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Introduction. In recent years, immune checkpoint inhibitors (ICIs) have attracted widespread attention and made breakthroughs
in progress towards the treatment of various cancers. However, ICI therapy is selective, and its effects on many patients are not
ideal. It is therefore critical to identify prognostic biomarkers of response to ICI therapy. The PI3K/Akt pathway plays
important roles in tumor formation and metastasis. However, there are no published reports clarifying the relationship
between PI3K/Akt pathway mutations and prognosis for colon adenocarcinoma (COAD) patients receiving immunotherapy.
Methods. We collected data from a COAD cohort from The Cancer Genome Atlas (TCGA) database, including whole-exome
sequencing (WES) data, RNA-seq data, and clinical data. We also collected data, including clinical prognosis and targeted
sequencing data, from a cohort of COAD patients receiving immunotherapy. We collected 50 COAD patients (Local-COAD)
from the Zhujiang Hospital of Southern Medical University and performed targeted sequencing. We analyzed the effects of
PI3K/Akt pathway mutations on the patients’ clinical prognosis, immunogenicity, and immune microenvironments. Gene set
enrichment analysis (GSEA) was used to analyze the significantly upregulated and downregulated signaling pathways. We used
these results to hypothesize potential mechanisms by which PI3K/Akt mutations could affect the prognosis of COAD patients.
Results. Univariate and multivariate Cox analyses and Kaplan-Meier (KM) survival curves showed that patients with PI3K-Akt
mutations had better overall survival (OS) than those without PI3K-Akt mutations. Genes with significant mutation rates in
the two cohorts were screened by panoramic view. CIBERSORT was used to analyze changes in 22 types of immune cells to
identify immune activated cells. Similarly, patients in the PI3K/Akt-mutated type (PI3K/Akt-MT) group had significantly
increased immunogenicity, including increases in tumor mutation burden (TMB), neoantigen load (NAL), and MANTIS score.
Using GSEA, we identified upregulated pathways related to immune response. Conclusion. PI3K/Akt pathway mutation status
can be used as an independent predictor of response to ICI treatment in COAD patients. PI3K/Akt mutations are correlated
with improved OS, higher immunogenicity, greater immune response scores, and increases in activated immune cells.

1. Introduction

Colorectal cancer (CRC) is the fourth leading cause of can-
cer deaths worldwide. Approximately 95% of CRC patients
suffer from colon adenocarcinoma (COAD), which kills
900,000 people each year. Aging, poor lifestyle, obesity, and
smoking have all been shown to increase the risk of COAD
[1]. At present, the five-year survival rate of metastatic
COAD is only 14% [2]. The treatment methods for COAD

include endoscopy, surgical local resection, palliative chemo-
therapy, and targeted therapy. However, these treatment
methods are often ineffective for patients with metastatic
COAD [1]. ICIs (immune checkpoint inhibitors) have
advanced the treatment of many cancers in recent years [3,
4]. Antibodies that block immune checkpoints can promote
the immune system to find and destroy cancer cells, thereby
producing an effective antitumor immune response. At pres-
ent, antibodies against cytotoxic T lymphocyte-associated
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protein-4 (CTLA-4) and programmed cell death-ligand 1
(PD-L1) are the main ICIs used in clinical practice [5]. How-
ever, the overall rates of response to anti-PD-1/PD-L1 and
anti-CTLA-4 are low [6], and most patients show primary
or acquired resistance to these ICIs [7], which is mainly
due to unselective treatment administration [8, 9]. There-
fore, it is very important to identify suitable prognostic
markers of response to ICIs.

In recent years, studies have shown that mutations in
specific pathways and genes can be used as predictive
markers of ICI efficacy. NOTCH signaling is associated with
tumorigenesis, mutagenesis, and immune tolerance in non-
small-cell lung cancer (NSCLC), and mutations in NOTCH
can also be used to predict ICI efficacy [10]. Likewise, muta-
tions inMUC16 are correlated with prognosis in solid tumor
patients treated with ICIs [11]. TET signaling mutated-type
(TET-MT) patients treated with ICIs also tend to have a bet-
ter prognosis [12]. Microsatellite instability, tumor mutation
burden (TMB), and POLE/POLD1 mutations are also con-
sidered prognostic markers for colorectal cancer patients
treated with ICIs [13–15]. However, these prognostic
markers are unstable. For example, according to Lichten-
stern et al. [2], ICIs are only effective against 30-40% of mis-
match repair defects and high microsatellite instability
(dMMR-MSI-H) tumors, and dMMR-MSI-H COAD
accounts for only a small proportion of all COAD cases.

The PI3K/Akt pathway is activated in various cancers
and is considered a promising therapeutic target [16].
PI3K/Akt may promote carcinogenesis by stimulating prolif-
eration, survival, metabolic reprogramming, and invasion/
metastasis while inhibiting autophagy and aging. In recent
years, some studies have explored the role of the PI3K/Akt
pathway in the immune microenvironment. For example,
Best et.al [17] found that synergy between the KEAP1/
NRF2 and PI3K/Akt pathways drives changes in the
immune microenvironment of patients with non-small-cell
lung cancer. O’Donnell et al. [18] also found that PI3K/
Akt signaling improves the immune microenvironment of
several different types of cancers. These findings suggest that
PI3K/Akt pathway mutations may be prognostic markers for
COAD patients receiving ICI treatments. Somatic activation
mutations in PI3K/Akt are most commonly found in cancer
[19], but the effect of PI3K/Akt mutations on patient prog-
nosis remains unclear, especially for colorectal cancer
patients receiving ICI treatments.

In the present study, we analyzed the prognosis of
COAD patients in an immunotherapy cohort and a TCGA
cohort and examined changes in the immune microenviron-
ment and immunogenicity. We determined the effect of
PI3K/Akt pathway mutations on the prognosis of colon ade-
nocarcinoma patients receiving immunotherapy and
explored potential mechanisms for this effect by analyzing
the immune microenvironment and immunogenicity.

2. Methods

2.1. Clinical Samples and Group Definitions. To study the
effect of PI3K/Akt pathway mutations on the prognosis of
COAD patients, the TCGAbiolinks package [20] was used

to download whole-exome sequencing data, RNA-seq data,
and clinical data from the TCGA-COAD cohort. The second
cohort was an immunotherapy cohort previously reported
by Samstein et al. [15]; patients in this cohort received PD-
L1 or CTLA-4 inhibitors. For the immunotherapy cohort,
we obtained data on clinical prognosis and targeted sequenc-
ing data after immunotherapy. A cohort (Local-COAD)
containing 50 COAD patients from the Zhujiang Hospital
of Southern Medical University was collected and performed
target sequencing. The supplementary method shows details
of sample preparation and sequencing. This study has
obtained consent from the Ethics Committee of Zhujiang
Hospital of Southern Medical University and informed con-
sent of all participating patients. Immunogenic characteris-
tics of Local-COAD are shown in Table S1. We
determined the mutation status of each patient by
analyzing the number of mutations in the PI3K/Akt
pathway. Patients with no PI3K/Akt pathway mutations
were defined as PI3K/Akt-wild type (PI3K/Akt-WT), and
patients with PI3K/Akt pathway mutations were
categorized as PI3K/Akt-mutated type (PI3K/Akt-MT).

2.2. Data Acquisition and Preprocessing. TMB can predict
patients’ response to immunotherapy. According to Chal-
mers et al.’s definition of TMB [21], we evaluated TMB in
the TCGA-COAD and immunotherapy cohorts. Sequencing
data for base excision repair (BER), homologous recombina-
tion, mismatch repair (MMR), single-stranded breaks (SSB),
double-stranded breaks (DSB), nucleotide excision repair
(NER), nonhomologous end joining (NHEJ), Fanconi ane-
mia (FA), and their combined gene sets were downloaded
from the Molecular Signatures Database (MisgDB) [22],
and mutations in these DNA damage repair (DDR) path-
ways were analyzed. Published studies were used to define
neoantigen loads, immune-related genes, and immune
scores [23, 24]. We used the CIBERSORT algorithm to eval-
uate the proportions of 22 types of immune cells in the
tumor microenvironment [25]. The input files were the gene
expression matrix normalized by FPKM and the database
file containing marker genes of 22 types of immune cells.
The running code was from the official website of CIBER-
SORT (https://cibersort.stanford.edu/), and the number of
calculations for “permutations for significance analysis”
was 1000 times. The R package “limma” [26] was used for
the difference analysis, and the package “clusterProfiler”
[27] was used for enrichment analysis, result output, and
graphic display of Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) terms.

2.3. Statistical Methods. All relevant statistical tests were per-
formed in R. For univariate and multivariate Cox regression
analyses of the immunotherapy cohort, hazard ratios (HRs)
and 95% confidence intervals (95 CIs) were used to evaluate
the effect of PI3K/Akt pathway mutations on clinical prog-
nosis. A Kaplan-Meier (KM) curve was used to analyze the
relationship between pathway mutations and OS. R packages
“survival” and “survminer” were used for survival analysis
and visualization [28, 29]. Extraction and analysis of muta-
tion data were achieved through R package “Maftools”
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[30]. R package “ComplexHeatmap” was used for heat map
visualization [31]. Fisher’s exact test was used to compare
between-group differences in classified variables. Between-
group differences in continuous variables were compared
using a Mann–Whitney U test. The log-rank P was used to
compare the statistical differences in the KM survival analy-
sis, and P < 0:05 was considered statistically significant.

3. Results

3.1. The Number of PI3K/Akt Pathway Mutations Can Be
Used as an Independent Factor to Predict the Prognosis of
COAD Patients Receiving Immunotherapy. To explore the
effect of PI3K/Akt pathway mutation status on the prognosis
of COAD patients receiving immunotherapy, we constructed
a univariate Cox model with PI3K/Akt pathway mutation sta-
tus, age, and sample type as variables. In the immunotherapy
cohort, we found that age (elderly vs. young) and sample type
(primary vs. metastasis) were not related to the prognosis,
while the PI3K/Akt pathway mutation status was closely
related to patient prognosis (HR = 0:354, 95% CI: 0.162-
0.773, P < 0:05; Figure 1(a)). To eliminate potential interfer-
ence from other factors, a multivariate Cox model was used
to analyze other factors influencing patient survival. Results
from this analysis showed PI3K/Akt pathway mutation status
could be used as an independent predictor of prognosis in the
immunotherapy cohort (P = 0:021, HR = 0:392, 95% CI:
0177-0.871; Figure 1(a)). According to the KM curve, patients
in the PI3K/Akt mutation group had better OS than patients
without PI3K/Akt pathway mutations (P = 0:007, HR = 0:38,
95% CI: 0.14-1.07; Figure 1(b)).

3.2. Mutation Panorama and the Relationship between PI3K/
Akt Pathway Mutations and Clinical Features. To explore
the effects of PI3K/Akt pathway mutation status in COAD
patients at the DNA and RNA levels, we analyzed the top
20 most frequently mutated genes in the TCGA-COAD
and immunotherapy cohorts. The clinical characteristics
analyzed included PI3K/Akt mutation status, gender, sample
type, and MSI score. In the TCGA-COAD cohort, Fisher’s
exact test showed that except for KRAS (P = 0:53), the muta-
tion frequency of other genes in the PI3K/Akt-MT group
changed significantly compared to the PI3K/Akt-WT group
(P < 0:05; Figure 2(a)). In the immunotherapy cohort, only
PIK3CA (38.9% vs. 0%), ARID1A (34.7% vs. 0%), and
PTPRS (30.6% vs. 0%) had higher mutation frequencies in
the PI3K/Akt-MT group, while the mutation frequencies of
other genes did not change significantly. There were no sig-
nificant differences in the clinical features such as age, sex,
and sample type between the PI3K/Akt-WT and PI3K/
Akt-MT groups (P > 0:05; Figure 3(c)). The genes driving
mutations were usually mutually exclusive. We analyzed
the mutual exclusion of the top 20 most frequently mutated
genes in the immunotherapy and TCGA-COAD cohorts,
and the results are shown in Figure S1.

3.3. Effects of PI3K/Akt Pathway Mutations on
Immunogenicity. Immunogenicity refers to the ability to
induce a humoral or cell-mediated immune response. Differ-

ences in immunogenicity can occur due to differences in
TMB, DDR, NAL, or MANTIS score [32, 33], and changes
in immunogenicity can be determined by comparing
changes in these indexes. Immunogenicity can significantly
affect the prognosis of patients receiving ICI treatments. In
the TCGA-COAD cohort, patients in the PI3K/Akt-MT
group had a significantly increased number of mutations
in eight DDR and combined pathways (P < 0:05;
Figure 3(c)). Similarly, patients in the PI3K/Akt-MT group
had significantly increased TMB, MANTIS scores, and
NAL compared to patients in the PI3K/Akt-WT group
(all P < 0:05; Figures 3(e)–3(g)), which indicates that
mutations in the PI3K/Akt pathway are associated with
higher immunogenicity. In the immunotherapy cohort,
patients in the PI3K/Akt-MT group had significantly
increased mutations in the HR and MMR pathways
(P < 0:05; Figure 3(a)), while there was no significant dif-
ference in the number of mutations in other DDR-
related pathways. In both ICI-treated and Local-COAD
cohorts, the PI3K/Akt-MT group had significantly higher
TMB compared with the WT group (all P < 0:05;
Figures 3(b) and 3(d)). Importantly, a higher TMB indi-
cates that more tumor neoantigens can be recognized by
the immune system, thereby increasing the likelihood of
an effective antitumor immune response.

3.4. Effect of PI3K/Akt Mutation Status on the Immune
Microenvironment. The tumor immune microenvironment
plays a key role in response to ICI treatment. We therefore
evaluated the tumor immune microenvironments of COAD
patients. In the TCGA-COAD cohort, CIBERSORT analysis
identified several types of immune cells that were signifi-
cantly increased in the PI3K/Akt-MT group (P < 0:05;
Figure 4(a)), including M1 macrophages, neutrophils, and
natural killer (NK) cells, all of which are associated with
immune activation and enhanced immune response. By cal-
culating the enrichment score of the immune gene set, we
found that patients in the PI3K/Akt-MT group had more
sensitive immune responses and increased immune activity
than patients in the PI3K/Akt-WT group. Compared to the
PI3K/Akt-WT group, immune score indicators such as
IFN-gamma production, leukocyte fractions, lymphocyte
infiltration signature score, macrophage regulation, T cell
receptor (TCR) evenness, and Th1 and Th2 cell infiltration
were significantly increased in the PI3K/Akt-MT group
(P < 0:05; Figure 4(c)).

Immune checkpoint genes are the targets of ICIs. We
selected nine types of immune checkpoint genes and analyzed
their expression in the PI3K/Akt-MT and PI3K/Akt-WT
groups. We found that the expression of nine immune check-
point genes (CD274, HAVCR2, LAG3, CD276, IDO1, CTLA4,
TIGIT, PDCD1, and PDC1LG2) was significantly upregulated
in the PI3K/Akt-MT group (P < 0:05, Figure 4(b)). We
defined genes with similar immune functions as a series of
immune modules and analyzed the relationship between these
modules and PI3K/Akt pathwaymutations.We found that the
expression of genes from some immune modules, including
antigen presentation, cytolysis, and stimulating immune
responses, was significantly increased in the PI3K/Akt-MT
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group (P < 0:05; Figure 4(d)). To thoroughly understand
changes in immune function andmetabolic pathways, we used
GSEA to analyze enriched pathways in the PI3K/Akt-MT and
PI3K/Akt-WT groups and to calculate and visualize enrich-
ment fractions. GSEA revealed that some immune pathways,
including complement receptor-mediated signaling, mono-
cyte chemotaxis, neutrophil activation, and regulation of
interleukin-2 biosynthetic processes, were activated in the
PI3K/Akt-MT group, whereas PI3K/Akt pathways such as
PI3K events in ERBB2 signaling and SHC1 events in EGFR
signaling were inhibited. Pathways related to the synthesis of
substances such as fatty acids, organic cation/anion/zwitterion
transport, gamma-carboxylation, and amino-terminal cleav-
age of proteins were downregulated in the PI3K/Akt-MT
group (Figure 5(a)).

4. Discussion

In the present study, we used TCGA-COAD, Local-COAD,
and an immunotherapy cohort to explore the effect of
PI3K/Akt pathway mutations on the prognosis of colon ade-
nocarcinoma patients receiving ICI treatments. Through
univariate and multivariate Cox regression analyses and
KM curves, we found that mutations in the PI3K/Akt path-
way can significantly improve the OS of patients receiving
ICI treatments. Along these lines, the PI3K/Akt-MT group
had significantly increased TMB, NAL, MANTIS scores,
and DDR pathway mutations compared to the PI3K/Akt-
WT group. Increased PI3K/Akt pathway mutations resulted
in an immune microenvironment that was more favorable to
inhibit the growth of tumor cells. Meanwhile, GSEA revealed
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Figure 1: Results of the univariate and multivariate Cox regression analyses and KM survival curve of the immunotherapy cohort. (a) The
results of the univariate and multivariate regression analyses are displayed with a forest map. The main part of the forest map is used to show
the HR and 95% confidence intervals. The factors associated with good prognosis are HR < 1, and those associated with poor prognosis are
HR > 1. (b) The KM curve of the immunotherapy cohort (Samstein et al.) predicted OS (P < 0:01, log-rank test).
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Figure 2: Gene mutation panorama of colorectal cancer patients in the immunotherapy cohort (a) and TCGA-COAD cohort (b) and the
relationship between PI3K/Akt pathway mutations and clinical characteristics (c). (a) The 20 genes with the highest mutation frequencies in
COAD patients in the immunotherapy cohort and their corresponding clinical characteristics are displayed. The mutation frequencies of
PIK3CA, ARID1A, and PTPRS were significantly increased in the PI3K/Akt-MT group. Yellow represents cleavage site mutations, blue
represents missense mutations, orange represents frame shift mutations, green represents insertion/deletion mutations, and brown
represents nonsense mutations. (b) The 20 genes with the highest mutation frequencies in patients in the TCGA-COAD cohort and their
corresponding clinical characteristics are displayed. With the exception of KRAS, the mutation frequencies of all other genes changed
significantly. Yellow represents cleavage site mutations, blue represents missense mutations, orange represents frame shift mutations,
green represents insertion/deletion mutations, and brown represents nonsense mutations. (c) Relationship between PI3K/Akt pathway
mutations and clinical characteristics such as age, sex, and sample type differences in the immunotherapy cohort (∗P < 0:05; ∗∗P < 0:01;
∗∗∗P < 0:001; ∗∗∗∗P < 0:0001; Fisher’s exact test).
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Figure 3: Continued.
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that some immune response pathways were activated in the
PI3K/Akt-MT group, whereas some substance synthesis and
transport pathways were inhibited in the PI3K/Akt-WT
group.

Mutations in the PI3K/Akt pathway were often accom-
panied by genomic instability. We identified several mutated
genes, such as PIK3CA, ARID1A, and PTPRS, whose muta-
tion rate was significantly higher in the PI3K/Akt-MT group
of the immunotherapy cohort. Previous studies have shown
that about 15%-20% of patients with colorectal cancer carry
PIK3CA activation mutations, and patients with PI3KCA
mutations have better OS and progression-free survival
(PFS) [34]. However, for colorectal cancer patients receiving
ICI treatments, the effect of PIK3CAmutations on prognosis
is unclear. The present study found that patients in the
PI3K/Akt-MT group of the immunotherapy cohort had a
higher frequency of mutations in the PIK3CA gene, which
suggests that PIK3CA mutations may improve the prognosis
of colorectal cancer patients receiving ICI therapy. In colo-
rectal cancer patients, mutations in ARID1A are associated
with higher MSI, TMB, and cytotoxic T cell infiltration,
which result in improved prognosis [35]. Receptor-type pro-
tein tyrosine phosphatases (PTPRs) are a family of trans-
membrane immunoglobulins. The PTPR family plays an
important role in tumorigenesis and regulation of the
immune microenvironment [36]. Sun et al. found mutations
in PTPR family genes lead to better prognosis in NSCLC
patients receiving immunotherapy [37], suggesting that this
may be a potential mechanism by which PI3K/Akt-MT
patients have better immunotherapy efficacy. Thus, genomic
instability leads to mutations in genes associated with
improved prognosis, and these mutations may explain the
better prognosis of PI3K/Akt-MT patients compared to
PI3K/Akt-WT patients.

The higher immunogenicity of PI3K/Akt-MT tumors
may explain the improved prognosis of these patients com-
pared to patients with PI3K/Akt-WT tumors. We found that
PI3K/Akt-MT patients usually had significantly increased
TMB compared to PI3K/Akt-WT patients. The TMB usually
included coding and somatic mutations, but in some cases, it
also included insertions and deletions [38]. A high frequency
of somatic mutations can produce new antigens, which
increases the probability that tumors are recognized by the
immune system. Previous studies have shown that an
increased TMB can improve patient responses to PD-L1
inhibitors [39]. Samstein et al. [15] found that COAD
patients with high TMB receiving ICI treatments had a bet-
ter prognosis than patients with low TMB. Further studies
have shown that NAL is a better predictor of response to
immunotherapy than TMB [40, 41]. NAL can enhance the
immune system’s ability to recognize tumors by improving
T cell immunity and increasing neoantigen-specific T cell
content. Schumacher and Schreiber believe that ICIs may
partly function through neoantigen-specific T cells [42].
Therefore, NAL can be used as a prognostic marker for can-
cer patients receiving ICI therapies. In the present study,
patients in the PI3K/Akt-MT group had significantly
increased NAL, which could explain their better prognosis.
DDR pathway mutations are another potential explanation
for the improved prognosis of PI3K/Akt-MT patients. In
the present study, any mutations in genes in the DDR path-
way were defined as DDR pathway mutations. An abnormal
DNA damage repair system can lead to DNA damage repair
defects, which cause genomic instability and increased TMB.
Previous studies have shown that patients with comutations
in the DDR pathway have significantly longer OS than those
without comutations [43], and of the eight DDR pathways,
comutations in the HR-BER and HR-MMR pathways are
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9Journal of Immunology Research



associated with higher TMB and NAL than other comuta-
tion groups. In our study, the PI3K/Akt-MT group had a sig-
nificantly increased number of HR and MMR comutations,
which led to increases in TMB and NAL. To summarize,
PI3K/Akt-MT patients had higher TMBs and NALs and an
increased frequency of DDR pathway comutations, which
led to higher immunogenicity and improved prognosis.

Changes in the immune microenvironment are another
potential mechanism for the improved prognosis of PI3K/
Akt-MT patients. We found that PI3K/Akt-MT patients had
increased infiltration of immune cells such as M1 macro-
phages and NK cells. NK cells can directly kill tumor cells by
cytotoxicity and can also exert immune functions indirectly
by secretion of cytokines such as IFN-γ, TNF-α, CCL3, and
CCL4 [44]. However, the tumor microenvironment can inter-
fere with NK cell activation by inducing immune cell dysfunc-
tion and inhibiting NK cell antitumor immunity, which can
result in tumor immune escape. Under normal circumstances,
M1 macrophages can promote antigen presentation and acti-
vate Th1 immune responses by overexpression of IL-12 and
IL-23, thus killing tumor cells. On the contrary, M2 macro-
phages can promote tumor angiogenesis, shield immune sur-
veillance, and promote tumor growth and metastasis. In the
inhibitory tumor immune microenvironment, the tumor-
promoting effects of M2 macrophages are enhanced and the
antitumor effects of M1macrophages are inhibited, which fur-
ther affects NK cell infiltration. In the present study, CIBER-
SORT results showed that the abundance of NK cells and
M1 macrophages was significantly increased in the PI3K/
Akt-MT group. Dendritic cells (DCs) also appeared to affect
the activity of NK cells, although the mechanism for this was
unclear. One explanation is that NK cells can selectively
destroy nonimmunogenic DCs to screen for immunogenic
DCs, and this could be the reason that the PI3K/Akt-MT
group had decreased abundance of DCs.

IFN-γ is a multifunctional molecule with antiprolifera-
tion, antiapoptosis, and antitumor functions [45]. IFN-γ
can upregulate the major histocompatibility complex
(MHC) as well as MHC class II transactivator (CIITA),
resulting in MHC class II expression [46, 47]. The produc-
tion of IFN-γ is mainly limited to T lymphocytes and NK
cells, which can eventually induce an immune response by
CD4+ T cells and CD8+ T cells [48]. IFN-γ may exert anti-
tumor effects by regulating the cell cycle, inducing tumor cell
apoptosis, inhibiting tumor metastasis, and regulating tumor
angiogenesis. However, the effects of IFN-γ are not ideal in
an immunosuppressive microenvironment [49]. In the pres-
ent study, IFN-γ was upregulated in the PI3K-Akt-MT
group, which indicated that the immune effects of IFN-γ
could be restored when the immune microenvironment
was improved. It is worth noting that previous studies have
found that inhibition of PI3K could downregulate PD-L1
expression and enhance the antitumor effects of IFN-γ,
and it has been speculated that blockage of PI3K could max-
imize the antitumor effects of IFN-γ [50]. Our research
appears to confirm this hypothesis. In conclusion, we found
that PI3K/Akt pathway mutations can increase immune cell
infiltration and improve the immune microenvironment by
upregulation of proinflammatory cytokines.

Through GSEA, we screened for significantly upregu-
lated and downregulated pathways and used this informa-
tion to speculate the mechanism by which PI3K/Akt
pathway mutations lead to a better prognosis (Figure 5(b)).
The upregulation of interleukin-2 (IL-2) synthesis leads to
increased IL-2 content, and IL-2 enhances the immune func-
tion of CD4+ T cells through autocrine regulation [51].
Pathways related to monocyte chemotaxis and neutrophil
activation, which further enhance immune function, were
also upregulated in PI3K/Akt-MT patients. Signaling path-
ways related to amino acid modifications, substance
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transport, and fatty acid synthesis were downregulated in the
PI3K/Akt-MT group, thereby inhibiting tumor metabolism.
Bone marrow-derived suppressor cells (MDSCs) can expand
in cancer hosts and accelerate tumor progression. Previous
studies have shown inhibiting AKT and ERK signaling with
selective small molecule inhibitors or shRNAs can selectively
hinder the differentiation and viability of MDSCs [52].
Therefore, Akt mutations can limit the differentiation of
MDSCs and weaken the inhibitory effect of MDSCs on
immune cells. Regulatory T cells (Tregs) also play a key role
in maintaining autoimmune tolerance. Insufficient Treg
populations cause autoimmune disease due to the decline
of autoimmune tolerance. However, in tumors, immune tol-
erance is strong due to excessive Treg abundance, which fur-
ther inhibits the activity of immune cells and causes
resistance to immunotherapy [53]. Possible mechanisms
for this include the production of immunosuppressive cyto-
kines, direct cell contact inhibition, and cell lysis [54]. In
recent years, Akt inhibitors have shown promise in inhibit-
ing the immunosuppressive effects of Tregs. Inhibition of
Akt signaling can inhibit Tregs, reduce the inhibitory effect
of Tregs on endogenous antitumor immunity, increase infil-
tration of CD8+ T cells, and enhance antitumor immunity.
Furthermore, Tregs secrete IL-10 and chelated IL-2, which
inhibit antitumor immune responses; therefore, Treg inhibi-
tion can promote antitumor immune responses by decreas-
ing IL-10 and chelated IL-2 secretion [53, 55]. In a clinical
trial of an Akt inhibitor, Ipatasertib, plus paclitaxel, muta-
tions in PI3K-Akt pathway genes, such as PIK3CA and
AKT1, could enhance the therapeutic effect of the Akt inhib-
itor [56]. Mutations in PI3K reduce the expression of Cyclin
D1 and cyclin-dependent kinase 4 (Cdk4), a multiprotein
structure that is essential for the transition from G1 to S
phase of the cell cycle.

This study was not without limitations. Data from the
immunotherapy cohort was targeted sequencing data, which
is less thorough than WES; therefore, some mutations in
other genes of the PI3K/Akt pathway may have been missed.
Furthermore, because the immunotherapy cohort for COAD
was very limited, we only used publicly available data; in
future studies, we will select additional immunotherapy
cohorts for validation. Our study was also limited by the lack
of corresponding animal and cell line experiments.

In the present study, we studied the effect of PI3K/Akt
pathway mutations on the prognosis of COAD patients
and speculated on the corresponding mechanisms. Future
research should confirm our findings in additional immuno-
therapy cohorts as well as in cell line and animal experi-
ments. It is also necessary to conduct experiments at the
molecular level to determine the mechanism by which
PI3K/Akt pathway mutations improve the prognosis of
COAD patients.

5. Conclusions

The present study found that PI3K/Akt pathway mutations
are an independent predictor of improved prognosis for
COAD patients receiving ICI treatments. Patients in the
PI3K/Akt-MT group had significantly prolonged OS com-

pared to patients in the PI3K/Akt-WT group. In addition,
the PI3K-Akt-MT group had significantly increased immu-
nogenicity, significantly enriched immune cell infiltration,
and changes in the expression of immune markers. Changes
in the immune microenvironment were conducive to inhi-
biting the growth and migration of cancer cells. PI3K/Akt
mutation status can therefore be used as a novel predictor
of ICI response in COAD patients.

Abbreviations

ICIs: Immune checkpoint inhibitors
COAD: Colon adenocarcinoma
TCGA: The Cancer Genome Atlas
WES: Whole-exome sequencing
GSEA: Gene set enrichment analysis
KM: Kaplan-Meier
OS: Overall survival
PI3K/Akt-MT: PI3K/Akt-mutated type
PI3K/Akt-WT: PI3K/Akt-wild type
TMB: Tumor mutation burden
NAL: Neoantigen load
CTLA4: Cytotoxic T lymphocyte-associated protein-

4
PD-L1: Programmed cell death-ligand 1
BER: Base excision repair
MMR: Mismatch repair
SSB: Single-stranded breaks
DSB: Double-stranded breaks
NER: Nucleotide excision repair
NHEJ: Nonhomologous end joining
FA: Fanconi anemia
KEGG: Kyoto Encyclopedia of Genes and Genomes
TCR: T cell receptor
DDR: DNA damage repair.

Data Availability

The datasets generated during and/or analyzed during the
current study are available from the corresponding authors
on reasonable request.

Ethical Approval

This study was performed in line with the principles of the
Declaration of Helsinki. This study has obtained consent of
the Ethics Committee of Zhujiang Hospital of Southern
Medical University.

Consent

Informed consent was obtained from all individual partici-
pants included in the study.

Conflicts of Interest

The authors have no relevant financial or nonfinancial inter-
ests to disclose.

12 Journal of Immunology Research



Authors’ Contributions

All authors contributed to the study conception and design.
Material preparation, data collection, and analysis were per-
formed by Anqi Lin, Tianqi Gu, Xigang Hu, Jian Zhang, and
Peng Luo. The first draft of the manuscript was written by
Tianqi Gu, and all authors commented on previous versions
of the manuscript. All authors read and approved the final
manuscript.

Supplementary Materials

Supplementary Figure 1: mutual exclusion analysis of the
top 20 mutant genes in the immunotherapy cohort (a) and
TCGA cohort (b) (∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001; ∗∗∗∗
P < 0:0001; Fisher’s exact test). Table S1: the immunogenic
characteristics of patients in Local-COAD. Table S2: the list
of detected genes in targeted sequencing. (Supplementary
Materials)

References

[1] E. Dekker, P. J. Tanis, J. L. A. Vleugels, P. M. Kasi, and M. B.
Wallace, “Colorectal cancer,” Lancet (London, England),
vol. 394, no. 10207, pp. 1467–1480, 2019.

[2] C. R. Lichtenstern, R. K. Ngu, S. Shalapour, and M. Karin,
“Immunotherapy, inflammation and colorectal cancer,” Cells,
vol. 9, no. 3, p. 618, 2020.

[3] H. Hayashi and K. Nakagawa, “Combination therapy with PD-
1 or PD-L1 inhibitors for cancer,” International Journal of
Clinical Oncology, vol. 25, no. 5, pp. 818–830, 2020.

[4] T. E. Keenan and S. M. Tolaney, “Role of immunotherapy in
triple-negative breast cancer,” Journal of the National Compre-
hensive Cancer Network, vol. 18, no. 4, pp. 479–489, 2020.

[5] M. K. Callahan, M. A. Postow, and J. D. Wolchok, “Targeting
T cell co-receptors for cancer therapy,” Immunity, vol. 44,
no. 5, pp. 1069–1078, 2016.

[6] S. Qin, L. Xu, M. Yi, S. Yu, K. Wu, and S. Luo, “Novel immune
checkpoint targets: moving beyond PD-1 and CTLA-4,”
Molecular Cancer, vol. 18, no. 1, p. 155, 2019.

[7] M. Yi, S. Yu, S. Qin et al., “Gut microbiome modulates efficacy
of immune checkpoint inhibitors,” Journal of Hematology &
Oncology, vol. 11, no. 1, p. 47, 2018.

[8] D. S. Ettinger, D. E. Wood, C. Aggarwal et al., “NCCN guide-
lines insights: non-small cell lung cancer, version 1.2020,”
Journal of the National Comprehensive Cancer Network,
vol. 17, no. 12, pp. 1464–1472, 2019.

[9] J. Zhang, N. Zhou, A. Lin et al., “ZFHX3 mutation as a protec-
tive biomarker for immune checkpoint blockade in non-small
cell lung cancer,” Cancer Immunology, Immunotherapy,
vol. 70, no. 1, pp. 137–151, 2021.

[10] K. Zhang, X. Hong, Z. Song et al., “Identification of deleter-
iousNOTCHmutation as novel predictor to efficacious immu-
notherapy in NSCLC,” Clinical Cancer Research, vol. 26,
no. 14, pp. 3649–3661, 2020.

[11] L. Zhang, X. Han, and Y. Shi, “Association of MUC16 muta-
tion with response to immune checkpoint inhibitors in solid
tumors,” JAMA Network Open, vol. 3, no. 8, article e2013201,
2020.

[12] H.-X. Wu, Y.-X. Chen, Z.-X. Wang et al., “Alteration in TET1
as potential biomarker for immune checkpoint blockade in

multiple cancers,” Journal for Immunotherapy of Cancer,
vol. 7, no. 1, p. 264, 2019.

[13] H. S. Hochster, J. C. Bendell, J. M. Cleary et al., “Efficacy and
safety of atezolizumab (atezo) and bevacizumab (bev) in a
phase Ib study of microsatellite instability (MSI)-high metasta-
tic colorectal cancer (mCRC),” Journal of Clinical Oncology,
vol. 35, 4_supplement, p. 673, 2017.

[14] E. Domingo, L. Freeman-Mills, E. Rayner et al., “Somatic
POLE proofreading domain mutation, immune response,
and prognosis in colorectal cancer: a retrospective, pooled bio-
marker study,” Gastroenterología y Hepatología, vol. 1, no. 3,
pp. 207–216, 2016.

[15] R. M. Samstein, C.-H. Lee, A. N. Shoushtari et al., “Tumor
mutational load predicts survival after immunotherapy across
multiple cancer types,”Nature Genetics, vol. 51, no. 2, pp. 202–
206, 2019.

[16] M. Aoki and T. Fujishita, “Oncogenic roles of the PI3K/AKT/
mTOR axis,” Current Topics in Microbiology and Immunology,
vol. 407, pp. 153–189, 2017.

[17] S. A. Best, D. P. De Souza, A. Kersbergen et al., “Synergy
between the KEAP1/NRF2 and PI3K pathways drives non-
small-cell lung cancer with an altered immune microenviron-
ment,” Cell Metabolism, vol. 27, no. 4, pp. 935–943.e4, 2018.

[18] J. S. O’Donnell, D. Massi, M. W. L. Teng, and M. Mandala,
“PI3K-AKT-mTOR inhibition in cancer immunotherapy,
redux,” Seminars in Cancer Biology, vol. 48, pp. 91–103, 2018.

[19] K. M. Keppler-Noreuil, V. E. R. Parker, T. N. Darling, and J. A.
Martinez-Agosto, “Somatic overgrowth disorders of the PI3K/
AKT/mTOR pathway & therapeutic strategies,” American
Journal of Medical Genetics. Part C, Seminars in Medical
Genetics, vol. 172, no. 4, pp. 402–421, 2016.

[20] A. Colaprico, T. C. Silva, C. Olsen et al., “TCGAbiolinks: an R/
Bioconductor package for integrative analysis of TCGA data,”
Nucleic Acids Research, vol. 44, no. 8, article e71, 2016.

[21] Z. R. Chalmers, C. F. Connelly, D. Fabrizio et al., “Analysis of
100,000 human cancer genomes reveals the landscape of
tumor mutational burden,” Genome Medicine, vol. 9, no. 1,
p. 34, 2017.

[22] A. Liberzon, A. Subramanian, R. Pinchback,
H. Thorvaldsdóttir, P. Tamayo, and J. P. Mesirov, “Molecular
signatures database (MSigDB) 3.0,” Bioinformatics, vol. 27,
no. 12, pp. 1739-1740, 2011.

[23] V. Thorsson, D. L. Gibbs, S. D. Brown et al., “The immune
landscape of cancer,” Immunity, vol. 48, no. 4, pp. 812–
830.e14, 2018.

[24] R. Bonneville, M. A. Krook, E. A. Kautto et al., “Landscape of
microsatellite instability across 39 cancer types,” JCO Precision
Oncology, vol. 2017, 2017.

[25] B. Chen, M. S. Khodadoust, C. L. Liu, A. M. Newman, and
A. A. Alizadeh, “Profiling tumor infiltrating immune cells with
CIBERSORT,” Methods in Molecular Biology, vol. 1711,
pp. 243–259, 2018.

[26] M. E. Ritchie, B. Phipson, D. Wu et al., “limma powers differ-
ential expression analyses for RNA-sequencing and microar-
ray studies,” Nucleic Acids Research, vol. 43, no. 7, article e47,
2015.

[27] G. Yu, L.-G. Wang, Y. Han, and Q.-Y. He, “clusterProfiler: an
R package for comparing biological themes among gene clus-
ters,” OMICS, vol. 16, no. 5, pp. 284–287, 2012.

[28] T. M. Therneau and T. Lumley, “Package ‘survival.’,” R Top
Documentation, vol. 128, pp. 33–36, 2015.

13Journal of Immunology Research

https://downloads.hindawi.com/journals/jir/2022/8179799.f1.zip
https://downloads.hindawi.com/journals/jir/2022/8179799.f1.zip


[29] A. Kassambara, M. Kosinski, P. Biecek, and S. Fabian, “Pack-
age ‘survminer’,” Draw Surviv Curves using ‘ggplot2’(R Packag
version 03 1), 2017, https://rpkgs.datanovia.com/.

[30] A. Mayakonda, D.-C. Lin, Y. Assenov, C. Plass, and H. P. Koef-
fler, “Maftools: efficient and comprehensive analysis of
somatic variants in cancer,” Genome Research, vol. 28,
no. 11, pp. 1747–1756, 2018.

[31] Z. Gu, R. Eils, and M. Schlesner, “Complex heatmaps reveal
patterns and correlations in multidimensional genomic data,”
Bioinformatics, vol. 32, no. 18, pp. 2847–2849, 2016.

[32] A. Lin, T. Wei, J. Liang et al., “CAMOIP: a web server for com-
prehensive analysis on multi-omics of immunotherapy in pan-
cancer,” Briefings in Bioinformatics, vol. 23, no. 3, p. bbac129,
2022.

[33] A. Lin, J. Zhang, and P. Luo, “Crosstalk between the MSI status
and tumor microenvironment in colorectal cancer,” Frontiers
in Immunology, vol. 11, p. 2039, 2020.

[34] Z. B. Mei, C. Y. Duan, C. B. Li, L. Cui, and S. Ogino, “Prognos-
tic role of tumor PIK3CAmutation in colorectal cancer: a sys-
tematic review andmeta-analysis,” Annals of Oncology, vol. 27,
no. 10, pp. 1836–1848, 2016.

[35] R. Tokunaga, J. Xiu, R. M. Goldberg et al., “The impact of
ARID1A mutation on molecular characteristics in colorectal
cancer,” European Journal of Cancer, vol. 140, pp. 119–129,
2020.

[36] S. G. Julien, N. Dubé, S. Hardy, and M. L. Tremblay, “Inside
the human cancer tyrosine phosphatome,” Nature Reviews
Cancer, vol. 11, no. 1, pp. 35–49, 2011.

[37] Y. Sun, J. Duan, W. Fang et al., “Identification and validation
of tissue or ctDNA PTPRD phosphatase domain deleterious
mutations as prognostic and predictive biomarkers for
immune checkpoint inhibitors in non-squamous NSCLC,”
BMC Medicine, vol. 19, no. 1, p. 239, 2021.

[38] T. A. Chan, M. Yarchoan, E. Jaffee et al., “Development of
tumor mutation burden as an immunotherapy biomarker:
utility for the oncology clinic,” Annals of Oncology, vol. 30,
no. 1, pp. 44–56, 2019.

[39] M. Yarchoan, A. Hopkins, and E. M. Jaffee, “Tumor muta-
tional burden and response rate to PD-1 inhibition,” The
New England Journal of Medicine, vol. 377, no. 25, pp. 2500-
2501, 2017.

[40] N. Riaz, J. J. Havel, S. M. Kendall et al., “Recurrent SERPINB3
and SERPINB4 mutations in patients who respond to anti-
CTLA4 immunotherapy,” Nature Genetics, vol. 48, no. 11,
pp. 1327–1329, 2016.

[41] M. D. Hellmann, T. Nathanson, H. Rizvi et al., “Genomic fea-
tures of response to combination immunotherapy in patients
with advanced non-small-cell lung cancer,” Cancer Cell,
vol. 33, no. 5, pp. 843–852.e4, 2018.

[42] T. N. Schumacher and R. D. Schreiber, “Neoantigens in cancer
immunotherapy,” Science, vol. 348, no. 6230, pp. 69–74, 2015.

[43] Z. Wang, J. Zhao, G. Wang et al., “Comutations in DNA dam-
age response pathways serve as potential biomarkers for
immune checkpoint blockade,” Cancer Research, vol. 78,
no. 22, pp. 6486–6496, 2018.

[44] C. A. Biron, K. B. Nguyen, G. C. Pien, L. P. Cousens, and T. P.
Salazar-Mather, “Natural killer cells in antiviral defense: func-
tion and regulation by innate cytokines,” Annual Review of
Immunology, vol. 17, no. 1, pp. 189–220, 1999.

[45] F. Castro, A. P. Cardoso, R. M. Gonçalves, K. Serre, and M. J.
Oliveira, “Interferon-gamma at the crossroads of tumor

immune surveillance or evasion,” Frontiers in Immunology,
vol. 9, p. 847, 2018.

[46] Y. Shirayoshi, P. A. Burke, E. Appella, and K. Ozato, “Inter-
feron-induced transcription of a major histocompatibility class
I gene accompanies binding of inducible nuclear factors to the
interferon consensus sequence,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 85,
no. 16, pp. 5884–5888, 1988.

[47] M. Zhao, F. L. Flynt, M. Hong et al., “MHC class II transacti-
vator (CIITA) expression is upregulated in multiple myeloma
cells by IFN-γ,” Molecular Immunology, vol. 44, no. 11,
pp. 2923–2932, 2007.

[48] E. Alspach, D. M. Lussier, and R. D. Schreiber, “Interferon γ
and its important roles in promoting and inhibiting spontane-
ous and therapeutic cancer immunity,” Cold Spring Harbor
Perspectives in Biology, vol. 11, no. 3, 2019.

[49] C.-F. Lin, C.-M. Lin, K.-Y. Lee et al., “Escape from IFN-γ-
dependent immunosurveillance in tumorigenesis,” Journal of
Biomedical Science, vol. 24, no. 1, p. 10, 2017.

[50] Y. Gao, J. Yang, Y. Cai et al., “IFN-γ-mediated inhibition of
lung cancer correlates with PD-L1 expression and is regulated
by PI3K-AKT signaling,” International Journal of Cancer,
vol. 143, no. 4, pp. 931–943, 2018.

[51] S. C. McKarns and R. H. Schwartz, “Biphasic regulation of Il2
transcription in CD4+ T cells: roles for TNF-alpha receptor
signaling and chromatin structure,” Journal of Immunology,
vol. 181, no. 2, pp. 1272–1281, 2008.

[52] M. Gato-Cañas, X. Martinez de Morentin, I. Blanco-Luquin
et al., “A core of kinase-regulated interactomes defines the
neoplastic MDSC lineage,” Oncotarget, vol. 6, no. 29,
pp. 27160–27175, 2015.

[53] M. W. L. Teng, D. S. Ritchie, P. Neeson, and M. J. Smyth,
“Biology and clinical observations of regulatory T cells in can-
cer immunology,” Current Topics in Microbiology and Immu-
nology, vol. 344, pp. 61–95, 2011.

[54] E. M. Shevach, “Mechanisms of foxp3+ T regulatory cell-
mediated suppression,” Immunity, vol. 30, no. 5, pp. 636–
645, 2009.

[55] W. Zou, “Regulatory T cells, tumour immunity and immuno-
therapy,” Nature Reviews. Immunology, vol. 6, no. 4, pp. 295–
307, 2006.

[56] S.-B. Kim, R. Dent, S.-A. Im et al., “Ipatasertib plus paclitaxel
versus placebo plus paclitaxel as first-line therapy for metasta-
tic triple-negative breast cancer (LOTUS): a multicentre, ran-
domised, double-blind, placebo-controlled, phase 2 trial,”
The Lancet Oncology, vol. 18, no. 10, pp. 1360–1372, 2017.

14 Journal of Immunology Research

https://rpkgs.datanovia.com/

	Comprehensive Analysis Identifies PI3K/Akt Pathway Alternations as an Immune-Related Prognostic Biomarker in Colon Adenocarcinoma Patients Receiving Immune Checkpoint Inhibitor Treatment
	1. Introduction
	2. Methods
	2.1. Clinical Samples and Group Definitions
	2.2. Data Acquisition and Preprocessing
	2.3. Statistical Methods

	3. Results
	3.1. The Number of PI3K/Akt Pathway Mutations Can Be Used as an Independent Factor to Predict the Prognosis of COAD Patients Receiving Immunotherapy
	3.2. Mutation Panorama and the Relationship between PI3K/Akt Pathway Mutations and Clinical Features
	3.3. Effects of PI3K/Akt Pathway Mutations on Immunogenicity
	3.4. Effect of PI3K/Akt Mutation Status on the Immune Microenvironment

	4. Discussion
	5. Conclusions
	Abbreviations
	Data Availability
	Ethical Approval
	Consent
	Conflicts of Interest
	Authors’ Contributions
	Supplementary Materials



