechanism exploration. In the discovery cohort, MGA mutation
was a favorable survival biomarker for patients with LUAD than in those with other types
of cancers. MGA mutation was positively correlated with the TMB score. The results
of the validation cohort were consistent with those of the discovery cohort. Patients
with MGA mutation in the TMB-low subgroup had longer survival. Two LUAD cohorts
who received standard treatment showed that the MGA mutation was not a prognostic
biomarker for standard treatment. Mechanically, we found that the co-mutant genes did
not affect the prognostic role of MGA mutation. Gene-set enrichment analysis revealed
that genes belonging to the immunodeficiency pathway were enriched in the MGA wild-
type group in LUAD. Moreover, activated NK cells were more enriched in the MGA
mutant LUAD group. In conclusion, our results demonstrated that MGA mutation was
an independent predictive biomarker for ICI therapy. These results may provide a novel
insight into identifying potential patients with LUAD for ICI therapy.

Keywords: MGA mutation, pan-cancer, lung adenocarcinoma, immunotherapy, predictive biomarker

INTRODUCTION

Immune checkpoint inhibitors (ICIs), consisting of T-lymphocyte antigen 4 (CTLA-4) inhibitor
and programmed death-1 (PD-1)/programmed death ligand-1 (PD-L1) inhibitor, have attracted
considerable attention because of their specific antitumor activity that has contributed to the
prolonged survival of patients with multiple cancers (Ferris et al., 2016; Escudier et al., 2017;
Wolchok et al., 2017; Wu et al., 2019), including those with non-small cell lung cancer (NSCLC).
However, several patients could not benefit from ICI treatment. Hence, many studies focused
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on identifying a better predictive biomarker to choose patients
who are most receptive to ICI treatment. Although tumor
mutation burden (TMB) and PD-L1 expression are good
predictive biomarkers of patient survival after ICI treatment
(Rizvi et al., 2015; Hellmann et al., 2018), their predictive role
is debatable. Some studies reported that up-regulated TMB or
PD-L1 expression was correlated with the prolonged survival of
patients after ICI treatment, whereas other studies revealed that
the major pathologic response (MPR) was observed irrespective
of PD-L1 expression and TMB (Yang et al., 2018; Addeo et al.,
2019; Remon et al., 2020). Hence, exploring better predictive
biomarkers for predicting the efficacy of IClIs is still necessary.

Max’s giant associated protein (MGA) encodes the Max-
interacting protein belonging to the MYC pathway (Hurlin et al.,
1999). MAX heterodimerizes with the MYC proto-oncogene and
activates and mediates transcription activity of genes involved in
controlling cell proliferation (Hurlin et al., 1999; Dang, 2012).
MGA is a tumor suppressor gene (TSG) that binds to MAX and
inhibits MYC-dependent tumor growth (Escudier et al., 2017).
Recent studies revealed that MGA mutation occurs frequently
in multiple malignant cancers (De Paoli et al., 2013; Cancer
Genome, Atlas Research, and Network, 2014; Jo et al., 2016;
Zhang et al., 2018), providing a new insight into tumorigenesis
and heterogeneity.

Although many muted genes, including TP53, EGFR, STK11,
KEAP1, MUCI16, POLE, EPHA, LRP1B, and SMARCA4 are
associated with TMB and play a positive or negative predictive
role in ICI treatment (Mehnert et al., 2016; Biton et al., 2018; Li
etal., 2018; Chen et al., 2019; Bai et al., 2020; Marinelli et al., 2020;
Schoenfeld et al., 2020), none of these studies has explored the
potential role of MGA mutation.

In the present study, we attempted to explain the prognostic
and predictive role of MGA mutation in ICI treatment of
LUAD and other common cancers in detail, and explore the
potential mechanisms.

MATERIALS AND METHODS

Patients and Data Sources

The ICI-treatment cohorts analyzed in this study were
downloaded from cBioportal' and included the MSKCC cohort
(Samstein et al., 2019), Hellmann cohort (Hellmann et al., 2018),
Rizvi 2018 cohort (Rizvi et al., 2018), and Rizvi 2015 cohort (Rizvi
etal., 2015). A flow diagram explaining the details of each cohort
and results is depicted in Figure 1. In brief, we analyzed the data
from the pan-cancer MSKCC cohort (discovery cohort; 1,661
patients with malignant tumors treated with ICIs with 468-gene
panel sequencing) to explore the potential predictive role of
MGA mutation in immunotherapy outcomes. The ICIs used in
the MSKCC cohort were anti-PD-1/PD-L1 or a combination of
the two. Then, we validated our findings by analyzing a pooled
LUAD cohort consisting of three public datasets of patients
who received ICI treatment: Hellmann cohort consisting of
59 patients treated with anti-PD-1 plus anti-CTLA-4; Rizvi

Uhttps://www.cbioportal.org/

cohort 2018 (with complete data of TMB score) consisting of 39
patients treated with anti-PD-1 or anti-PD-L1 therapy; and Rizvi
cohort 2015 consisting of 34 patients treated with anti-PD-1.
A total of 415 LUAD patients from The Cancer Genome Atlas
(TCGA)* database and 1,256 LUAD patients from the Zehir
cohort in cBioportal (Zehir et al., 2017), who were treated with
conventional standard treatment, were analyzed to explore the
prognostic value of MGA mutation for non-ICI treatment.
We also obtained the Whole exome sequencing (WES) and
mRNA expression data of 2,784 pan-cancer data from the TCGA
database to elucidate the potential mechanisms underlying the
relationship between MGA mutation and immunotherapy.

Process of Data Quality Inspection

Since public database might include heterogeneity, we firstly
performed a data quality inspection to ensure a more rigorous
analysis. The process of quality inspection included: (1) Patients
with incomplete information of gene mutations, survival, or
TMB score were excluded from the analyses; (2) No matter what
cut-oftf value was in the original article, in our analysis, high
TMB was considered as patients with top 20% TMB score in
the cohorts in accordance to the standard of MSKCC cohort
(Samstein et al., 2019). Besides, all the TMB score included
in the analysis was detected by WES, and the results detected
with MSK-IMPACT panel were excluded from the analysis to
minimize the heterogeneity; (3) Similarly, in all cohorts, high
expression level of PD-L1 was re-defined as these with > 1%
positive PD-L1 expression according to two references (Herbst
et al., 2016; Rizvi et al.,, 2018); (4) For the consistency of the
evaluation of treatment outcome, all the cohorts were evaluated
with the common evaluation criteria, RECIST V.1.1. In detail, the
objective response rate (ORR) was determined as the percentage
of patients with complete response (CR) or partial response
(PR), and the disease control rate (DCR) was determined as the
percentage of patients with complete response (CR), PR, or stable
disease (SD). Overall survival (OS) was the time since inception
of ICI treatment to the date of death from any cause, whereas
progress-free survival (PFS) was defined as the time since the
inception of ICI treatment to the date of progressive disease
(PD) diagnosis or death from any cause. Patients without disease
progression were censored at the date of the last follow-up.

Gene-Set Enrichment Analysis

GSEA was performed using mRNA sequencing and gene
mutation data of pan-cancer patients downloaded from the
TCGA database. The results were analyzed using the software
GSEA 4.0.2. The pathway map was generated by The KEGG
PATHWAY database.’

Analysis of Tumor-Infiltrating Immune

Cells

The distribution of 22 types of TIICs were calculated using
CIBERSORT with the method developed by Wang et al. (2021).

Zhttps://tcga-data.nci.nih.gov/tcga/
3https://www.genome.jp/kegg-bin/show_pathway?hsa05340
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To explore the role of MGA mutation in immunotherapy treatment

| |

Validation cohort
To validate the associations of MGA
MGA mutation and survival in pan- mutation and survival in the pooled
cancer immunotherapy cohorts. LUAD immunotherapy cohort.

| !

Pan-cancer cohort (ICIs treatment)
MSKCC cohort (n=1661)

Discovery cohort
To explore the associations between

Pooled LUAD cohorts (ICIs treatment)
@ Hellmann cohort (n=59)

4 NSCLC (n=350) @ Rizvi cohort 2018 (n=39)

4 Melanoma (n=320) @ Rizvi cohort 2015 (n=34)

® BLCA (n=215) 0

@ Renal cell cancer (n=151)

4 Esophagogastric cancer (n=126)
® CRC (n=110)

Main results

patients with MGA mutation
\L showed a better outcome after
immunotherapy in LUAD cohorts.
@ MGA mutation is positively
correlated with TMB score and
PD-L1 expression.
@ Patients in the TMB-low subgroup
with a MGA mutation can benefit
from immunotherapy treatment.

Main results

4 MGA mutation is a favorable
prognostic biomarker for ICIs
treatment outcome only in LUAD
cohorts.

4 MGA mutation is positively
correlated with the corresponding
TMB score.

@ Patients in the TMB-low subgroup
with a MGA mutation can also
benefit from ICls treatment.

FIGURE 1 | The flow chart of the study. LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinomas; BLCA, bladder cancer; SKCM, skin cutaneous
melanoma; CRC, colorectal cancer; ICls, immune checkpoint inhibitors; TMB, tumor mutation burden; PD-L1, programmed death-ligand 1; MGA, Max’s Giant
Associated protein; TCGA, The Cancer Genome Atlas; GSEA, gene-set enrichment analysis.

@ In conformance with former results, ¢ MGA mutation is not a prognostic

@ MGA mutation is a predictive and

l !

Predictive role
To explore whether MGA mutation
is a predictive biomarker for
immunotherapy of LUAD cohorts,
but not for standard treatment.

\

LUAD cohorts (standard treatment)
@ TCGA cohort (n=415)
@ Zehir cohort (n=1256)

Mechanisms
To explore the potential mechanisms
of MGA mutation in LUAD in
comparison with other types of
malignant tumors.

I'CGA cohorts
@ LUAD (n=415)
@ LUSC (n=488)
@ SKCM (n=465)
i @ BLCA (n=408)
@ Renal cell cancer (n=655)
@ Esophagogastric cancer (n=533)
@ CRC (n=475)

Main results

biomarker for use in standard

treatment in LUAD cohorts.

Main results

4 MGA mutation is a prognostic
biomarker for ICls treatment of
LUAD patients, independent of
other gene mutations.

@ GSEA analysis indicated a unique
enrichment of immunodeficiency
pathway in the MGA wild-type
group of LUAD cohorts.

@ Activated NK cells were more
enriched in the MGA mutant
group.

prognostic biomarker useful only
for immunotherapy treatment of
LUAD patients.

Violin plots were depicted with the package
(version 0.3.0).*

“vioplot”

Statistical Analyses

Continuous variables were analyzed by the Mann-Whitney
U-test and categorical variables were analyzed by the y2-test
or Fisher’s exact test. Kaplan-Meier curves and log-rank test
were used to estimate survival. Variables with a p-value < 0.05
in the univariable regression analysis were included to perform
multivariable Cox regression analysis. False discovery rate (FDR)
was used to evaluate the statistical significance of multi-analyses.
P-values < 0.05 and FDR g-values < 0.25 were considered
statistically significant. All analyses and graphs were performed
using SPSS software (SPSS 17.0, Chicago, IL, United States), and
R V.4.0.4 and GraphPad Prism 5.

RESULTS

Tumor Genomic Alterations in the

MSKCC Cohort

Data of 1,661 patients in the MSKCC cohort who were treated
with ICIs were analyzed. The mutation frequency and mutation
type of the top 35 most frequently mutated genes, including

“https://cran.r-project.org/web/packages/vioplot/index.html

MGA, in these patients are presented in Supplementary Figure 1.
Among 1,661 cancer patients, 93 (6.6%) of 1,402 profiled
samples harbored the MGA mutation, including missense, splice,
truncated, and fusion mutations.

Max’s Giant Associated Protein Mutation
Predicted Better Inmunotherapeutic
Outcomes in Patients With Non-small

Cell Lung Cancer

According to Kaplan-Meier survival analysis results,
MGA mutation was significantly associated with a better
immunotherapeutic outcome in the NSCLC cohorts
(mOS = 16 months vs. 9.5 months, log-rank test, p = 0.028;
Figure 2A). However, the associations were not significant in
other malignant cancers, including melanoma, bladder cancer,
renal cell cancer, esophagogastric cancer, and colorectal cancer
(Figures 2B-F). We performed detailed analyses of the data of
LUAD and lung squamous cell carcinomas (LUSC) patients in
the NSCLC cohorts. Our results showed that MGA mutation
was a preferable prognostic factor in LUAD patients but not
in LUSC patients (log-rank test, p = 0.023, Figure 3A; log-
rank test, p = 0.147, Figure 3B). LUAD samples with MGA
mutation had a higher tumor mutation burden (Wilcoxon
rank sum test, p < 0.001, Figure 3C). The prognostic value
of MGA mutation in LUAD remained statistically significant
after considering the TMB score (Cox proportional hazards
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FIGURE 2 | The associations between MGA mutation and OS and in ICI-treated MSKCC pan-cancer cohort. Kaplan-Meier curves of OS between MGA mutant and
the wide-type group among patients with NSCLC (A), bladder cancer (B), renal cell carcinoma (C), esophagogastric cancer (D), colorectal cancer (E), and
melanoma (F).

model, HR, 0.440 (95% CI, 0.194-0.998), p = 0.049; Figure 3D).
In accordance with the results of the previous studies, our
analyses showed that TMB was positive related to prolonged ICI-
related OS in LUAD (log-rank test, p = 0.006, Supplementary
Figure 2A). Interestingly, we also found that in the subgroup
with a low TMB score, patients with MGA mutation had
better ICI-related OS and the result was almost significant
(log-rank test, p = 0.054, Supplementary Figure 2B), whereas
the association was not significant in the subgroup with a
high TMB score (log-rank test, p = 0.416, Supplementary
Figure 2C). These results indicated that MGA mutation might be
a prognostic biomarker only for ICI treatment in LUAD patients
and MGA mutation might help optimize patient selection
based on TMB score.

Prognostic Value of Max’s Giant
Associated Protein Mutation in the
Validation Cohort

To corroborate the results, we collected WES data from
three cohorts that included LUAD patients who had received
mono-ICI or dual-ICI treatments. MGA was also found to
be frequently mutated [11 of 132 patients (8.3%)] in the
pooled LUAD cohort. MGA mutations were significantly
associated with better PFS (log-rank test, p = 0.001;

Figure 4A) even after considering both TMB score and
PD-L1 expression status (Cox proportional hazards model,
HR, 0.291 (95% CI, 0.104-0.816), p = 0.019; Figure 4B).
Patients harboring MGA mutation had a higher DCR (100%
vs. 62.7%; Fishers exact test, p = 0.016; Figure 2C) and
higher ORR (81.8% vs. 27.2%; Fisher’s exact test, p = 0.001;
Figure 4C) compared with those with the MGA wild-type.
Further analyses showed a positive correlation between
MGA mutation and TMB score (Wilcoxon rank sum test,
p = 0.005, Figure 4D), MGA mutation and PD-LI-positive
expression (Fisher’s exact test, p < 0.001, Figure 4E) in the
aggregated LUAD samples.

Similar to the results of the discovery MSKCC cohort, higher
TMB and PD-L1-positive expression could predict prolonged
ICI-related PFS (Figures 5A,D). Moreover, in subgroup with
a low TMB score, patients with MGA mutation had a better
ICI-related PFS than those without (log-rank test, p = 0.008;
Figure 5B), whereas in the subgroup with a TMB score, the
result was not significant (log-rank test, p = 0.214; Figure 5C).
Similarly, MGA mutation predicted favorable ICI-related PFS
in the high PD-L1 expression group (log-rank test, p = 0.009;
Figure 5E), whereas it was not significant in the low PD-L1
expression group (log-rank test, p = 0.136; Figure 5F). These
results indicate that MGA mutation might help distinguish the
responders in TMB-low subgroup.
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FIGURE 3 | Associations between MGA mutation and OS in different subgroups of pathologic type in patients with NSCLC in the MSKCC pan-cancer cohort.
(A) Kaplan-Meier survival curves comparing OS between the MGA mutant and wild-type group in the LUAD cohort. (B) Kaplan-Meier survival curves comparing OS
between the MGA mutant and wild-type group in the LUSC cohort. (C) The correlation of MGA mutation and TMB score. (D) The univariable and multivariable Cox
regression in OS of LUAD patients. *P < 0.05 was considered statistically significant.

Max’s Giant Associated Protein Mutation
Was Not a Prognostic Factor for Lung
Adenocarcinoma Patients Who Received

Standard Treatment

Two LUAD cohorts that included patients who received
conventional standard treatment were analyzed to identify
whether MGA mutation was a special predictive biomarker for
ICI treatment. As shown in Figure 4, Kaplan-Meier survival
analyses results showed no significant difference in OS between
MGA mutant and wild-type subgroups (415 LUAD patient data
from the TCGA database, p = 0.274, Figure 6A; 1,256 from
the Zehir cohort, p = 0.208, Figure 6B), suggesting that MGA
mutation was an ICI-specific predictive factor.

Potential Mechanisms of Max’s Giant
Associated Protein Mutation in
Predicting the Efficacy of Immune

Checkpoint Inhibitor Treatment

Since MGA mutation played an important role in
immunotherapy outcomes, we investigated the potential
mechanisms underlying MGA mutation and immune response.
The mutation frequency and mutation type of the top 20
frequently mutated genes in the MSKCC LUAD cohort are listed
in Figure 7, and the extent of correlations of MGA mutation with

the 20 genes is listed in Supplementary Table 1. MGA mutation
co-occurred with mutations in only 3 genes (NF1, ZFHX3,
and PTPRD) (Fisher’s exact test, p < 0.05, g-value < 25%),
while it did not co-occur with mutations in other genes,
including well-known ICI-predictive mutations (e.g., TP53,
EGFR, SKT11, and KEAP1). We further investigated whether
the co-mutant genes affected the prognostic role of MGA
mutation in ICI treatment. Supplementary Figure 3 shows that
the relationship between MGA mutation and survival was not
affected by NF1, ZFHX3, or PTPRD mutation in LUAD patients,
indicating that MGA mutation was an independent prognostic
biomarker for ICI treatment. With the mRNA sequencing data
of LUAD patients from the TCGA database, GSEA analyses
were performed to identify the different enrichment pathways in
MGA mutant and wild-type subgroups. Figure 6C show that the
immunodeficiency pathway, an important pathway that affects
immune cell maturation or function during hematopoiesis (https:
/Iwww.genome.jp/kegg-bin/show_pathway?hsa05340), was
more enriched in the MGA wild-type group (NES = 1.69, FDR
g-value = 0.14) than the MGA-mutation group. On the other
hand, in other malignant tumors, the immunodeficiency pathway
was not significantly enriched (Supplementary Figure 4),
indicating that MGA mutation might lead to an immune-active
status in the LUAD microenvironment. Moreover, we evaluated
the abundance of tumor-infiltrating immune cells (TIICs) in the
LUAD microenvironment using gene expression data. We found
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FIGURE 5 | The associations between MGA mutation and PFS in subgroup based on TMB score or PD-L1 expression in the pooled LUAD cohort. (A) Kaplan-Meier
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FIGURE 6 | The potential mechanisms of MGA mutation in predicting the outcomes of ICI treatment in LUAD patients. (A,B) Associations of MGA mutation and OS
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indicated statistically significant results.

that activated NK cells were more enriched in the MGA-mutation
group (p = 0.028, Figure 6D) but not in LUSC and other types
of malignant tumors (Supplementary Figure 5). Kaplan-Meier
survival analysis results showed that activated NK cells were
not a prognostic factor for OS in LUAD patients (Figure 6E).
These results suggested that the infiltration of activated NK cells
might also play an important role in LUAD patients with MGA
mutation, thus correlated to the better outcome of ICI treatment.

DISCUSSION

Our study suggested that MGA mutation could be a promising
predictive biomarker for ICI treatment in LUAD patients

and could help optimize ICI treatment based on TMB
score. In the discovery cohort, among the top 35 mutated
genes, five genes (MGA, PBRM1, PTPRD, NOTCHI1, ZFHX3)
were found to be correlated to ICI outcome in NSCLC
patients, while only three genes (MGA, PTPRD, ZFHX3)
were significantly associated with patients’ survival in the
validation cohorts. In the previous studies, PTPRD/PTPRT
mutation and ZFHX3 mutation were reported to be protective
biomarker for ICI treatment in NSCLC patients (Bindea
et al., 2013; Zhang et al, 2021). However, the detailed role
of MGA mutation in the outcome of ICI therapy remains
unclear. Therefore, in this study, we attempted to explore
the predictive role of MGA mutation in NSCLC patients
treated with ICIs.
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The classic role of MGA was a TSG that suppressed
the progress of tumors by binding to MAX and inhibiting
MYC-dependent tumor development (Hurlin et al, 1999).
Recently, MGA was found to mutate frequently in multiple types
of cancers, thus providing a novel insight into the function of
MGA (De Paoli et al., 2013; Cancer Genome, Atlas Research,
and Network, 2014; Jo et al., 2016; Zhang et al., 2018). Zengin
and Onal-Siizek (2021) reported that MGA was a driver gene
in LUAD but not in LUSC. Nonetheless, the specific role of
MGA mutation in cancer is unclear, and the role of MGA
mutation in ICI treatment outcome was not determined. In this
study, we provided statistically significant evidence that MGA
mutation was a favorable prognostic biomarker for ICI treatment
outcome, which was independent of TMB, PD-L1 expression,
and other ICI-related mutations only for patients with LUAD but
not for those with LUSC or other common type of cancers. In
addition, the prognostic value of MGA mutation is unique for ICI
treatment and not for traditional standard treatment. This is the
first study to propose and validate MGA mutation as a favorable
predictor for ICI treatment in LUAD patients.

To identify the potential mechanisms of MGA mutation
participating in the prediction of ICI therapy, GSEA and
immune infiltration cells were analyzed between MGA-mutation
and wild-type groups. Our results showed that the primary
immunodeficiency pathway, which interfered in B and T cell
maturation, was significantly up-regulated in the MGA wild-
type group compared with the MGA-mutation group, and this
significant up-regulation was only observed in LUAD patients but
not in those with other types of cancers. In addition, TIIC analysis

indicated that activated NK cells were more infiltrated in MGA-
mutated samples of LUAD patients. These findings are consistent
with those of previous studies that reported that ICI treatment
could stimulate NK cells against cancer directly by binding to the
inhibitor receptor or indirectly by activating antibody-dependent
cell-mediated cytotoxicity (ADCC) (Pesce et al., 2017, 2019, 2020;
Segal et al., 2018; Guo et al., 2020). These results might partly
explain the predictive role of MGA mutation in ICI treatment
in LUAD patients.

Immunotherapy has been widely used in clinical practice,
while there is an unmet need in patient selection based on
multiple biomarkers. Many existing biomarkers, including PD-
L1 expression and TMB score, showed their limitation since they
cannot distinguish the potential responsive patients in a perfect
way. Across all tumor types, anti-PD-1/PD-L1 therapy results
in response rates of 36-100% in patients with PD-L1-positive
tumors, whereas in those with PD-L1-negative tumors, response
rates range from 0 to 17% (Patel and Kurzrock, 2015). TMB score,
independent of PD-L1 expression, was another acknowledged
biomarker for ICIs therapy. Whereas as reported by the study
from Goodman et al. (2017), 58% patients with high TMB were
responsive to immunotherapy, whereas there were also 20%
responsive rate observed in those with low and moderate TMB.
How to select those responsive patients in PD-L1-low subgroup
or TMB-low group remains a problem. The main finding of
our analysis was that MGA mutation could be a promising
predictive biomarker for ICI treatment. We further performed
subgroup analysis to explore whether MGA mutation could help
choose responsive patients in PD-L1-low subgroup or TMB-low
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group. In the subgroup analysis we surprisingly found that MGA
mutation could help optimize patient selection based on TMB
score. The results indicating that we could select some of these
potential responsive patients in these with TMB-low. In the TMB-
low patients, who were previously considered to be unresponsive
to ICI treatment, these with MGA mutation could also benefit
from ICI treatment. While in the subgroup with PD-L1-low
expression, MGA mutation status failed to optimize the patient
selection. The detailed mechanism need to be clarified in the
future. These results might suggest a more personalized use of
ICI treatment. One more potential advantage of MGA mutation
as a predictive biomarker for ICI treatment is that MGA status
might be easily obtained by analyzing peripheral blood samples,
thus making it a promising predictive biomarker in the future.

This study had several limitations. First, our study was a
retrospective study based on the public database with limited
available patients, which might weak the predictive value of MGA
mutation. Therefore, a well-designed, prospective, multi-center
study with more samples was required to verify the findings.
Second, the type of MGA mutation was diverse, including
different types of missense, nonsense, and fusion mutations.
Limited by the sample size, it was not feasible for our study
to clarify the specific type of MGA mutation that was most
important in predicting the outcome of ICI treatment. Thus, the
specific role of different subtypes of MGA mutation should be
considered in a future study. Moreover, our study identified a
possible mechanism explaining why MGA status could predict
the efficacy of ICI treatment; however, a detailed mechanism of
which subtype of MGA mutations needs more proofs from cell
line and animal experiments. Third, since both the GSEA analysis
and TIIC analysis were performed using data from the TCGA
database including patients treated with traditional standard
treatment, our analyses could not explain the results that MGA
mutation could not predict the prognosis of patients in TCGA
database with standard treatment. More studies were required to
clarify the mechanisms.
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