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Abstract

Despite sustained advances in the diagnosis and treatment of cervical squamous cell
carcinoma (CESC), patients with advanced or recurrent CESC are prone to a poor
prognosis. Accumulating evidence suggests that autophagy-related genes (ARGs) are
prominent indicators of CESC prognosis. Transcriptomic and clinical data of CESC
patients were obtained from The Cancer Genome Atlas (TCGA) database to calculate
an autophagy-related gene prognostic index (API) based on the hub genes using a least
absolute shrinkage and selection operator (Lasso)-Cox regression model. Its efficacy
in predicting the overall survival (OS) and immunotherapeutic responses of CESC
patients was assessed. Three autophagy-related genes, B cell leukemia/lymphoma 2
(BCL2) and tumor protein p73 (TP73), were independent prognostic factors of CESC
and were used to obtain API. Patients with high API showed better OS, along with
enhanced infiltration of (cluster of differentiation 87) CD8T T and Treg cells, inhibition
of activated natural killer (NK) cells, and activation of dendritic cell infiltration in
CESC tissues. As compared to those with low API, patients with a high API showed
enhanced expressions of immune checkpoints, including programmed death-1 (PD-1),
programmed death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte associated protein 4
(CTLA4), and lower half maximal inhibitory concentration (IC5y) values for common
chemotherapy agents, including paclitaxel and cisplatin. Collectively, low expression
of ARGs, namely BCL2 and TP73, may be the Achilles’ heel for CESC. API could
accurately predict the prognosis and efficacy of immunotherapy and chemotherapy for
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CESC patients.
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1. Introduction

Cervical squamous cell carcinoma (CESC) is the second most
common tumor in women, with approximately 500,000 new
cases and 300,000 deaths annually, worldwide. It is the leading
cause of cancer-related death among women [1]. Patients with
early-stage (stage I/IT) CESC often show a favorable prognosis;
however, for those with advanced (stage III/IV) or metastatic
CESC, the prognoses are inevitably disappointing owing to
limited treatment options, which remain confined to a com-
bination of radiotherapy, immunotherapy, chemotherapy, and
targeted therapy [2, 3]. The S5-year progression-free survival
(PFS) and overall survival (OS) of these patients are 51% and
55%, respectively [4]. Accumulating evidence suggests that
immunotherapy is a promising treatment strategy, and may
improve the prognosis of patients with advanced or recurrent
CESCs.

Treatment with immune checkpoint inhibitors (ICIs), such
as programmed death-ligand 1 (PD-L1), programmed death

receptor 1 (PD-1), and cytotoxic T lymphocyte-associated
antigen-4 (CTLA4) inhibitors, is effective in improving
prognosis in various cancer types as compared to conventional
treatment [5, 6]. It offers hope for patients with advanced
metastatic or recurrent CESC and can be included in palliative
treatment [7, 8]. However, the caveat to ICI treatment is the
response of individual patients, some of whom may benefit
insufficiently from ICIs or show an inadequate response
thereto, thus limiting the wider application of ICIs [9].
Analysis of the immune cell infiltration landscape, reflective
of the patient’s response to ICIs, may yield new biomarkers
for prognostic prediction of CESC [10]. However, more
biomarkers are required to evaluate ICI’s ICI treatment
efficacy.

Autophagy is the process of degradation and recycling of
proteins and intracellular components during starvation or
stress [11]. It is strongly associated with tumor cell behavior,
inhibiting tumor occurrence and progression in the early
stages of tumorigenesis, while stimulating tumor growth and
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invasiveness in the later stages [12]. More importantly, by
receiving various stimuli from the tumor microenvironment
(TME), autophagy pathways in tumor and immune cells
can be altered, resulting in differential effects on tumor
progression, immune response, and therapy [13]. In tumor
cells, autophagy pathways are closely related to inflammation
and cell death pathways, thereby altering the immunogenicity
of TME and anti-tumor immune responses [14]. Therefore,
autophagic components are valuable targets for enhancing
immune abundance in TME and immune cell functions in
immunotherapy; autophagy-related molecules may serve as
inducible markers of tumor occurrence and progression [15].

This study aimed to identify prognostic markers for CESC
to predict the prognosis following conventional therapy versus
immunotherapy. Based on the autophagic components in
tumors, hub autophagy-related genes (ARGs) associated with
patient prognosis were screened. We aimed to construct an
autophagy-related prognostic index (API) to predict prognosis
and ICI efficacy in CESC patients. Subsequently, the molec-
ular and immune characteristics of APIs were characterized,
and its prognostic prediction ability for patients who underwent
immunotherapy was determined. The immunogenetic profiles
were also characterized.

2. Materials and methods

2.1 Data acquisition

Transcriptome, clinical, and somatic mutation data of 309
samples, including three normal cervical tissues and 306 CESC
tumor tissues, were extracted from The Cancer Genome At-
las (TCGA) (https://portal.gdc.cancer.gov/). A gene
list comprising 231 ARGs was obtained from the Human
Autophagy Database (http://www.autophagy.lu/index.
html).

2.2 API generation and validation

The transcriptome was analyzed to identify differentially ex-
pressed genes (DEGs) between normal and tumor tissues.
Genes fulfilling the cut-off criteria of fold-change (FC) ab-
solute value >1 and false discovery rate (FDR) <0.05 were
selected. Among these, autophagy-related differentially ex-
pressed genes (AEGs) were further analyzed. Their biological
functions were assessed by Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses using the clusterProfiler package in R (version 4.0.2,
2020). An adjusted p-value of < 0.05 was set as the cutoff to
filter significant functions.

Gene expression profiles and patient survival data were
integrated followed by the random division of tissue samples
into a training set (n = 184) and a testing set (n = 90). The
clinical features of the two sets were compared to examine
intergroup homogeneity. Univariate Cox regression analysis
was performed to identify prognostic AEGs in CESC tumor
tissues in the training set. The best prognostic prediction
model was constructed by LASSO Cox regression, wherein
the API represented the efficacy index. The efficacy of API
in predicting the OS of patients with CESC was validated
in the testing set. All patients were assigned to either high
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or low API groups based on the median API value obtained
in the training set. Patient OS between the two groups was
compared by Kaplan-Meier (KM) survival analysis. Receiver
operating characteristic (ROC) curves were plotted to evaluate
the predictive accuracy of API. Based on survival status and
AEGs, risk curves were plotted to identify high-risk ARGs
in CESC. The independence of API for prognostic prediction
was evaluated by univariate and multivariate Cox regression
analyses.

2.3 Profiling of immune cells and immune
checkpoint genes

Differences in 22 infiltrating immune cell types between CESC
and normal cervical tissues, and patients with high versus low
API were compared by cell type identification by estimating
relative subsets of RNA transcripts (CIBERSORT) algorithm
[16], and potential correlations between API and infiltrating
immune cells in CESC were assessed to determine the prog-
nostic value of the former. Differences in the expression
of immune checkpoint genes (PD-1, PD-L1, PD-L2, CTLA4,
lymphocyte activating 3 (LAG3), hepatitis A virus cellular
receptor 2 (HAVCR2/TIM3), T cell immunoreceptor with Ig
and ITIM domains (TIGIT), and V-set immunoregulatory re-
ceptor (VISTA)), and somatic mutations in tumorous tissues
were compared between the patients with high and low APL
The landscape of mutation profiles between high and low
API groups was visualized using waterfall plots drawn using
maftools in R.

2.4 Predicting efficacy of ICIs and targeted
therapies using API

The sensitivity of API in predicting the efficacy of common
ICIs was assessed using relevant data from the Cancer Im-
munome Atlas (TCIA) database (https://tcia.at/home)
with a comprehensive view of the immunogenomic landscape
of 20 solid cancers. The “pRRophetic” package in R was uti-
lized for chemosensitivity analysis. The efficacy of common
ICIs and two first-line chemotherapy agents (paclitaxel and
cisplatin) was compared between patients with high versus low
API. Sensitivity to chemotherapy was determined by the half-
maximal inhibitory concentration (ICs).

2.5 Establishment of a nomogram for
survival prediction

We performed a joint regression analysis for the expression
profiles of hub ARGs and clinicopathological data using the
“rms” package in R and obtained a clinicopathologic genomic
nomogram. Calibration curves were drawn for predicting OS
in CESC. The points (rating score) for each component in the
nomogram were calculated, and the OS rates of patients with
CESC were estimated according to the sum score. Correction
curves for the discrete degrees of actual versus predicted values
were plotted to assess the prediction accuracy of the nomo-
gram.
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2.6 Statistical analysis

All statistical analyses were performed using R (version 4.0.2,
2020) and SPSS (version 26, SPSS Inc., Chicago, IL, USA).
Log-rank and Wilcoxon tests were separately utilized for com-
parisons of survival data and continuous variables. The chi-
squared test was used to compare the distribution of discontin-
uous variables. Correlation analyses were performed using the
Spearman test. A two-tailed p-value < 0.05 denoted statistical
significance.

3. Results

3.1 Expression and biofunctions of 35 AEGs
in CESC

Transcriptome analysis yielded 3428 DEGs in CESC tissues,
wherein 1845 were upregulated while 1583 were downreg-
ulated. Their distributions were visualized using volcano
maps (Fig. 1A). This set of DEGs was intersected with 231
ARGs to obtain AEGs in CESC tissues, and 35 genes whose
expression patterns were significantly different from those in
normal tissues were identified (Supplementary Table 1), as
shown in the Venn diagram (Fig. 1B,C). GO analysis showed
that these AEGs were mainly enriched in biological processes
(BP) involved in apoptotic signaling; cellular components
(CC) including the mitochondrial outer membrane, organelle
outer membrane, and nuclear envelope, and molecular func-
tions (MF) of ubiquitin protein ligase binding, ubiquitin-like
protein ligase binding, and transcription factor-DNA bind-
ing (Fig. 1D). KEGG analysis suggested that apoptosis and
p53 signaling were significantly associated with these AEGs
(Fig. 1E).

3.2 Establishment and validation of API

The above-mentioned 35 AEGs were subjected to univariate
Cox regression, and three hub genes (BCL2, autophagy related
4D cysteine peptidase (ATG4D), and TP73) were found to
be significantly correlated with the survival of patients with
CESC, as shown in the forest map (Fig. 2A). Among them,
BCL2 and TP73 were included in the Lasso-Cox regression
model for obtaining the API (Fig. 2B,C). The API score was
calculated as follows: API = (0.3602 x Exppcr2) + (0.2656
X Exprpr3), wherein, Exp indicates the gene expression and
the numbers represent weight scores, indicating the impact
of the corresponding gene expression on the prognosis of
patients; the higher the value, the greater the impact on the
prognosis. The KM survival curves for the training set (p =
0.016), testing set (p = 0.045), and all patients (p = 0.004)
showed that those with a low API had significantly shorter OS
than those with high API (Fig. 2D), with area under the curves
(AUCs) of 0.655, 0.785, and 0.706, respectively (Fig. 2E).
This suggested satisfactory prediction accuracy of the API for
patient survival. Univariate and multivariate Cox regression
analyses demonstrated that stage classification (p = 0.002)
and API (p < 0.001) were independent prognostic factors for
CESC (Fig. 3A,B). The risk curves for the distribution of death
revealed a lower number of deaths and reduced death risk in
patients with high API as compared to those with low API

(Fig. 3C-E). Characteristic of the calculated APIs in high and
low riks group of CESE is shown in Supplementary Table 2.

Gene expression data of hub AEGs, along with age and
staging, were used to construct a prognostic nomogram for
estimating the survival probability of patients with CESC. The
predicted 1-, 2- and 3-year OS rates, calculated according to
the sum of each component score of the nomogram, were
very close to the actual values (Fig. 3F,G). This suggested an
accurate prediction ability of the clinicopathologic genomic
nomogram.

3.3 Immunological characteristics of CESC
tissues in patients with high versus low API

CIBERSORT was utilized for immune cell profiling in CESC
versus normal cervical tissues and patients with high versus
low API. Cell expression signatures were extracted from CESC
RNA sequencing (RNA-seq) data after excluding those with
inaccurate sample results (p-value > 0.05), comprising a to-
tal of 60 CESC samples. The results showed significantly
enhanced infiltration of resting memory CD4™ T cells and
M1/M2 macrophages in CESC versus normal cervical tissues
(Fig. 4A,B). KM survival analysis suggested that patients with
increased infiltration of activated memory CD4" T cells (p
< 0.001) and CD8* T cells (p = 0.049) showed longer OS
(Fig. 4C). Compared to those with a high API, reduced infil-
tration of naive B cells (p = 0.008), resting memory CD4™ T
cells (p = 0.041), activated memory CD4* T cells (p = 0.005),
and resting dendritic cells (DCs) (p = 0.012) but elevated abun-
dances of activated NK cells (p = 0.005), MO macrophages (p
=0.007), and eosinophils (p = 0.002) were observed in patients
with low API (Fig. 4D). High API scores were associated
with enhanced infiltration of CD8V T cells (R = 0.19, p =
0.014), regulatory T cells (Tregs) (R =0.23, p = 0.004), resting
memory CD4*1 T cells (R = 0.16, p = 0.038), monocytes (R
=0.21, p = 0.009), and naive B cells (R = 0.28, p < 0.001),
and attenuated infiltration of activated mast cells (R =—0.26, p
< 0.001), neutrophils (R = —0.18, p = 0.027), activated NK
cells (R = 0.001) = —0.16, p = 0.045), activated DCs (R =
—0.19, p = 0.018), eosinophils (R = —0.28, p < 0.001), and
MO macrophages (R =—0.22, p = 0.005) (Fig. 4E).
Subsequently, somatic mutation analysis was performed to
determine whether mutation frequency and tumor mutation
load could account for the differences in immune infiltra-
tion between the two API groups. As shown in the wa-
terfall plot (Fig. 5A,B), somatic mutations were frequently
observed in CESC tissues, and nearly 88.5% of them oc-
curred in patients with a high API. Mutations in Titin (TTN),
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic sub-
unit alpha (PIK3CA), lysine methyltransferase 2C (KMT2C),
mucin 4, cell surface associated (MUC4), and MUC16 were
frequently observed, most of which were of the missense type.
Differences in the expression of the eight most common
immune checkpoint genes between patients with high and low
API were examined. Among these, six, including PD-1 (p
= 0.024), PD-LI1 (p = 0.009), CTLA4 (p = 0.014), TIM-3 (p
= 0.042), TIGIT (p < 0.001), and VISTA (p = 0.046) were
elevated in patients with high API. No significant differences
were observed in the levels of PD-L2 (p =0.32) and LAG3 (p
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FIGURE 1. Identification of autophagy-related differentially expressed genes (AEGs) in CESC. (A) Volcanic maps
show the gene expression profile in CESC versus normal tissues. (B) Intersection of differentially expressed genes (DEGs)
with autophagy-related genes (ARGs). (C) The thermogram reveals the pattern of expression of 35 AEGs in CESC. Blue and red
indicate down-regulated and up-regulated ARGs, respectively. (D) GO enrichment analysis. (E) KEGG enrichment analysis. The
abscissa of the bubble diagram indicates the proportion of genes in each KEGG pathway. The bubble size indicates the number
of enriched genes. Blue and red represent low and high significance, respectively. The abscissa of the histogram represents the
number of genes assigned to each enrichment result. Blue and red represent low and high significance, respectively. CESC:
cervical squamous cell carcinoma; GO: gene ontology; KEGG: kyoto encyclopedia of genes and genomes.

=0.07) between the two groups (Fig. 5C).

3.4 API predicts the efficacy of
immunotherapy and chemotherapy in CESC
patients

Compared to patients with low API, those with high API
showed greater benefits from CTLA4 and PD-/ inhibitors (p
= 0.042) (Fig. 6A) and higher sensitivity (lower ICs5¢ values)
to paclitaxel (p = 0.0092) and cisplatin (p = 0.00046) (Fig. 6B).
Therefore, patients with high API may show adequate re-
sponses to common ICIs or chemotherapeutic agents. The risk

model allowed for the prediction of prognosis, and efficacy of
immunotherapy and chemotherapy for CESC patients, which
is expected to provide a reference for future clinical trials.

4. Discussion

IClIs are effective for relapsed or refractory CESC [17, 18] but
their application remains unsatisfactory owing to fluctuating
overall response rates (ORRs). Several recent studies on ICIs
describe promising preliminary results using a combination of
ICIs, radiotherapy, and chemotherapy in patients with cancer
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FIGURE 2. Establishment and validation of the API. (A) Three prognostic AEGs were used for API generation. (B) A
Lasso model was adopted to predict the trajectory of each independent variable. The horizontal axis represents the logarithmic

value of the independent variable A, and the vertical axis represents the coefficient of the independent variable. (C) Confidence

interval for each )\ in the Lasso model. (D) KM survival curves for overall survival prediction for patients with high versus low
APL. (E) ROC curves reveal the satisfactory predictive ability of API. ATG4D: autophagy related 4D cysteine peptidase; BCL: B
cell leukemia/lymphoma 2; TP73: tumor protein p73; API: autophagy-related gene prognostic index; AUC: area under the curves.

to achieve a high ORR [19, 20]. The expression of tradi-
tional biomarkers such as PD-1/PD-L1 or CTLA4 is unable
to accurately predict ICI sensitivity [10]. Therefore, effective
biomarkers to predict prognosis and potential immunothera-
peutic benefits are lacking, thus highlighting the importance
of identifying such biomarkers for CESC.

Autophagy is a catabolic process in response to cellular
stress, which can promote tumorigenesis, tumor growth, and
tumor progression, and suppress tumor initiation [21]. It
also controls the homeostasis of immune cells in the TME,
thus determining the survival, activation, proliferation, and
differentiation of NK cells, macrophages, DCs, and T and
B lymphocytes [22]. Amongst several autophagic stimuli,
immunosuppressive PD-L1/PDI engagement triggers T-cell
autophagy, thus helping tumor cells evade immune surveil-

lance and generate intrinsic drug resistance to immunother-
apy [23, 24]. The relationship between autophagy and other
immunotherapeutic agents and immune-mediated mechanisms
of antitumor activity has been reported previously [25]. In
general, autophagy has a complex relationship with the anti-
tumor immune system, which can participate in regulating
immune responses in the TME in several ways. Autophagy-
related biomarkers can be used for the evaluation and monitor-
ing of immunotherapeutic efficacy and prognostic prediction
in cancer patients [26].

ARGs are a set of genes involved in autophagy [27]. In
the current study, we identified 35 AEGs in CESC tissues;
among them, two, namely BCL2 and TP73, were the most
significantly related genes with the risk of CESC progression.
These were included for obtaining the API using a Lasso-Cox
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A Altered in 96 (80%) of 120 samples.
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B Altered in 119 (88.15%) of 135 samples.
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model. Anti-apoptotic BCL2 family of proteins is important in
promoting cell growth and maintaining cell survival [28]. The
BCL2 gene encoding BCL2 is strongly associated with better
prognosis in various tumor types [29, 30]. TP73, a member
of the 7P53 family, is also involved in tumor occurrence
and progression [31]. It is downregulated in tumor tissues
in the early clinical stages and is negatively associated with
lymph node or distant metastasis. Patients with CESC showing
high TP73 expression often have low-grade tumors and longer

OS, and thus, 7P73 is a promising biomarker for prognostic
prediction in CESC [32]. In this study, patients with high
API showed prolonged OS as compared to those with low
API. Although the survival curves intersected at 50% survival,
it does not imply that patients with low API have better OS
in the later stages. Before the intersection (11th year), only
3 patients had low API, while 10 had high API. A patient
with high API died, resulting in the intersection of curves
at the corresponding time; thus, a 50% survival rate did not
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correspond to a concomitant 50% death rate. Due to the small
number of patients, this cohort might be prone to a large bias.
We speculate that with the increase in the number of patients,
an intersection between the two curves may not be present
and this needs to be verified. The API showed satisfactory
accuracy in prognostic prediction for patients with CESC and
can be employed independently in the clinic. The nomogram
was a readable chart constructed based on hub AEG expression
and clinicopathological variables. It could offer more accurate
predictions for CESC prognosis.

In order to understand the molecular nature of the API,
we assessed mutations in patients with high versus low APL
Previous studies have reported frequent mutations in genes,
including SH3KBP1 binding protein 1 (SHKBPI), caspase 8
(CASPS8), major histocompatibility complex, class I, A (HLA-
A), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA), tumor protein p53 (TP53), and titin
(TTN) in patients with CESC [33, 34], which are partially
consistent with our results. In this study, high mutation rates
were found in TTN, PIK3CA, KMT2C, MUC4, and MUCI6,
which were mostly of the missense type. Mutations in MUC16
showed the most genetic variations in patients with high versus
low API. Upregulation of MUC16 promotes CESC progres-
sion via the Janus kinase 2/signal transducer and activator of
transcription 3 (JAK2/STAT3) pathway [35] and is associated
with a lower survival rate [36]. However, MUC6 mutations
are significantly associated with a better prognosis in gastric
cancer [37]. Therefore, tumor proliferation may be promoted
in patients with low API through the abnormally activated
JAK/STAT pathway, consistent with our results of survival
analysis.

In the current study, the tumor-infiltrating immune cell
landscape was profiled to examine the immune characteris-
tics of API. High API correlated with increased infiltration
of CD87T T cells and Tregs, and inhibition of infiltration of
activated NK cells and activated DCs. The predominant CD8*
T cell responses can boost an adequate immune response [38]
and are the preferred mechanisms underlying successful im-
munotherapeutic strategies. However, Tregs often defend
against autoimmunity, thus inhibiting antitumor immune re-
sponses and facilitating cancer progression [39]. NK cell
infiltration is significantly associated with prolonged survival
of cancer patients and the success of immunotherapy [40,
41]. In light of these intricate relationships among immune
cells, it is still too early to conclude the efficacy of API in
predicting tumor occurrence or development by evaluating
the immune cell landscape of individual patients and requires
further validation.

Subsequently, the relationships between API and known
biomarkers of immunotherapeutic response prediction, such
as immune checkpoints PD-LI and PD-I, were evaluated.
Accumulating evidence has ascertained the favorable perfor-
mance of immune checkpoints in assessing and monitoring
immunotherapeutic outcomes in cancer patients [42, 43]. In
this study, API could identify aberrantly expressed immune
checkpoint genes and predict patients’ responses to common
ICIs and chemotherapeutic agents. Six immune checkpoint
genes, including PD-1, PD-L1, CTLA4, TIM-3, TIGIT and
VISTA, were upregulated in tumor tissues of patients with high
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API. Patients with high API may benefit more from ICI treat-
ment. Our results of immunotherapeutic response prediction
also proved that patients with high API are more sensitive to
PDI and CTLA4 inhibitors than those with low API. API is
a prognostic marker based on two autophagy genes and can
reflect the autophagy state of the tumor. Autophagy deficiency
in tumors may result in genomic instability and anticancer
drug resistance. Autophagy pathways are crucial for TME
regulation including those of immune responses [44], which
may underlie the key to resistance against immunotherapy.
Interestingly, the above results are consistent with those of
chemotherapy prediction, whereby patients with low API were
less sensitive to cisplatin and paclitaxel. This may be due to
autophagy deficiency resulting in genomic instability and the
development of anti-cancer drug resistance [45]. Therefore,
the API based on three culprit AEGs responsible for CESC pro-
gression could successfully distinguish low-risk patients (with
high API) from high-risk patients and is worthy of application
to risk stratification and development of personalized treatment
for CESC patients.

5. Conclusions

In conclusion, low levels of ARG expression (BCL2, ATG4D
and TP73) were the Achilles’ heels for CESC. API could
accurately predict the prognosis and efficacy of immunother-
apy and chemotherapy in patients with CESC. However, our
conclusions require further experimental validation in future
studies.
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