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The processes of cancer initiation, progression, and response to therapy are
affected by the sex of cancer patients. Immunotherapy responses largely
depend on the tumor microenvironment (TME), but how sex may shape
some TME features, remains unknown. Here, we analyzed immune infiltra-
tion signatures across 19 cancer types from 1771 male and 1137 female
patients in The Cancer Genome Atlas to evaluate how sex may affect the
tumor mutational burden (TMB), immune scores, stromal scores, tumor
purity, immune cells, immune checkpoint genes, and functional pathways
in the TME. Pan-cancer analyses showed higher TMB and tumor purity
scores, as well as lower immune and stromal scores in male patients as
compared to female patients. Lung adenocarcinoma, lung squamous carci-
noma, kidney papillary carcinoma, and head and neck squamous carci-
noma showed the most significant sex biases in terms of infiltrating
immune cells, immune checkpoint gene expression, and functional path-
ways. We further focused on lung adenocarcinoma samples in order to
identify and validate sex-specific immune cell biomarkers with prognostic
potential. Overall, sex may affect the tumor microenvironment, and sex-
specific TME biomarkers may help tailor cancer immunotherapy in certain
cancer types.
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AUC, area under the curve; BLCA, bladder urothelial carcinoma; COAD, colon adenocarcinoma; DC, dendritic cell; DLBC, diffuse large b-cell
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interstitial dendritic cell; IL, interleukin; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute
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Sex-specific signatures in the TME

1. Introduction

Sex differences in cancer initiation, progression,
response to therapy, and prognosis outcome have been
reported across multiple cancer types [1,2]. It has been
proposed that men show higher incidence and mortal-
ity in most cancer types. For example, the mortality of
urinary bladder carcinomas in men clearly increases
compared with women [3]. However, there are also
some cancer types that undergo a higher risk in
women than in men, for example, thyroid cancer [4].
Further, there are also significant differences in cancer
immune responses between male and female patients
in several cancer types, and women generally mount
stronger innate and adaptive immune responses com-
pared with men [5,6]. Immune checkpoint blockade
(ICB) therapies targeting programmed cell death 1 (PD-
1) or ligand 1 (PD-L1) and cytotoxic T-lymphocyte
antigen-4 (CTLA-4) have demonstrated higher efficacy
than standard therapies in several cancers [7]. Conforti
et al. reported that men achieved greater efficacy
from ICB therapies compared with women in ran-
domized clinical trials including 11 351 patients with
advanced or metastatic cancers [8]. This trend con-
forms to the situation that ICB therapies may block
the immune inhibitory signals employed by tumor
cells and then stimulate the body’s immune response;
as women generally exhibit a stronger immune micro-
environment, this may result in women receiving less
therapy effect than men simply through enhancing
immune response. However, Wallis et al. reported
that there were no significant sex differences in terms
of the efficacy of immunotherapy in 23 randomized
clinical trials [9]. These conflicting results may be due
to cancer patients of different sex possessing different
TME and molecular features.

The TME contains many different non-cancerous
cell types in addition to cancer cells, such as fibroblasts
and infiltrated immune cells, which play important
roles in cancer progression, metastasis, and immune
therapeutic efficacy [10,11]. For example, it has been
proposed that regulatory T cells (Tregs) and tumor-
associated macrophages were correlated with pro-
tumor functions [12,13], B cells and natural killer
(NK) cells have been shown variously positively or
negatively to influence the prognosis of cancer patients
[14]. Other immune cell types, such as CD8* T cells,
have been proposed to be associated with improved
clinical outcomes and immunotherapy efficacy [15].
Recently, several computational techniques have been
developed to estimate the relative abundance of differ-
ent TME cells by using gene expression profiles of
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bulk tumors (from microarrays or RNA sequencing).
For example, single sample gene set enrichment analy-
sis (ssGSEA) uses cell-type-specific marker gene sets to
infer the cell abundance by calculating the enrichment
scores [16]. ImmuCellAI is designed to estimate the
abundance of immune cells by integrating the ssGSEA
and least-square regression algorithms [17]. CIBER-
SORT quantifies cell fractions by applying the decon-
volution algorithm to the signature matrices
containing gene expression profiles of purified immune
cells [18], and xCell integrates gene set enrichment with
deconvolution approaches to enumerate the abundance
of cell types [19]. These methods may help to investi-
gate the association of TME cells with cancers and
identify new immunotherapeutic biomarkers. Sex-
based differences in TME might also impact immune
response; however, its contribution to cancer progres-
sion and prognosis across different cancer types has
not been determined comprehensively [5].

Moreover, tumor mutational burden (TMB) was
proposed to be correlated with TME in hepatocellular
carcinoma and tracheal adenoid cystic carcinoma
[20,21]. TMB has also been shown to be correlated
with response to PD-1/PD-L1 blockade in patients
with diverse cancers, such as melanoma [22], non-
small cell lung cancer [23], and urothelial carcinoma
[24]. Further, Li et al. discovered large differences in
mutation burden between men and women in many
but not all tumor types [25]. Wang et al. reported that
TMB showed significant sex differences for the
immune checkpoint inhibitors response, and its predic-
tive power was significantly better for female than for
male lung cancer patients [6]. As the tumor immune
features may be different in men and women for some
cancers, investigation of the sex differences in these
features may help to identify sex-specific immune
signatures.

The availability of high-throughput molecular data
(e.g. whole-exome sequencing, microarrays, RNA
sequencing data) of multiple cancer types in The Can-
cer Genome Atlas (TCGA) data portal and the TME
cell estimation methods based on bulk expression data
provide an opportunity to analyze the immune fea-
tures. Herein, we performed a comprehensive analysis
to investigate sex-based differences of cancer immune-
related features across a broad range of cancer types,
including TMB, TME features (immune scores, stro-
mal scores, tumor purity, and immune cells), somatic
mutations, immune checkpoint genes, and immune
functional pathways, to understand potential sex-
specific immune biomarkers and their effects on cancer
progression, prognosis and, immunotherapy.
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2. Materials and methods

2.1. Data acquisition and processing

We obtained all TCGA cancer patients except those
with sex-specific cancers (e.g. ovarian cancer, uterine
cancer in women and prostate cancer, testicular cancer
in men) from the GDC TCGA data portal (https://
portal.gdc.cancer.gov/). The molecular data (e.g.
somatic mutation, gene expression) and clinical charac-
teristics (e.g. sex, age, tumor stage, and survival time)
were downloaded accordingly. We retained the pri-
mary cancer samples for each cancer type, and samples
younger than 18, older than 85 or lacking sex informa-
tion were excluded from the analysis. For gene expres-
sion data, FPKM-normalized profiles were used, and
all expression values were then log2 (value + 1) trans-
formed. Genes with > 90% of samples having zero
expression values were removed from the respective
cancer dataset. As our analyses attempt to test the sex
differences in tumor microenvironment characteriza-
tion, we focused on the samples with at least moderate
immune infiltration to provide a fair comparison. To
do this, we applied a deconvolution-based CIBER-
SORT algorithm [18] to the gene expression profiles of
each cancer to estimate the immune infiltration extent.
The samples for each cancer dataset with an empirical
CIBERSORT P < 0.05 were used for the following
analysis. Finally, we required that each cancer type
include sufficient sample sizes (> 10 for both male and
female patients). Thus, we obtained 19 cancer types,
including 2908 samples (1771 male and 1137 female
samples) (Table S1). The above processing for sample
filtering is shown in Fig. SI.

2.2. Tumor mutational burden

According to the Chalmers et al. study, TMB was
defined as the number of somatic, coding, base substi-
tution, and insertion or deletion mutations per mega-
base (Mb) of genome examined [26]. In our study, for
each cancer type, we downloaded the somatic muta-
tion annotation format (MAF) file (derived from Vars-
can2) from the GDC TCGA data portal, which is
obtained from TCGA whole-exome sequencing (WES)
data. Based on the MAF file, we extracted non-silent
somatic mutations (nonsense, missense, splice-site
mutations, stop codon read-throughs, change of start
codon, frame-shift indels, inframe indels) in the
protein-coding region of genes. For each sample, TMB
was calculated as follows: Npjuuon/Length, where
Niutation 18 the number of non-silent somatic
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mutations and Length is the length of coding regions
(Mb). In TCGA, 38 Mb is generally used as the esti-
mate of the length of coding regions; therefore, TMB
was calculated for each sample.

2.3. Inference of the infiltration levels of immune
cells and the scores of stromal and immune

Recently, a number of studies have applied single-
sample Gene Set Enrichment Analysis (ssGSEA) to
infer the relative level of immune cell infiltration based
on the cell-specific signature from RNA profiling data
[27]. In the study, we downloaded 24 immune cell
type-specific gene signatures from a Bindea et al. pub-
lication [28] (Table S2). Normalized gene expression
data (log2-transformed FPKM) were used to infer the
relative tumor infiltration levels of 24 immune cell
types using the ssGSEA algorithm. For each sample,
the gene signatures of each immune cell were anno-
tated to the ranked gene list based on the gene expres-
sion, and an enrichment score in the ssGSEA
algorithm was used to represent the relative infiltration
level of cell. We then applied the ESTIMATE (Estima-
tion of STromal and Immune cells in MAlignant
Tumor tissues using Expression data) algorithm [29] to
infer stromal and immune scores of tumor samples,
which reflect the level of infiltrating stromal and
immune cells. The ESTIMATE algorithm which per-
forms the ssGSEA strategy to infer these scores based
on gene expression data, and its predictive ability has
been validated in large and independent datasets (e.g.
TCGA). Moreover, tumor purity, which is the propor-
tion of cancer cells in the admixture, has been found
to be significantly associated with clinical features and
tumor biology. The tumor purity of each tumor sam-
ple was then inferred by using the ESTIMATE algo-
rithm by combining the stromal and immune scores.

2.4. Sex differences analysis of tumor
microenvironment features

The Wilcoxon rank-sum (WRS) test was used to com-
pare the differences in TMB, stromal score, immune
score, and tumor purity between male and female
patients for both pan-cancer and tumor type-specific
analysis. Moreover, TMB has been proposed to be
correlated with TME-related features (immune scores,
stromal scores, tumor purity, and immune cells) in sev-
eral cancer types [20,21]. Investigation of differential
correlations of TMB with TME-related features
between male and female patients may reveal new
insights into the sex differences in TME. To do this,
we first tested the correlation between TMB and tumor
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microenvironment features (including stromal score,
immune score, tumor purity, and immune cells) using
Spearman correlate analysis. The differential correla-
tion analysis was then performed by comparing the
correlations of TMB with a tumor microenvironment
feature (stromal score, immune score, tumor purity, or
immune cells) in male patients and female patients. To
test whether the correlation coefficients in males and
females were significantly different, we used Fisher’s
transformation method to transform correlation coeffi-
cients for each of male and female group, rpae and
Females 1NLO0 Zate and Zgemate, respectively, using the
following formula:

1 L+ male
Zmale = =In———
male B 1— Frale

M

where r 1is the Spearman correlation coefficient
between TMB and a microenvironment feature in male
groups. Similarly, we transformed the coefficient rgmare
into Zgmale- Differences between the two correlations
can be tested using the following formula:

Zmale - Zfemale
e~ e 2
— @

n—3 ny—3

Z — score =

where n; and n, are the numbers of male and female
patients. The Z-value has an approximately Gaussian
distribution [30] and the P-value can be obtained with
standard normal distribution according to the Z-score.

The gene expression values and immune cell infiltra-
tion levels were compared in the male and female
patients using an unpaired two-sided ¢-test for each
cancer type, and the P-values were adjusted using the
false discovery rate (FDR) method proposed by Benja-
min and Hochberg [31].

2.5. ldentification of sex differences in immune
function pathways

The immune function pathways were downloaded
from the ImmPort database (https://www.immport.
org/shared/home). The GSEA method was applied to
identify the immune function pathways of sex differ-
ences for each cancer type. Specifically, we compared
the gene expression values between female and male
patients with the z-test, and the gene sets of immune
pathways were respectively assigned to a ranked gene
list based on the T-score of expression values. If the
genes in a pathway were enriched at the top or bottom
of the list, the pathway will tend to be female-biased
or male-biased. For each pathway, the normalized
pathway enrichment score, its corresponding P-value,

J. Han et al.

and FDR were calculated through a permutation test
in a cancer type.

2.6. Identification of the immune cells driven by
sex-biased mutation genes

We first identified the sex-biased mutation genes. For
a cancer type, we focused on non-silent somatic muta-
tions (nonsense, missense, splice-site mutations, stop
codon read-throughs, change of start codon, frame-
shift indels, and inframe indels) in the protein-coding
region of genes. A binary gene mutation matrix was
constructed according to the MAF file, whose element
is 1 (true) if any mutation occurs in a particular gene
in a particular sample; otherwise it is 0 (false). To pro-
vide potential biological significance and detecting
power in our analysis, the genes with more than
5% mutation frequency were retained in each cancer
type. Pearson’s Chi-square test (continuity correction
was used if needed) was used to compare gene muta-
tion versus non-mutation status between male and
female patients. The P-values were then adjusted with
the FDR method [31]; FDR < 0.25 was considered
significant.

We then identified the immune cell responses trig-
gered by sex-biased mutation genes. The multivariate
logistic regression analysis was performed to estimate
the effect of sex-biased mutation genes on immune
cells in the individual cancer type.

2.7. Prognostic models of sex-specific immune
cells

As the immune cells for male and female patients of
cancer may be different, inference of sex-specific prog-
nostic signature of immune cells is important. Associa-
tions between the infiltration level of each immune cell
type and survival were tested using a univariate Cox
proportional hazard regression model in male and
female patients, respectively. With Cox P-value < 0.05,
the male- and female-specific prognostic cells were
obtained in male and female patients, respectively. A
male- or female-specific risk score for every patient in
male or female groups was calculated using a prognos-
tic score model based on the infiltration levels of the
immune cells. The prognostic score model was as fol-
lows:

Riskscore = Y, B0 3)

kes

where S is a set of male- or female-specific prognostic
cells; a; is the infiltration level of cell k; P, is the
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regression coefficient of the univariate Cox propor-
tional hazard regression model estimated on «; and
the overall survival data in male or female patient
groups. A high-risk score indicates poor survival for
patients. According to the median of male- or female-
specific risk scores, male and female patients were clas-
sified into high-risk and low-risk groups. Kaplan—
Meier curves for male- or female-specific survival were
generated in male and female patient groups, and were
compared using the log-rank test.

3. Results

We focused on primary cancer samples with at least
moderate immune infiltration. The CIBERSORT algo-
rithm was used to estimate the immune infiltration
extent of cancer (see Materials and methods). With
CIBERSORT P < 0.05, we obtained 19 cancer types
from TCGA with sufficient male and female sample
sizes (> 10 for both); the cancer types include bladder
urothelial carcinoma (BLCA), colon adenocarcinoma
(COAD), diffuse large B-cell lymphoma (DLBC), glio-
blastoma multiforme (GBM), head and neck squa-
mous cell carcinoma (HNSC), kidney renal clear cell
carcinoma (KIRC), kidney renal papillary cell carci-
noma (KIRP), acute myeloid leukemia (LAML), brain
lower grade glioma (LGG), liver hepatocellular carci-
noma (LIHC), lung adenocarcinoma (LUAD), lung
squamous cell carcinoma (LUSC), pancreatic adeno-
carcinoma (PAAD), rectum adenocarcinoma (READ),
sarcoma (SARC), skin cutaneous melanoma (SKCM),
stomach adenocarcinoma (STAD), thyroid carcinoma
(THCA), and thymoma (THYM). There are 2908 can-
cer samples in total (1771 male and 1137 female sam-
ples) (Table S1), and the corresponding molecular data
and clinical phenotype data were downloaded. A com-
prehensive analysis was performed to investigate sex-
based differences of TMB, TME cells, immune scores,
immune-associated genes, and functional pathways,
etc., in pan-cancer and each individual cancer type

(Fig. 1).

3.1. Sex-biased TMB and immune features

We first tested the difference in pan-cancer TMB
between male and female patient groups. TMB of male
patients was significantly higher than that of female
patients (WRS test P = 1.2e-07). As tumor characteris-
tics in the patients in different cancer types are fre-
quently different, we then tested whether there were
sex differences within individual cancer types. Seven of
these cancers showed significant sex differences (Fig.
S2); BLCA, KIRP, LIHC, LUAD, and SKCM were
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male-biased (WRS test P =0.008, 0.00026, 0.041,
0.0078, and 0.025 respectively); GBM and STAD were
female-biased (WRS test P =0.028 and 0.043). The
prevalence of TMB of male and female patients across
pan-cancer and these seven cancers is shown in
Fig. 2A.

To validate the sex-biased TMB, we collected
somatic mutation data from the cBioPortal and ICGC
data platform (the data sources were listed in Table
S3) for the cancers which showed significant sex-biased
TMB in TCGA. We obtained almost consistent results
in the validation sets, that is, male patients showed
higher TMB than female patients in BLCA, LUAD,
LINC, SKCM, and renal cell carcinoma (URCC), and
the female patients showed higher TMB than male
patients in GBM (Fig. S3).

We further tested the sex difference of immune
scores, stromal scores, and tumor purity in pan-cancer.
We found that the immune scores and stromal scores
were female-biased (WRS test P = 4.5¢-06 and 0.0089)
and tumor purity was male-biased (WRS test
P = 5.3e-05) (Fig. 2B-D). We also analyzed whether
there were sex differences of these features within indi-
vidual cancer types and focused our analysis on each
cancer type (Fig. S4-S6). Specifically, the immune
scores of female patients in HNSC, LUAD, and
LUSC (WRS test P = 0.018, 0.018, and 0.0019, respec-
tively) are significantly higher than those in male
patients, but lower than those in male patients in
KIRP and SARC (WRS test P =0.041 and 0.044)
(Fig. S4). For the stromal scores, the female patients
showed higher LUAD compared with the male
patients (WRS test P = 0.048) (Fig. S5), which is
lower than the male patients in SARC (WRS test
P =0.022). Additionally, the tumor purity in SARC
was significantly higher in female patients than male
patients (WRS test P = 0.024), but lower than male
patients in HNSC, LUAD, and LUSC (WRS test
P =0.038, 0.018, and 0.034, respectively). The female
patients in KIRP also exhibited higher tumor purity
than male patients, with statistical significance just
exceeding the threshold (WRS test P = 0.061) (Fig.
S6). Taken together, the male patients generally have
higher TMB and tumor purity, but lower immune
scores and stromal scores compared with female
patients in pan-cancer. However, there are some con-
trary results in some individual cancer types. For
example, the female patients were shown to have
higher immune scores and stromal scores, but lower
tumor purity compared with male patients in LUAD.
In contrast, the female patients had lower immune
scores and stromal scores, but higher tumor purity
compared with male patients in SARC. Our results

Molecular Oncology 16 (2022) 2153-2173 © 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 2157

Federation of European Biochemical Societies



Sex-specific signatures in the TME

[ ] [ J
n Male * Female
F o T S e ¥ o B

[ ] (]
n Male * Female
oy e

The Cancer Genome Atlas
19 cancer types, 2908 immune
infiltrated cancer patients

1137 female patients
» 1771 male patients
Transcriptomic data

Genomic data

J. Han et al.

[ °
H Male * Female

Clinical data 2= TP =P
—H=1 —H "1 »
—Her %‘
| jz)é
T i\i ~ =
©
® = * o

[ 3 [
“ Male * Female

e+ o SO+

S

Fig. 1. Overview of sex-based differences analysis of cancer immune-related features.

suggest a divergent sex difference of immune features
across different cancer types.

Finally, we tested the sex-biased immune cells across
different cancer types. We collected 24 immune cell
type-specific gene signatures from the Bindea et al.
publication [28] (Table S2). The ssGSEA algorithm
was applied to the normalized gene expression data to
estimate the relative infiltration level for each cell. To
identify sex-biased immune cell infiltration patterns,
we compared the cell infiltration levels between female
and male patients in each cancer type using the r-test.

The detailed results of sex-biased immune cells for
each cancer type are listed in Table S4. With FDR <
0.25, 10 of 19 cancers have at least one sex-biased
immune cell. In general, we observed several cancer
types to have female-biased immune cells, including
HNAC, KIRP, LUAD, and LUSC. For example, 14
of 24 immune cells were shown to have higher relative
infiltration levels in the female patients of LUAD
(Fig. 3). The two most significant female-biased cells
in the cancer are follicular helper T (Tfh) cells and
dendritic cells (DC; t-test FDR = 2.24e-06 and 5.72e-
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Fig. 2. Sex differences in TMB, immune scores, stromal scores, and tumor purity. (A) Prevalence of TMB of male and female patients in
pan-cancer (1771 male and 1137 female patients), BLCA (119 male and 51 female patients), KIRP (83 male and 29 female patients), LIHC
(29 male and 18 female patients), LUAD (190 male and 228 female patients), and SKCM (10 male and 12 female patients). Red lines show
median TMB for each group. (B) Box plots of immune scores of 1771 male and 1137 female patients in pan-cancer. (C) Box plots of stromal
scores of 1771 male and 1137 female patients in pan-cancer. (D) Box plots of tumor purity of 1771 male and 1137 female patients in pan-
cancer. The statistical significance (P-value) for each feature was determined by the Wilcoxon rank-sum test. The top and bottom error bars

indicate the 90th and 10th percentiles of each score.

(NSCLC) [32] and the DC were proposed to be the
key factors providing protective immunity against lung
cancers [33]. These results suggest that the Tfh cell and

05); the Tfh cells were demonstrated to be involved in
the antitumor immunity and were associated with bet-
ter clinical outcomes in non-small cell lung cancer
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Fig. 3. Bubble plot of sex-biased immune cells. Differences of the relative infiltration levels of 24 immune cell populations between male
and female patients across 19 cancer types: BLCA (119 male and 51 female patients), COAD (91 male and 71 female patients), DLBC (16
male and 20 female patients), GMB (36 male and 11 female patients), HNSC (297 male and 111 female patients), KIRC (154 male and 76
female patients), KIRP (83 male and 29 female patients), LAML (27 male and 28 female patients), LGG (55 male and 40 female patients),
LIHC (29 male and 18 female patients), LUAD (190 male and 228 female patients), LUSC (309 male and 110 female patients), PAAD (46
male and 40 female patients), READ (21 male and 17 female patients), SARC (68 male and 71 female patients), SKCM (10 male and 12
female patients), STAD (144 male and 83 female patients), THCA (29 male and 77 female patients), THYM (47 male and 44 female
patients). The statistical significance (P-value) for each cell was determined by the ttest, and which was then adjusted by FDR. The
immune cells with FDR < 0.25 are shown with prominent bubbles.

DC activities for male patients in LUAD should be
enhanced. In contrast, several cancer types (GBM,
KIRC, and SARC, etc.) had male-biased immune cells
(Fig. 3). For example, seven immune cells, including
plasmacytoid dendritic cells (pDC), neutrophils, eosin-
ophils, T central memory (Tcm) cells, T helper 17
(Th17) cells, cytotoxic cells, and CD8 T cells, were
shown to have higher infiltration levels in male SARC
patients. Moreover, pDC, which have been shown to
contribute to cancer pathogenesis [34] were also
observed to be male-biased in HNSC, KRIC, STAD,

and THCA. These results suggest that in male patients
of these cancers, pDC should be inactivated.

3.2. Sex-biased correlation of TMB with immune
features

As TMB was proposed to potentially correlated with
cancer immune infiltrates in previous studies, we tested
the differential correlation of TMB with TME features
(immune score, stromal score, tumor purity, and
immune cell infiltration level) between male and female
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cancer patients (Table S5). We found that the TMB
was negatively correlated with immune score and stro-
mal score, and positively correlated with tumor purity
in both male and female pan-cancer patients. Interest-
ingly, these correlations all showed significant sex dif-
ferences (Fisher’s transformation method, P = 0.038,
0.005, and 0.004, respectively), male patients posses-
sing greater correlation than female patients (Fig. 4A).
We then found nine immune cells to have a sex differ-
ential correlation with TMB in pan-cancer patients
(P < 0.05, Table S5), including T effector memory
(Tem) cell, NK cell, eosinophils, NK CDS56dim cell,
neutrophils, T helper 1 (Thl) cell, mast cell, T helper
(Th) cell and NK CD56bright cell (these cells names
are marked with red in Fig. 4A).

The most significant is mast cell (Fisher’s transfor-
mation method, P = 9.1e-05), which showed a signifi-
cant negative correlation with TMB in male patients
(marked with a red star) but did not show a correla-
tion in female patients. Mast cells are proposed to play
important roles in the control of innate and adaptive
immunity, endowing them with the ability to tune the
nature of host responses to cancer and ultimately influ-
ence the outcome and fate of the cancer patient [35].

The second significant cell is the Th cell (Fisher’s
transformation method, P = 3.9¢-04), which showed a
greater positive correlation with TMB in male than in
female patients. Knutson et al. reported that Th cells
were central to the development of an immune
response by activating antigen-specific effector cells
[36]. These results suggest that it should consider sex
differential correlation of some immune features with
TMB in the development of immunotherapeutic drugs
and methods.

We then tested the sex differential correlation of
TMB with immune cell infiltration level across differ-
ent cancer types (Table S6). For the Th cells, three
cancers, DLBC, HNSC, and STAD (Fisher’s transfor-
mation method, P = 0.026, 0.012, and 7.7e-04), were
found to have a sex-biased correlation with TMB (the
cancer names are marked in red in Fig. 4B). Specifi-
cally, Th cells showed a significant negative correlation
with TMB in female patients of DLBC (Spearman cor-
relation coefficients » = —0.64, P = 0.0024) but did not
show a significant correlation in male patients of
DLBC. Moreover, Th cells were found to have a posi-
tive correlation with TMB in female patients of STAD
(Spearman correlation coefficients r = 0.40, P = 1.9e-
04); however, the cells did not found to be significantly
correlated with TMB in the male patients of STAD.
We also observed that Th cells had a significant nega-
tive correlation with TMB only in male patients of
HNSC (Spearman correlation coefficients r = —0.19,

Sex-specific signatures in the TME

P = 9.2e-04). For mast cells, a sex-biased correlation
was found with TMB in KIRP and SKCM (Fisher’s
transformation method, P = 0.03 and 0.04) (Fig. 4B).
The mast cells of female patients of KIRP were shown
to be negatively correlated with TMB (Spearman cor-
relation coefficients » = —0.36, P = 0.053), but the cells
of male patients of KIRP did not show a significant
correlation with TMB (Spearman correlation coeffi-
cients r = 0.04, P = 0.69). In SKCM, the mast cells of
male patients showed a significantly greater negative
correlation with TMB (Spearman correlation coeffi-
cients r = —0.81, P = 0.0082) compared with female
patients. Our results provide insights into the sex dif-
ferential correlation between TMB and tumor immune
cells in different types of cancers.

3.3. Sex-biased immune checkpoint genes and
immune function pathways

To test whether the immune checkpoint genes (ICG)
differ between male and female cancer patients, we col-
lected 68 ICG from the Hu et al. study [37]. The
unpaired two-sided #-test was used to compare the
gene expression values between the female and male
patients for each cancer type. The statistically signifi-
cant P-values were adjusted using the false discovery
rate (FDR) method. It was shown that 88% of genes
(60/68) were sex-biased, including some well-known
ICG such as PDCDI1, CD274, and CTLA4. Moreover,
we found that seven of 19 cancers have at least one
ICG with a sex difference with FDR < 0.25: BLCA,
GBM, HNSC, KIRP, LUAD, LUSC, and PAAD
(Fig. 5A). The detailed information on ICG for each
cancer type is listed in Table S7. LUAD, LUSC, and
HNSC tend to have more female-biased ICG
(Female > Male), whereas KIRP and GBM tend to
have more male-biased ICG (Male > Female). Specifi-
cally, there are 31 female-biased ICG in LUAD; these
genes include some genes of the human leukocyte anti-
gen (HLA) family (e.g. HLA-A, HLA-B, HLA-C,
HLA-DMA, and HLA-DPBI1), CD274, CD40, CDS0,
CDS86, some genes of TNF receptor superfamily (e.g.
TNFRSF4, TNFRSF9, TNFRSF18). In contrast,
some genes of the HLA family (e.g. HLA-A, HLA-B,
HLA-C, HLA-DMA, and HLA-DPBI, etc.) were
shown to be male-biased in KIRP. Moreover, several
ICG (e.g. CD274, CD276, and TNFRSF4) were found
to be female-biased in KIRP (Fig. 5A). It has been
reported that the absence of HLA-I (e.g. HLA-A,
HLA-B, HLA-C) expression is a common finding in
different tumor tissues and is a major mechanism used
by tumor cells to escape T cell-mediated immune sur-
veillance [38]. Studies have also shown that the
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Fig. 4. Sex differential correlation of TMB with immune features. (A) Correlation of TMB with immune features (immune score, stromal
score, tumor purity, and immune cell infiltration levels) in 1771 male and 1137 female patients in pan-cancer. Spearman correlation
coefficients are computed, and are plotted on the x-axis in bar plots. Red asterisks indicate that the level of significance of correlation
coefficients was < 0.05 in male or female patient groups. Immune features with red labels indicate that the correlations of TMB with the
features are significant differences between 1771 male and 1137 female patients in pan-cancer (Fisher's transformation method, P < 0.05).
(B) Correlation of TMB with infiltration levels of Th cells and mast cells in male and female patients across 19 cancer types: BLCA (119
male and 51 female patients), COAD (91 male and 71 female patients), DLBC (16 male and 20 female patients), GMB (36 male and 11
female patients), HNSC (297 male and 111 female patients), KIRC (154 male and 76 female patients), KIRP (83 male and 29 female
patients), LAML (27 male and 28 female patients), LGG (55 male and 40 female patients), LIHC (29 male and 18 female patients), LUAD
(190 male and 228 female patients), LUSC (309 male and 110 female patients), PAAD (46 male and 40 female patients), READ (21 male and
17 female patients), SARC (68 male and 71 female patients), SKCM (10 male and 12 female patients), STAD (144 male and 83 female
patients), THCA (29 male and 77 female patients), THYM (47 male and 44 female patients). Spearman correlation coefficients are computed,
and are plotted on the y-axis in bar plots. Red asterisks indicate that the level of significance of correlation coefficients was less than 0.05 in
male or female patient groups. Cancer types with red labels indicate that the correlations of TMB with the features are significant

differences between male and female patient groups (Fisher’s transformation method, P < 0.05).

expression of PD-L1 protein (encoded by the CD274
gene) in tumor cells has been proposed as a predictive
biomarker of response to anti-PD-1/PD-L1 treatment
[39-41]. Our results suggest that sex differences of
ICG in the specific cancer types (e.g. KIRP, LUAD,
and LUSC) should be considered for the immune
checkpoint blockade therapies.

We then test the sex-biased immune function path-
ways across different cancer types. For each cancer,
we compared the gene expression values between
female and male patients with the z-test, and a gene
ranked list was constructed according to the f-scores
of genes. The immune function pathways downloaded
from the ImmPort database were mapped on the
ranked gene list, and the GSEA method was applied
to identify sex-biased pathways. With FDR < 0.25, 16
of 19 cancers have at least one sex difference pathway
(Fig. 5B). The detailed information on pathways for
each cancer type are listed in Table S8. Interestingly,
GBM, KIRP, LGG, LIHC, and SARC tended to have
more male-biased pathways, and HNSC, LUAD,
LUSC, PAAD, and THYM more female-biased path-
ways. For the significant immune pathways, the TNF
Family Members, receptors, cytokines, cytokine recep-
tors, and chemokines showed a consistently high
expression for male patients in GBM, LIHC, and
SARC, and for female patients in LUAD, LUSC, and
PAAD.

Overall, according to the sex differences of immune-
related features, the cancer types could be classified
into a ‘“‘strong sex-biased’ immune group and a ‘weak
sex-biased’ immune group. For the statistically signifi-
cant level (P-value) of TMB, immune scores, stromal
scores, tumor purity, and immune cells as well as the
fraction of significant features for immune cells,
immune checkpoint genes, and functional pathways,
the cancer types with more than half (at least four of

seven features) of significant sex-biased features were
labeled as the ‘strong sex-biased’ immune group, and
the others as the ‘weak sex-biased’ immune group
(Fig. 6). The strong sex-biased immune group includes
LUAD, LUSC, HNSC, KIRP, SARC, and GBM,
which shows much more extensive sex-biased TME
signatures; we should pay attention to the significant
sex-biased feature for these cancer types in the immu-
notherapy of cancer.

3.4. Sex-specific immune cell prognostic markers

The immune cells have been proposed to be associated
with the prognosis of cancer patients in our previous
study, and we wanted to see whether there were any
differences between male and female cancer patient
cohorts. For each cancer type, a univariate Cox pro-
portional hazards model was used to estimate the haz-
ard ratio (HR) of overall survival and statistical
significance level (P-value) for each immune cell in
males and females, respectively (Table S9). Cross can-
cer assessment of prognostic analysis in male and
female patients revealed significant immune cells (Wald
P < 0.05) (Fig. S7). Seven recurrently prognostic
immune cells (at least four cancer types) were identi-
fied in male patient cohorts, including Th2 cell, T cell,
DC, and NK cells. Th2 cell was proposed to promote
tumor progression through the secretion of cytokines
interleukin (IL)-4, IL-6, IL-10, and IL-13 to activate
tumor-associated M2 macrophages [42], and which
was found to be a risk factor of male patients in
SARC, LUAD, KIRP, PAAD, KIRC, and LIHC
(HR > 1, Wald P < 0.05). We also found that the T
cell played a large role in our fight against cancer as a
protective factor in male patients in BLCA, HNSC,
LUAD, and PAAD (HR < 1, Wald P < 0.05). Addi-
tionally, four recurrently prognostic immune cells (at
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Fig. 5. Sex-biased immune checkpoint genes and immune function pathways across 19 cancer types: BLCA (119 male and 51 female
patients), COAD (91 male and 71 female patients), DLBC (16 male and 20 female patients), GMB (36 male and 11 female patients), HNSC
(297 male and 111 female patients), KIRC (154 male and 76 female patients), KIRP (83 male and 29 female patients), LAML (27 male and
28 female patients), LGG (565 male and 40 female patients), LIHC (29 male and 18 female patients), LUAD (190 male and 228 female
patients), LUSC (309 male and 110 female patients), PAAD (46 male and 40 female patients), READ (21 male and 17 female patients),
SARC (68 male and 71 female patients), SKCM (10 male and 12 female patients), STAD (144 male and 83 female patients), THCA (29 male
and 77 female patients), THYM (47 male and 44 female patients). (A) Heatmaps of immune checkpoint genes for each cancer type.
Differential expression extents (t-scores) of genes between male and female patients are calculated by ttest, and female-biased and male-
biased genes are shown in red and blue, respectively. Boxes highlight the statistically significant immune checkpoint genes (FDR < 0.25).
(B) Heatmaps of immune function pathways for each cancer type. Sex-biased immune function pathways are identified by GSEA based on
the sex-biased gene ranks of mRNA expression for each cancer type, and normalized enrichment score (ES) for each pathway is also
calculated by GSEA. Female-biased and male-biased pathways are shown in red and blue, respectively. Boxes highlight the statistically
significant enriched pathways (FDR < 0.25).
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Fig. 6. Classification of cancer types. The cancer types are classified into ‘strong sex-biased’ and ‘weak sex-biased’ immune groups. The
statistically significant level (P-value < 0.05) for TMB, immune scores, stromal scores, and tumor purity as well as the fraction of significant
features (FDR < 0.25) for immune cells, immune checkpoint genes, and functional pathways were shown for each of cancer types. The
‘strong sex-biased’ immune group and ‘weak sex-biased’ immune group are marked in orange and blue, respectively. The statistical
significance (P-value) for TMB, immune scores, stromal scores, or tumor purity was determined by the Wilcoxon rank-sum test.
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least four cancer types) were identified in female
patient cohorts: Th17 cells, Tem cells, NK cells, and
CD8 T cells (Fig. S7). For example, Th17 cell was
found to be a protective factor in female patients in
LUAD, COAD, STAD, and LAML. Tem cell was
found to be a protective factor in female patients in
LUAD and PAAD, but a risk factor in female patients
in STAD and LUSC. The recurrently prognostic
immune cells were observed in male or female patients
across different cancer types, highlighting the repur-
posing potential of immunotherapy drugs targeting
these cells.

As LUAD shows much more extensive sex-biased
immune-related features (TMB, immune scores, stro-
mal scores, tumor purity, immune cells, immune cells,
immune checkpoint genes, and functional pathways)
compared with other cancer types (Fig. 6), we took
LUAD as an example to investigate further whether
the sex-specific signatures based on sex-specific cells
could classify the male and female patients into high-
risk and low-risk groups, respectively. With Wald
P <0.05 in univariate Cox proportional hazards
model, we identified eight significant immune cells for
female patients (Fig. 7A): Tem cell, Tcm cell, intersti-
tial dendritic cell iDC), Th17 cell, Tth cell, mast cell,
and macrophages are protective factors (HR < 1) and
Th2 cell, a risk factor (HR > 1). In contrast, there
were eight significant immune cells for male patients:
Tem cell, iDC, pDC, Tth cell, NK cell, T cell, and B
cell are protective factors, and Th2 cell, a risk factor.
Although four significant cells overlap between male
and female patients, their association with the extent
of survival differs between these patients. With the
sex-specific cells, the male- and female-specific prog-
nostic signatures were constructed. For these signa-
tures, we respectively calculated the risk score of
signature for every male and female patient based on
the cell infiltration level; the risk score formulas are
listed in the Supporting Information. We then used the
Kaplan—-Meier method and log-rank test to evaluate
the power of classification of risk scores in male and
female patients. According to the median of male- and
female-risk scores, male and female patients were clas-
sified into high-risk and low-risk groups (log-rank test

J. Han et al.

P < 1.0e-4 for female patients; P = 1.8e-4 for male
patients) (Fig. 7B,C). We further performed multivari-
ate Cox proportional hazard regression analysis in
male and female LUAD patient groups to test whether
the male- and female-risk scores are independent prog-
nostic factors compared with other clinical characters,
including age and clinical stage. The results showed
that both male- and female-risk scores could serve as
independent prognostic factors for OS after multivari-
able adjustment by clinical characters in male and
female LUAD patient groups, respectively (Table S10).

To determine whether the male- and female-specific
cells had the same or similar prognostic value in inde-
pendent datasets, we then applied the same method to
classify male and female patients from two indepen-
dent lung adenocarcinoma datasets, Raponi et al. [43]
and GSE68465 [44]. For each independent validation
set, male and female patients were respectively divided
into high-risk and low-risk groups (log-rank test, P =
0.055 and P = 0.0036 for female and male patients in
Raponi et al. dataset, Fig. 7D and E; P = 0.0089 and
P < 1.0e-4 for female and male patients in GSE68465,
Fig. 7F and G). Patients with high-risk scores had sig-
nificantly shorter overall survival than those with low-
risk scores.

Furthermore, several other cancer types (such as
LUSC and HNSC) also showed sex-biased features,
except LUAD (Fig. 6). Therefore, we also constructed
the sex-specific risk score models in the strong sex-
biased cancer types. The detailed results are listed in
the Supporting Information and Fig. S8.

3.5. Sex-biased somatic mutations and their
driven immune cells

To identify sex-biased somatic mutations, the genes
with high frequency mutations were retained in each
cancer type (> 5% mutated samples). We focused on
LUAD, which showed significant sex differences in
various immune features (TMB, immune score, stromal
score, and tumor purity, etc.). Pearson’s Chi-square test
was used to identify sex-biased somatic mutations (See
Materials and methods). At FDR = 0.25 in the Chi-
square test, we identified two female-biased and eight

Fig. 7. Prognostic associations of immune cells in LUAD. (A) Forest plots of the univariate Cox hazard model for overall survival in 190 male
and 228 female patients, respectively. HR (boxes) and 95% confidence intervals (horizontal lines) are shown. Box size is inversely
proportional to the width of the confidence interval. Asterisks denote estimates with a P-value < 0.05. Kaplan—-Meier survival curves of
patients classified into high- and low-risk groups: (B) 228 female patients of TCGA-LUAD using the female prognostic score model; (C) 190
male patients of TCGA-LUAD using the male prognostic score model; (D) 46 female patients of Raponi et al. set using the female
prognostic score model; (E) 81 male patients of Raponi et al. dataset using the male prognostic score model; (F) 220 female patients of
GSE68465 datasets using the female prognostic score model; (G) 223 male patients of GSE68465 datasets using the male prognostic score
model. P-values are calculated by log-rank test. Vertical hash marks indicate censored data.
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Altered in 237 (56.70%) of 418 samples

Sex Q 111

1 Lo sl b L bl b L ¥
1000

] . Stromal score
—1000

2000
10001
Immune score

—1000
EGFR IIIIIIII U0 A A | REMEY
s | IO T o T | I | m s
conwe | i [ B v
STt L [ | LT R
zan | i A Jum A e
000000 T e
|| I (i I W, e

AT i RO Oy 0 T T [ -
SPEG” I ||| | | ||| [ ] 3.0% /7.6%

cwns | AR T | |l e

—r—
00102

Mutation type Nonsense_Mutation In_Frame_lIns Frame_Shift_Ins Splice_Site  Sex [ll Female Mutation ratio
B Missense_Mutation [l In_Frame_Del [l Frame_shift_Del [l Multi_Hit H Male
(B) (€)
Sex Direction 7 IDC
] Female-biased Up EGFR
B Male-biased B Down IMacrophages I '\s":):ation Stau; 2 Mutation status
|z cete HHHHH I IIH}HIHHI II\ (I \IHI{ }IHHHH || mocens [, M
| Gytotoric cells iH | HM ‘ H{ HH‘H I{ \IH ‘ il \‘\H ’I‘ ‘chytowxicce"s  sex
O 1 0 £ e . MR i
IHI JilE || H\ il H I\H L mizcens M
trowarons [P WA AR oo
| Tom cetis A HII MO T heler ol 2
Male ITh17 I (D)
. e STK11
abDC Mutation status
1 CD8 Tecells e T 3 2 Mmﬁ"’"'smus
I st cells | H L]l HI HIIIIH \ LIl HHH‘ \ HII\IaDC LI s
INKCD56brightceIIs “ ‘ ” H ||| ‘ H‘ | W” ‘ {m“ ‘ ||HH ‘ Macrophages o Se
Female 1 NK CD56dim cells LI | il HII AN AT Fomsle
ST RO L N e
" Th cels \IIHH I W L IH | BLEL ST N |
b I TS . 8-

Fig. 8. Sex-biased somatic mutations and their driven immune cells in LUAD. (A) Waterfall plot of sex-biased somatic mutation genes in 237
LUAD samples (126 male and 111 female patients). The statistical significance (P-value) was determined by the Chi-square test, which was
then adjusted by FDR. Genes with Chi-square test FDR < 0.25 are shown. Samples are displayed as columns with the sex label on the top,
and TMB, immune scores, stromal scores, tumor purity, and different types of somatic mutations are shown below. The bar plots next to
the waterfall plot show the mutation frequencies of male and female patients. (B) Sankey diagram demonstrates the immune cells
associated with sex-biased somatic mutation genes based on 418 LUAD patients (190 male and 228 female patients). (C) Heatmaps of the
infiltration levels of immune cells between patients with mutation of EGFR in based on 418 LUAD patients. (D) Heatmaps of the infiltration
levels of immune cells between patients with mutation and no mutation of STK11 based on 418 LUAD patients.
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male-biased somatic mutation genes in LUAD (Fig. 8
A). The detailed results are listed in Table S11. EGFR
mutations were identified to be female-biased (male ver-
sus female: 7.2% versus 17.3%, Chi-square test FDR =
0.20) in LUAD patients. Interestingly, the mutations
were proposed to be associated with tyrosine kinase
inhibitor (gefitinib) response and prolonged survival in
NSCLC patients [45], which were also proposed to
result in a decline of immune infiltration or a lack of
infiltrating immune cells in the NSCLC microenviron-
ment [46]. STK11was identified to be male-biased (male
versus female: 14.8% versus 8%, Chi-square test
FDR=0.15), which was consistent with previous studies
[47,48]. However, we found this gene to be more fre-
quently mutated in males than in females for the
immune-infiltrated LUAD cohort. Moreover, Koyama
et al. proposed that STK11/LKBI1 deficiency may pro-
mote neutrophil recruitment and proinflammatory cyto-
kine production to suppress T-cell activity in the lung
tumor microenvironment [49].

Further to estimate which immune cell responses
may be potentially triggered by sex-biased mutation
genes, we performed the multivariate logistic regres-
sion analysis on gene mutation status and cell infiltra-
tion levels in LUAD (Fig. 8B); eight of 10 sex-biased
mutation genes were associated with at least one
immune cell. The statistically significant cells associ-
ated with these mutations are listed in Table S12. For
example, we found that EGFR mutations were associ-
ated with six immune cells (multivariate logistic regres-
sion P < 0.05), five cells of which are downregulated
(Th2 cells, cytotoxic cells, Tcm cells, Th17 cells, T
gamma delta (Tgd) cells), and one cell upregulated (T
helper cell) in EGFR mutation patients (Fig. 8C). For
the patients with STK11 mutations, three cells were
downregulated (aDC, macrophages, and NK cells) and
three cells upregulated (Th17 cells, Th2 cells, and Mast
cells) (Fig. 8D). These results may help understanding
of potential immune cells driven by sex-specific muta-
tions in order to implement precise treatment.

3.6. Sex differences of TIMIB’s ability in predicting
the response to immunotherapy

TMB was proposed to be a predictive biomarker of the
immune checkpoint blockade therapy response in previ-
ous studies. We wanted to know whether the TMB pre-
dictive power showed sex differences. Three public ICB
cancer therapy datasets (anti-PD-1, anti-PD-L1, or anti-
CTLA-4), including pan-cancer [50], non-small cell lung
cancer [51], and clear cell renal cell carcinoma [52], were
collected from the cBioPortal website (http://www.
cbioportal.org/). TMB was used to predict the response

Sex-specific signatures in the TME

to ICB therapies in male and female patients, respec-
tively, for each dataset. The receiver operating charac-
teristic curve analysis was performed, and the area
under the curve (AUC) was used to evaluate the predic-
tive power of TMB. The results showed that the AUC
in female patients is larger than in male patients for each
dataset (Fig. S9), which indicates that TMB has a better
predictive power for females than for males in cancer.
These results are consistent with a previous study [53],
which tested sex differences in the performance of TMB
in ICB response prediction only in lung cancer. The
female-favored predictive power of the TMB may be
due to the female patients having a stronger immune
score (immune microenvironment) compared with male
patients (Fig. 2B). The female patients with high TMB
are highly immunogenic and may exhibit stronger
immunosuppressive signals. ICB therapy may block
these signals between tumor cells and immune cells, and
thus the tumor can be attacked more effectively in
female patients than in male patients.

4. Discussion

Sex is a key factor that has been proposed to be asso-
ciated with cancer initiation, progression, and progno-
sis outcome in multiple cancer types [1,2]. Although
the significance of the sex effect in cancer immune
responses is known from some of the literature [5,8],
its immune microenvironment characterization has
largely remained elusive. A comprehensive analysis of
immune-related feature differences between male and
female cancer patients is urgently needed. Our study
focuses on sex-based differences of TMB, TME fea-
tures (immune scores, stromal scores, tumor purity,
and immune cells), immune checkpoint-related genes
and functional pathways, etc., in immune-infiltrated
cancer patients.

We discovered large sex differences of TMB in pan-
cancer and several individual cancer types. For exam-
ple, the male patients in BLCA, KIRP, LIHC, LUAD,
and SKCM showed higher TMB than female patients,
and the female patients in GBM and STAD showed
higher TMB than male patients (Fig. 2A). We vali-
dated these results in the independent validation data
obtained from the cBioPortal and ICGC data portal
(Table S3, Fig. S3). The limitation of our analysis is
that the validation datasets which include cancer
patients with the somatic mutation, expression, and
clinical characteristics data are rare, and more cancer
datasets must be obtained to validate our results in the
future.

As TMB reflects the tumor antigenicity generated by
somatic tumors, it may be more suitable to use patients
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with lower TMB for antigenicity-enhancing strategies
for tumor cells, such as radiation therapy and DNA-
damaging chemotherapy. Moreover, we discovered that
female patients in HNSC, LUAD, and LUSC showed
higher immune scores than male patients, and male
patients in KIRP and SARC showed higher scores than
female patients (Fig. S4). The stromal scores were
higher in female patients than male patients in LUAD,
and lower than male patients in SARC (Fig. S5). The
immune and stromal scores reflect the immune microen-
vironment state, and the patients with lower immune
and stromal scores may be more suitable for immune
microenvironment-enhancing strategies, such as hor-
mone therapy and cytokine therapy, which may pro-
mote an immune response.

In a previous study, Wang et al. proposed that sex
differences in immune response may be caused by dif-
ferences in the expression of sex chromosome-linked
genes, in hormone levels, in developmental biology,
etc.[6]. According to our analysis, LUAD, LUSC,
HNSC, KIRP, SARC, and GBM were identified to be
strongly sex-biased in TME (Fig. 6). The potential
mechanism of sex difference in TME may be the con-
sequence of sex-biased tumor molecular characteristics,
such as somatic mutation, expression of immune
checkpoint genes, which may perturb biological path-
ways and change prognostic biomarker performance.

5. Conclusions

Overall, the cancer immune system is complex, and
may differ between male and female patients. Our
study performed a comprehensive analysis to investi-
gate sex-based differences of tumor microenvironment-
related features across a broad range of cancer types.
Our results thus provide a valuable starting point from
which the role of sex can be explicitly considered in
future ICB trials, identification of immune-related bio-
markers, and cancer immunotherapy.
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