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ABSTRACT
Low response rates to certain tumor types remain a major challenge for immune checkpoint blockade 
therapy. In this study, we first conducted an integrated biomarker evaluation of bladder cancer patients 
from confirmatory cohorts (IMvigor210) and found that no significant differences exist between sexes 
before acceptance of anti-PD-L1 treatment, whereas male patients showed a better response. Thus, we 
then focused on sex-related changes post anti-PD-L1 treatment and found no obvious impact on the gut 
microbiota in male mice but a significant decrease in the sex hormone levels. Further, castration 
dramatically enhanced the antitumor efficacy against murine colon adenocarcinoma in male mice. 
Moreover, a narrow-spectrum antibiotic, colistin was innovatively used for deregulation of testosterone 
levels to enhance the immunotherapy efficiency in male mice. These findings indicate that the impact on 
the sex hormone levels in males may contribute to the sexual dimorphism in response and provide 
a promising way to enhance immunotherapy efficiency.
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Introduction

Immunotherapy provides a revolutionary way to cancer 
treatment by harnessing the power of the patients’ own 
immune systems. Immune checkpoint blockade targeting 
the programmed cell death 1 (PD-1) or its ligand PD-L1, 
and the cytotoxic T lymphocyte–associated antigen 4 
(CTLA-4) has been applied as a first-line treatment for 
several cancers.1,2 However, the response rate to immune 
checkpoint inhibitors (ICIs) is far from satisfactory for 
certain tumor types.3 A number of factors, including the 
tumor intrinsic genetics, the immunity of patients, and 
environmental factors, are found to impact on the efficiency 
of immune checkpoint blockade therapy.3 Factors such as 
the PD-L1 expression level, tumor mutational burden 
(TMB), and tumor infiltrating lymphocyte status are iden
tified as the predictive biomarkers for patient selection.4 

Novel procedures such as regulating gut microbiota have 
been attempted to enhance the clinical responses of ICIs.5 

The sex factor in the ICIs treatment is, however, rarely 
discussed by far.

There are reports on differences in the male and female 
immune responses to self and foreign antigens.6 Females 
usually have stronger immune responses with a lower fre
quency of infectious diseases but a higher risk of autoimmune 
diseases.7 In contrast, males have a higher mortality rate across 
various cancer types.8 In addition, females tend to produce 
higher levels of protective antibodies in response to viral vac
cines but are more likely to develop adverse reactions than 
males.9,10 These sex-related differences may also influence the 

antitumor efficiency of ICIs. For instance, PD-L1 blockade has 
been shown to be more efficacious in female mice with B16 
melanoma compared with their male counterparts.11

Experimental data from clinical meta-analyses were contro
versial. A meta study involving 20 randomized controlled trials 
(mostly melanoma and non-small-cell lung cancer, NSCLC) by 
Conforti et al. showed that the pooled overall survival hazard 
ratio in male patients treated with anti-CTLA-4 or anti-PD-1 
was obviously lower than in females.12 Similar results were also 
obtained by other groups.13–15 However, Wallis et al. found no 
difference in overall survival (OS) from ICIs treatments 
between different sexes.16 Moreover, female patients derived 
more benefits from anti-PD-1/PD-L1 as compared with males 
when it was used in combination with chemotherapy in 
NSCLC.17 While the controversy remains, understanding this 
sex dimorphism in response to anti-PD-L1 is essential to 
improve the immune checkpoint blockade efficacy.

The present study started with an integrated biomarker 
evaluation of the clinical data from bladder cancer patients 
treated with anti-PD-L1 reported in,18 from which it was 
found that anti-PD-L1 treatment was more effective in male 
patients than in female patients but no significant differences 
were observed in the PD-L1 expression, CD8+ Teff signature 
score and TMB, etc. We determined possible changes after 
anti-PD-L1 treatment in mice and found that anti-PD-L1 
administration significantly decreased the sex hormone levels 
in male mice possibly through induction of lipid disturbance 
and inflammation in the testes. We proposed and confirmed 
that downregulation of sex hormone levels, which can be 
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attained by applying a narrow spectrum antibiotic colistin, 
dramatically enhances the antitumor efficacy of anti-PD-L1 
treatment of murine colon adenocarcinoma in male mice.

Materials and methods

Data source and processing

A cohort of patients receiving anti-PD-L1 (atezolizumab) 
treatment with genomic, transcriptomic, and matched clin
ical data (n = 348) were downloaded from http://research- 
pub.gene.com/IMvigor210CoreBiologies under the Creative 
Commons 3.0 license.18 IMvigor210 was a large phase 2 
trials investigating the clinical activity of PD-L1 blockade 
with atezolizumab (1200 mg 3 weekly) in metastatic urothe
lial carcinoma patients (NCT02108652, NCT02951767). This 
trial enrolled two cohorts of patients, including those who 
had failed previous platinum-based chemotherapy and those 
who are first-line cisplatin-ineligible. Among which, bladder 
cancer (195 patients) accounts for most cases and thus is 
used in this study. Data from the Cancer Genome Atlas 
bladder cancer (TCGA-BLCA) was downloaded with the 
CGDSR R package. The survival analyses were performed 
using the R survival package and Kaplan–Meier plots were 
generated using the R survminer package.

Animals and treatments

C57BL/6 N mice (8-week old) were purchased from the Vital 
River Laboratory Animal Technology Co. Ltd (Beijing, China). 
All mice were maintained under specific pathogen-free condi
tions and performed in accordance with the guidelines of the 
Animal Care and Use Committee of Tsinghua University 
(No. 20-LZ1#). For the anti-PD-L1 treatment, mice were trea
ted intraperitoneally with 200 μg αPD-L1 (BE0101, BioXCell) 
or IgG2b isotype (BE0090, BioXCell) twice at 3 days apart. For 
antibiotic treatment, 1 g/L colistin was given in the drinking 
water starting from the indicated time and throughout the 
experiment. For surgical orchidectomy, male mice underwent 
bilateral orchidectomy via scrotal incision under pentobarbital 
anesthesia as previously described.19

MC38 colon tumor cells were from the American Type 
Culture Collection (ATCC), and were cultured in 5% CO2 
and maintained in Dulbecco’s modified Eagle’s medium sup
plemented with 10% heat-inactivated fetal bovine serum. Mice 
were inoculated subcutaneously with 5 × 105 MC38 cells at the 
right flank. Tumor volumes were measured every 3–4 days 
with an electronic caliper and reported as volume using the 
formula (width2 × length)/2.

Detection of sex hormones, TNFα, and histamine

Serum samples were collected and examined for the concen
tration of estradiol (Abbkine), testosterone (Abbkine), FSH 
(Abnova), LH (Abnova), and TNFα (eBioscience) by ELISA. 
For the detection of histamine, fresh plasma samples were 
collected in EDTA (ethylenediaminetetraacetic acid) tubes 
and assayed by ELISA (Abnova).

Flow cytometric analysis

The immune infiltration in the testis was analyzed as previously 
described.20 Briefly, testis tissues were collected, mechanically 
dissociated, and then digested in PBS containing 1 mg/mL 
Collagenase IV/0.15 mg/mL DNase I for 40 min at 37°C. After 
passing through a nylon mesh, cells were blocked with anti- 
CD16/32 antibody and then stained with conjugated antibodies 
to CD4-FITC, CD8a-APC, CD45-PE/Cy5, CD25-APC, CD117 
(c-kit)-APC, CD274(B7-H1)-PE, FcεRIα-FITC, CD34-PE, or 
FOXP3-PE (all from BioLegend). For intracellular staining, 
cells were fixed and permeabilized using the Foxp3/ 
Transcription Factor Staining Buffer Set (eBioscience). The sam
ples were assessed with BD Calibur flow cytometry, and the data 
were analyzed with FlowJo software (V. 10.6.2, Tree Star).

Histopathology

The collected testes were fixed in 4% formalin and embedded in 
paraffin, cut to 4 μm sections, and stained with hematoxylin and 
eosin. For oil red O staining, the fixed specimens were infiltrated 
with 30% sucrose, frozen in OCT, sectioned to 6 μm and then 
stained with oil red O (Sigma–Aldrich). Nuclei were counter
stained with hematoxylin. Oil Red O staining intensity was 
quantified using the IHC toolbox plugin of the ImageJ software.

RNA sequence analysis

The total RNA extraction, whole transcriptome libraries pre
paration, and RNA sequencing were performed by the 
Majorbio Bio-pharm Technology Co., Ltd (Shanghai, China). 
Briefly, the total RNA was extracted from the tissue using 
TRIzol® Reagent according the manufacturer’s instructions 
(Invitrogen), and genomic DNA was removed using DNase 
I (TaKara). The RNA-seq transcriptome library was prepared 
following TruSeq™ RNA sample prep Kit (Illumina, San Diego, 
CA, USA), and was subsequently sequenced with the Illumina 
HiSeq xten. The principal component analysis (PCA) was con
ducted with the R package DESeq2, and the top 200 contributing 
genes in the direction of PC2 were then subjected to Gene 
Ontology (GO) analysis using the R package clusterprofiler. 
Genes with less than 30 read counts were removed from the 
subsequent analysis. Gene set enrichment analysis (GSEA) was 
also performed with a cluster profiler. The C5 gene sets from the 
Molecular Signature Database (MSigDB) was selected as the 
reference gene set, and P < .05 was chosen as the cutoff criteria. 
Gene set variation analysis (GSVA) was performed using the 
GSVA package.

16S rRNA gene sequence analysis

Genomic DNA was extracted from the fecal sample using the 
QIAamp DNA Stool Mini Kit (Qiagen, Germany) according to 
the manufacturer’s instructions. The V3–V4 hypervariable 
region of 16S rRNA gene was amplified with universal primers: 
338 F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806 R (5′- 
GGACTACHVGGGTWTCTAAT-3′) by PCR (ABI GeneAmp 
9700) with a 20 μL reaction system (TransGen, China) contain
ing 4 μL 5× FastPfu Buffer, 2 μL 2.5 mM dNTPs, 0.8 μL 
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Forward Primer (5 μM), 0.8 μL Reverse Primer (5 μM), 0.4 μL 
FastPfu Polymerase, 0.2 µL BSA, and 10 ng template DNA. The 
procedure was as follows: 3 min of denaturation at 95°C, 27 
cycles of 30 s at 95°C (denaturation), 30 s for annealing at 55°, 
45 s at 72°C (elongation), and a final extension at 72°C for 
10 min. PCR products were extracted from 2% agarose gel and 
purified using the AxyPrep DNA Gel Extraction Kit (Axygen 
Biosciences, USA). Then, the PCR products were quantified 
using Quantus™ Fluorometer (Promega, Madison, USA) and 
sequenced with an Illumina MiSeq platform according to the 
standard protocols (Shanghai Majorbio Bio-Pharm 
Technology Co. Ltd., Shanghai, China). The high-quality 
sequences were clustered into OTUs with 97% similarity cutoff 
using UPARSE (V. 7.1, http://drive5.com/uparse/). The taxon
omy of each OTU representative sequence was analyzed by the 
RDP Classifier (V. 2.2) against the Silva Database (Release128, 
www.arb-silva.de) using a confidence threshold of 0.7. Alpha 
diversity was calculated for the observed OTUs, Shannon 
index, Simpson index, Chao1 index, and ACE index using the 
vegan package in R software. For beta-diversity, PCA was 
performed using the R package ade4. Analysis of similarity 
(ANOSIM) and permutational multivariate analysis of var
iance (PERMANOVA) of Bray–Curtis distances was per
formed to analyze the similarity between groups using the 
vegan package. Statistical analysis of taxonomic and functional 
profiles (STAMP) was conducted using the statistics software 
STAMP v2.1.3. The R package Tax4Fun was used to predict the 
functional changes in gut microbiota.

Statistical analysis

Statistical analyses were carried out using GraphPad Prism 
8.0 (GraphPad Software Inc., USA). All continuous vari
ables were presented as means ± SEM and compared 

between groups using Student’s t test unless otherwise 
indicated. P < .05 was considered to be statistically 
significant.

Results

Male patients appeared a better outcome but no 
preexisting determinants were identified

We first analyzed the clinical cancer data reported in,18 in which 
cancer types with low numbers of tissue samples were excluded. 
The analysis included 195 bladder cancer patients (IMvigor210), 
of whom 42 (21.5%) are females and 153 (78.5%) are males. As 
shown in Figure 1a-b, male patients treated with anti-PD-L1 had 
a statistically significantly improved OS as compared to females 
(P < .05) and, moreover, male gender was significantly associated 
with OS in univariate Cox regression analyses (HR, 0.66; 95% CI, 
0.45–0.98; P < .05). In contrast, the analysis of 406 patients from 
The Cancer Genome Atlas bladder cancer (TCGA-BLCA) 
cohort shows no significant differences in the OS between 
females (26.4%) and males (73.6%) according to the univariate 
analysis (HR, 0.87; 95% CI, 0.63–1.20; P < .05), hinting that the 
sex-related differences in tumor immunotherapy responses 
occurred after treatment. We then performed an integrated 
biomarker evaluation of the pre-treatment tumor samples from 
195 bladder cancer patients, as reported in.18 No significant 
difference was observed in the preexisting immunity as repre
sented by PD-L1 gene expression in immune cells and CD8+ Teff 
signature score (Figure 1c-d). Similar results were also observed 
for TGF-β signal pathway, TMB and computationally predicted 
tumor neoantigen burden (Figure 1e-g). It is thus concluded that 
the anti-PD-L1 treatment achieved much better outcomes for 
male patients than for female patients and that this sex dimorph
ism in response to anti-PD-L1 might not be aroused by the 
preexisting determinants of response.

Figure 1. Sex dimorphism in response to anti-PD-L1. (a) Overall Survival (OS) between male and female bladder cancer patients with (left) or without (right) anti-PD-L1 
treatment (log rank test). (b) Hazard ratio (HR) estimates for OS in Univariate Cox regression analysis. (c) PD-L1 protein expression on tumor cells (TC) or immune cells 
(IC) was not different between sex (Pearson’s Chi-squared test). There were no significant differences between male and female patients in neoantigen burden (d), 
TGFB1 gene expression (e), tumor mutation burden, TMB (f), or CD8+ Teff signature score (g). (Wilcoxon test). F, Female; M, Male.
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Immunotherapy decreased the sex hormone levels in male 
mice
We then examined the responses of male and female mice 
after anti-PD-L1 treatment. First, the serum sex hormone 
(testosterone and estradiol) concentrations were measured 
in both male and female mice 1 week later post-treatment 
with double intraperitoneal (IP) injection of 200 μg anti-PD- 
L1 or Isotype IgG. Treatment with anti-PD-L1 showed no 
obvious impact on the sex hormone levels of female mice 
(Figure 2a). In contrast, the serum levels of both testosterone 
and estradiol were significantly decreased in male mice 
receiving anti-PD-L1 treatment, as compared with IgG iso
type control (Figure 2b). Considering the widely reported 
immune-related endocrine dysfunction following the use of 
immune checkpoint inhibitors especially such as 
hypophysitis,21 the serum levels of luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH) were also ana
lyzed. As detailed in Figure 2c-d, anti-PD-L1 treatment has no 
effect on the secretion of gonadotropins in both male and 
female mice, suggesting that the decreased sex hormone levels 
in male mice are not due to the impact of anti-PD-L1 on the 

function of the pituitary. Mice feces were collected for 16S 
rRNA sequencing-based bacterial community analysis 1 week 
later after the anti-PD-L1 treatment. As shown in Figure 2e, 
no substantial effects of anti-PD-L1 on the alpha diversity 
index was observed in both male and female mice feces. 
However, the analysis of similarities (ANOSIM) and permu
tational multivariate analysis of variance (PERMANOVA) of 
Bray–Curtis distances reveals a significant impact of anti-PD- 
L1 on the composition of the gut microbiota in female mice 
(ANOSIM, R = 0.5, P = .025; PERMANOVA, pseudo-F 
= 2.456, P = .027) rather than in male mice (ANOSIM, 
R = −0.0625, P = .561; PERMANOVA, pseudo-F = 1.055, 
P = .416). Additionally, the principal component analysis 
(PCA) showed a similar result, i.e., an obvious difference in 
the distribution along the second principal component PC2 in 
female mice (PC1 and PC2 accounted for 30.27% and 22.77% 
of the total variance, respectively) (Figure 2f). Further analysis 
of the differential microbes at family level revealed that the 
abundance of Lachnospiraceae is significantly downregulated 
in the female mice after treatment with anti-PD-L1 
(Figure 2g), which are associated with good response to 

Figure 2. Sex dimorphism in response to anti-PD-L1. Serum levels of testosterone and estradiol in female (a) or male (b) mice one week later after twice administration 
of anti-PD-L1 or Isotype IgG. Changes of serum LH and FSH in female (c) or male (d) mice post treatment with anti-PD-L1. (e) No differences were observed in alpha 
diversity of the gut microbiota between the treated group and the control group in either males or females. a-e, Mann–Whitney test. (f) Principal component analysis 
showed that gut microbiota composition was largely changed after anti-PD-L1 treatment in female mice at OTU level (ANOSIM, R = 0.323, P = .002; PERMANOVA, 
pseudo-F = 1.879, P = .001). (g) Statistical analysis of taxonomic and functional profiles (STAMP) showing differential families between FPD and FCT. P-values were 
derived from a White’s non-parametric t-test. Female IgG control group, FCT; Female anti-PD-L1 treated group, FPD; Male IgG control group, MCT; Male anti-PD-L1 
treated group, MPD. All data were presented as means ± SEM. *P < .05.
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ICIs.22,23 In conclusion, anti-PD-L1 administration reduces 
sex hormone levels in male mice, whereas reduces the rich
ness of Lachnospiraceae in female mice.

Lipid disturbance and inflammation in the testes of male 
mice treated with anti-PD-L1

The interaction between gut microbiota and tumor immu
notherapy in female mice has been reported.24,25 Here, we 
focus on the impact of anti-PD-L1 on sex hormones in male 
mice. We first performed RNAseq transcriptome analysis of 
the testes of male mice 7 days after anti-PD-L1 treatment. The 
PCA plot revealed a good separation along the second principal 
component PC2 (Figure 3a). Therefore, the top 200 contribut
ing genes in the direction of PC2 were subjected for Gene 
Ontology (GO) analysis, and the results show that fatty acid 
metabolic process is significantly affected (Figure 3b). 
Similarly, gene set enrichment analysis (GSEA) indicates 
a significant increase in lipid metabolic pathways in the 
group treated with anti-PD-L1 (Figure 3c). Furthermore, 
Gene Set Variation Analysis (GSVA) was used to score 

individual samples against C5 gene sets from Molecular 
Signature Database (MSigDB).26 The results show that path
ways involved in both lipid transportation and inflammation 
are affected by anti-PD-L1 treatment (Figure 3d).

We then collected testis samples and performed tissue stain
ing and immune infiltration analysis 1 week after double 
administration of anti-PD-L1 and IgG isotypes. Hematoxylin- 
eosin (HE) staining shows no obvious pathological changes in 
the group treated with anti-PD-L1 (Figure 4a). However, the 
results from oil red O staining show a significant accumulation 
of lipids in the testis interstitial tissue after exposure to anti-PD 
-L1 (Figure 4b). In addition, the expression of PD-L1 on both 
CD45+ and CD45− subpopulations is significantly downregu
lated in the anti-PD-L1 groups, hinting possible disruption of 
the inherent immunosuppressive circumstances (Figure 4c). 
Considering that IgG antibodies can trigger the activation of 
the mast cells and the resultant histamine release may affect the 
steroidogenesis in Leydig cells,27,28 both the infiltration of mast 
cells in the testes and the histamine levels in the blood was 
analyzed. As shown in Figure 4d, there is no substantial differ
ence in the infiltration of mast cells after treatment with anti- 

Figure 3. RNAseq analysis of the testes collected one week later after twice administration of anti-PD-L1. (a) Principal component analysis of top 500 most variant genes. 
(b) Top 200 contributing genes in the direction of PC2 in (a) was subjected for Gene Ontology analysis. (c) Gene set enrichment analysis (GSEA) showed enrichment of 
lipid metabolic pathways in anti-PD-L1 treated group. (d) Gene Set Variation Analysis (GSVA) against C5 gene sets from the Molecular Signatures Database.
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PD-L1, while the blood histamine levels in the anti-PD-L1 
group are significantly reduced. The infiltration of both 
CD45+ leukocytes and CD8+ T lymphocytes is not influenced 
by the anti-PD-L1 treatment (Figure 4e-4f). In contrast, there is 
a significant increase in the infiltration of CD4+ T lymphocytes 
but not the CD4+CD25+Foxp3+ Treg cells in the group treated 
with anti-PD-L1 (Figure 4g-4h). Moreover, a significant 
increase in the blood levels of TNFα appears in the anti-PD- 
L1 group (Figure 4i). Collectively, these results suggest that 
anti-PD-L1 treatment can lead to both disturbance of lipid 
metabolism and inflammation in the testes of male mice 
received anti-PD-L1 treatment.

Downregulating sex hormone levels enhanced the 
antitumor efficiency of anti-PD-L1

We next asked whether the downregulated sex hormone levels 
caused by anti-PD-L1 could in turn enhance the antitumor 
efficiency. Male mice, after castration, were subcutaneously 
implanted with MC38 tumor cells and given two injections of 
anti-PD-L1 or isotype IgG on day 7 and day 10 post-tumor 
inoculations. As shown in Figure 5a, castration had no influ
ence on the tumor growth but could significantly enhance the 
antitumor efficacy of anti-PD-L1, indicating that sex hormone 

levels play a vital role in tumor immunotherapy. In addition, 
the composition of the fecal microbiota was analyzed 2 weeks 
later after castration. Both the composition (ANOSIM, 
R = 0.656, P = .021; PERMANOVA, pseudo-F = 4.163, 
P = .015) and possible function of the gut microbiota showed 
obvious changes after castration (Figure 5b and S1). 
Considering that changes in the commensal microbial com
munity may in turn affect sex hormone levels,29 we analyzed 
the serum sex hormone levels of mice received 1 week’s admin
istration of colistin, a narrow spectrum antibiotic. In female 
mice, colistin did not influence the serum levels of either 
testosterone or estradiol, but it would induce a noticeable 
decline in the sex hormone levels when they were used during 
anti-PD-L1 treatment (Figure 5c). In contrast, colistin could 
markedly decrease the testosterone levels in male mice, while 
attenuated anti-PD-L1 aroused downregulation of the estradiol 
levels (Figure 5d). As a result, the ratio of estradiol to testoster
one was substantially elevated by colistin. We examined the 
effect of colistin on the antitumor efficacy of anti-PD-L1 in 
both female and male mice. As shown in Figure 5e-5f, the 
antitumor efficacy of anti-PD-L1 is decreased in female mice 
but significantly enhanced in male mice. We determined the 
serum sex hormone levels at the end of the experiment. In 
female mice, both testosterone and estradiol in anti-PD-L1 

Figure 4. Lipid accumulation and immune infiltration in the testes of male mice. The testes were collected for histology analysis and immune infiltration analysis one 
week later after twice administration of anti-PD-L1. HE staining (a) and Oil Red O staining (b) of the testis tissue showed increased inclusions of lipid droplets in the 
interstitial Leydig cells from anti-PD-L1 treated mice, scale bars are 100 μm. Mann–Whitney test. (c) PD-L1 protein expression on either CD45+ (Mann–Whitney test) or 
CD45− (t-test) cells in the testes. (d) Percentage of CD34+ c-Kit+ mast cells in total cells of the testes and serum histamine levels. Percentage of CD45+ (e), CD8+ (f), CD4+ 

(g), and CD4+ CD25+ Foxp3+ Treg cells (h) in total cells. (i) Serum TNFα levels were significantly increased in anti-PD-L1 treated group compared with the IgG isotype 
control. (d-f & h-i), Mann–Whitney test; (g), t-test. All data were presented as means ± SEM. *P < .05, **P < .01.
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treated group was kept at relatively higher levels than others 
(Figure 5g). The anti-PD-L1 treatment induced increase in sex 
hormone levels was neutralized by colistin in female mice. In 
contrast, the anti-PD-L1 treatment could significantly down
regulate the testosterone levels in male mice (Figure 5h). 
Moreover, colistin could further decrease the testosterone 
levels while increasing estradiol levels during the anti-PD- 
L1 treatment. To further reveal this sex-dependent interplay 
between sex hormones and gut microbiota, feces were col
lected at the end of the experiment and subjected to 

microbial community analysis. Results showed that both 
anti-PD-L1 and colistin could elicit more obvious changes 
in both diversity and function of the gut microbiota from 
tumor-bearing male mice than that from the females 
(Figure S2). Importantly, changes in the gut microbiota 
induced by anti-PD-L1 treatment were consistent with 
those inflicted by colistin. Collectively, these results reveal 
that sex hormones play a vital role during tumor immu
notherapy and may serve as an important target to enhance 
the antitumor efficacy of anti-PD-L1.

Figure 5. Sex hormone levels affect the antitumor efficacy of anti-PD-L1. (a) C57BL/6 N male mice received castration or shamed operations on day −14 and were 
inoculated subcutaneously with 5 × 105 MC38 tumor cells on day 0, then treated with 200 μg of anti-PD-L1 or isotype IgG on day 7 and 10 (n = 6). (b) Feces were 
collected for 16S rRNA sequencing 2 weeks later after castration or shamed operations in male mice. Principal component analysis showed an obvious change in the gut 
microbiota composition at OTU level (ANOSIM, R = 0.656, P = .021; PERMANOVA, pseudo-F = 4.163, P = .015). Serum sex hormone levels in female (c) or male (d) mice 
after treatment with colistin and/or anti-PD-L1 were examined by ELISA. Female (e) or male (f) mice were inoculated subcutaneously with 5 × 105 MC38 cells and treated 
with 200 μg of αPD-L1 or isotype IgG on days 7 and 10 (n = 6). For colistin treated group, 1 mg/mL colistin was added to the sterile drinking water from day 7. Either 
female (g) or male (h) mice were sacrificed at the end of the experiment and blood were harvested for the assay of sex hormone levels. (d-f & h-i), Mann–Whitney test; 
(g), t-test. All data were presented as means ± SEM. *P < .05, **P < .01.
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Discussion
While the effects of the sex hormones on immune responses 
have been well documented,10,30,31 the mechanisms of the sex 
dimorphism in the response of ICIs are not adequately under
stood. Analysis of the anti-PD-L1 treatment in bladder cancer 
patients confirmed the better outcomes for male patients, and 
meanwhile, no significant difference in the currently identified 
biomarkers before the acceptance of immunotherapy. 
A significant reduction in sex hormone levels in male mice 
receiving anti-PD-L1 treatment was observed, which may be 
related to the induction of lipid disturbance and inflammation 
in the testes, while a decline in the richness of Lachnospiraceae 
was observed in female mice (Figure 6). Moreover, we con
firmed that the antitumor efficiency of anti-PD-L1 was affected 
by sex hormone levels and downregulated testosterone levels 
by, e.g., an antibiotic colistin, which was conductive to an 
improved antitumor outcome in male mice.

Both estradiol receptor (ER) and androgen receptor (AR) 
are extensively expressed in lymphocytes and myeloid- 
derived cells.32,33 Upon binding to the ligand, both of 
them can signal through either DNA-binding-dependent 
or DNA-binding-independent mechanisms to regulate the 
expression of downstream target genes or elicit the cyto
plasmic signaling cascades.32,33 Thus, sex hormones can 
affect in various ways both innate and adaptive immune 
responses.6 It has been reported that AR suppresses the 
transcription of PD-L1, while ER up-regulates PD-L1 pro
tein expression in cancer cells, which may affect the 
response to immune checkpoint therapy.34,35 Our analysis 
of the clinical data from bladder cancer patients shows 
however, no differences in both PD-L1 expression and 
CD8+ Teff signature score between male and female bladder 
cancer patients before anti-PD-L1 treatment. Instead, both 
the serum levels of testosterone and estradiol are signifi
cantly decreased in male mice after anti-PD-L1 treatment, 
compared to the females. The enhanced antitumor efficacy 
of anti-PD-L1 in male mice after deprivation of sex hor
mones through castration indicates that sex hormones are 
not only involved in the sex dimorphism in response to 
immune checkpoint blockade but also a potential biomar
ker for the ICIs.

Generally, androgen tends to suppress immune function, 
while estradiol enhances both cellular and humoral immune 
responses.6,32 Such trends were also observed among the male 
mice in the present study (Figure 5f and 5h); however, the 
situation seemed different in female mice. Testosterone levels 
in tumor-bearing female mice were significantly increased by 
anti-PD-L1 as compared to the IgG control group, with an 
obvious decrease in the ratio of estradiol to testosterone 
(Figure 5g). Furthermore, the increased testosterone levels 
induced by anti-PD-L1 are attenuated by colistin (Figure 5g). 
Nonetheless, for female mice, the anti-PD-L1 treatment 
showed superior antitumor efficiency compared to the com
bined therapy with anti-PD-L1 and colistin (Figure 5e). It has 
been reported that testosterone could protect against type 1 
diabetes upon reaching a certain concentration (less than 2 ng/ 
mL).36 Here, the testosterone levels in tumor-bearing female 
mice treated with anti-PD-L1 were higher than those of others 
with tumors, but were still lower than those from tumor-free 
mice. This indicates that there is a testosterone threshold for its 
inhibitory effects on the antitumor efficacy of anti-PD-L1. The 
detailed mechanisms for the effects of either testosterone or 
estradiol deserve further studies.

Endocrine dysfunction has emerged as one of the most 
common immune-related adverse events (irAEs) following 
the use of ICIs.37 Among which, hypophysitis is common and 
often accompanied by low or inappropriately normal FSH and/ 
or LH.21 However, in this study, no obvious changes in either 
FSH or LH were observed in either male or female mice 1 week 
after double injection of anti-PD-L1. This might be attributed 
to the short treatment time since hypophysitis generally occurs 
8–12 weeks after ICIs treatment (36). In contrast, both testos
terone and estradiol levels are significantly decreased by anti- 
PD-L1 in male mice (Figure 2b). Further studies showed 
increased intracellular lipid droplets of Leydig cells and ampli
fied inflammation in the testes of male mice receiving anti-PD- 
L1 treatment. The lipid droplets of Leydig cells serve as a large 
pool of cholesteryl ester, providing cholesterol as the precursor 
substrate for testosterone biosynthesis.38 However, increased 
accumulation of cytoplasmic lipid droplets is associated with 
reduced testosterone production in Leydig cells.39 In addition, 
increased accumulation of cytoplasmic lipid droplets in non- 

Figure 6. Sex dimorphism in the response to ICIs. (a) Anti-PD-L1 induces a significant decrease in sex hormone levels of male mice, possibly through induction of lipid 
disturbance and inflammation in the testes. The deceased testosterone levels, which can be attained by castration or oral administration of colistin, could dramatically 
enhance the antitumor efficiency of anti-PD-L1. (b) In normal female mice, anti-PD-L1 has no impact on sex hormone levels while reduces the richness of 
Lachnospiraceae in the gut. In tumor bearing female mice, anti-PD-L1 has a protection on the estradiol levels, which will be neutralized when used in combination 
with colistin. The antitumor efficiency of anti-PD-L1 is decreased by colistin.
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adipose cells is often observed under inflammatory 
conditions.40 Here, we also observed an increased infiltration 
of CD4+ T lymphocytes in the testes and an elevation of TNFα 
in the blood of male mice treated with anti-PD-L1, indicating 
the occurrence of inflammation. It has been reported that both 
anti-PD-141 and anti-CTLA-442 triggered the production of 
TNFα that decreased the steroidogenesis in TM3 Leydig 
cells.43 All these suggest that disturbances in lipid metabolism 
and inflammation in the testes of male mice elicited by anti-PD 
-L1 may contribute to the decreased testosterone secretion. 
More recently, Jung et al. reported that TNFα could promote 
lipid droplet formation in human endothelial cells through 
induction of acyl-CoA synthetase 3.44 In the present study, 
we hypothesized that the increased TNFα induced by anti-PD- 
L1 may also inhibit the testosterone production in Leydig cells 
by promoting lipid droplet formation. Nevertheless, more 
efforts are needed to uncover the mechanistic links between 
PD-L1 blockade and reduced testosterone.

Disruption of gut microbiota with antibiotics, especially the 
broad-spectrum antibiotics has been associated with poor out
comes of tumor immunotherapy.24,45,46 In the present study, 
a detrimental effect of the narrow spectrum antibiotic colistin 
also appeared in female mice (Figure 5e). However, the anti
tumor efficiency of anti-PD-L1 was significantly enhanced by 
colistin in male mice through downregulating the sex hormone 
levels (Figure 5f). Although the precise mechanisms remain to 
be investigated in the future, colistin can notably impact the sex 
hormone levels of male mice without severe destruction of gut 
microbial diversity (Figure S1A). The gut microbiota plays 
a vital role in the intestinal androgen reabsorption through 
deglucuronidation of testosterone and dihydrotestosterone,47 

thus serving as a new possible target for androgen regulation 
during tumor immunotherapy. Traditional androgen depriva
tion therapy can cause adverse effects including bone loss, 
metabolic changes, gynecomastia, increased cardiovascular 
events,48 and suppress the efficiency of antitumor 
immunotherapy.19 Thus, downregulation of testosterone levels 
through regulation of gut microbiota with certain antibiotics 
may present a novel way to enhance the efficiency of antitumor 
immunotherapy.

In conclusion, the present study shows that sex hor
mones play a vital role in the sexual dimorphism in the 
host’s response to anti-PD-L1 therapy. The analysis of 
literature data indicated that anti-PD-L1 treatment achieved 
a better outcome in male patients, whereas there was no 
difference in in CD8+ T lymphocytes infiltration, PD-L1 
expression, TMB, etc., between male and female patients 
before ICIs treatment. A significant decrease in sex hor
mone levels in male mice was observed after anti-PD-L1 
treatment, which was possibly mediated by disturbances in 
lipid metabolism or inflammation in the testes. 
Downregulation of sex hormones was then attempted, by 
applying appropriate antibiotics in the present study, and 
enhanced the antitumor efficiency of anti-PD-L1 in male 
mice bearing colon adenocarcinoma MC38. All these results 
suggest that sex hormone secretion may serve as novel 
paths toward enhancing the antitumor efficacy of PD-L1 
blockade in male patients.
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