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The impact of biological sex on diseases of the urinary tract
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Biological sex, being female or male, broadly influences diverse immune phenotypes, including immune responses to diseases at
mucosal surfaces. Sex hormones, sex chromosomes, sexual dimorphism, and gender differences all contribute to how an organism
will respond to diseases of the urinary tract, such as bladder infection or cancer. Although the incidence of urinary tract infection is
strongly sex biased, rates of infection change over a lifetime in women and men, suggesting that accompanying changes in the
levels of sex hormones may play a role in the response to infection. Bladder cancer is also sex biased in that 75% of newly
diagnosed patients are men. Bladder cancer development is shaped by contributions from both sex hormones and sex
chromosomes, demonstrating that the influence of sex on disease can be complex. With a better understanding of how sex
influences disease and immunity, we can envision sex-specific therapies to better treat diseases of the urinary tract and potentially
diseases of other mucosal tissues.
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INTRODUCTION
The composition and function of the human immune system are
highly variable among healthy individuals. Biological sex, being
female or male, broadly influences diverse immune phenotypes.
Sex is a biological variable that comprises differences in
chromosomes, steroid hormone levels, reproductive organs, and
sexually dimorphic features between female and male organisms.
Sex is distinct from gender, which is determined by behaviors in
society and cultural norms1. To fully understand differences in
immunity between women and men, the combined effects of
intrinsic (e.g., sex hormones, chromosomes), extrinsic (e.g.,
environment), and behavioral factors (e.g., gendered occupations)
must be considered together2–4. Experimental approaches such as
cell culture or preclinical animal models can be used to isolate and
assess the impact of some of these factors, such as sex hormone
levels. However, the cumulative impact of these factors on
immunity is challenging to understand, and much remains to be
discovered as to how sex and gender influence immunity.
Women and men experience different susceptibility to and

severity of infectious and non-infectious diseases3. In general,
women are at greater risk of developing autoimmune diseases,
such as systemic lupus erythematosus, multiple sclerosis, rheu-
matoid arthritis, or scleroderma5. By contrast, men are more
susceptible to infectious diseases caused by viruses, bacteria,
fungi, and parasites, including COVID-19, leptospirosis, aspergillo-
sis, and schistosomiasis6,7. Generally, adult female organisms
mount more robust systemic cell-mediated and humoral immune
responses than adult males, which lead to more rapid pathogen
clearance or stronger responses to vaccines8–11. In addition, the
female immune system is characterized by greater antigen-
presenting capability, more circulating CD4+ T cells, higher
immunoglobulin levels after infection, and enhanced tumor and

allograft rejection12–15. The male immune system, on the other
hand, exhibits increased pro-inflammatory cytokine production
and higher numbers of circulating leukocytes such as neutrophils
or monocytes in homeostasis and disease3,16.
Similar sex-based differences in immunity are also apparent at

mucosal surfaces, such as the lung or the gut, which provide the
first line of defense against invading pathogens17. In lung
infections, for example, women mount stronger immune
responses to the H1N1 and the H5N1 influenza virus, but also
exhibit greater morbidity and mortality than men of the same
age18. The same holds true in animal models, in which influenza
infection in female mice induces higher production of the pro-
inflammatory cytokines TNF-α, IFN-γ, IL-6, and CCL2 in the lungs,
and increased weight loss, hypothermia, and mortality compared
to infected male mice, despite similar viral titers between the
sexes19. Sex also influences immunity in the bladder, a less well-
studied mucosal surface. Here, we focus on the impact of
biological sex on urinary tract diseases. Importantly, when
referring to factors that are exclusively biological differences, the
terms female and male are used, whereas the terms women and
men are used when gender may contribute to factors or
phenotypes discussed1.

URINARY TRACT INFECTION IS STRONGLY SEX BIASED
Urinary tract infections (UTI) exhibit one of the most prominent
sex disparities among infectious diseases, with premenopausal
women being 20–40 times more likely to have a UTI than men of
the same age20–22. One hypothesis to explain this disparity is that
anatomical differences, such as the shorter distance between the
anus and the urethral opening in females or a longer urethra in
males, influence UTI prevalence in humans. The major challenge is
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that hypotheses based on anatomical differences lack supporting
evidence because they are nearly impossible to test
experimentally23,24. Arguing against anatomical differences as
the primary reason underlying the sex disparity in UTI, this
pronounced increase in susceptibility in women is most striking in
adolescents and adults under the age of 50 (Fig. 1). By contrast,
male infants under 6 months of age are approximately twice as
likely to have an initial UTI than female infants, while recurrence
risk in female and male infants less than 1 year of age who have
experienced a UTI is equivalent (32% vs. 35% respectively)25,26.
Similarly, in populations over 65 years old, the prevalence of
bacteriuria (bacteria in the urine) and UTI increase substantially in
men until they are nearly equivalent to that of elderly women27,28.
The prevalence of UTI in the institutionalized elderly population is
similar between the sexes. However, this may be influenced by the
use of urinary catheters, which bring their own risk of UTI29,30.
Importantly, the increase in UTI prevalence in an older male
population cannot be explained by anatomy, as urethral length
does not change over time in men31. Instead, changes in UTI
incidence in men may be due to urodynamic changes (e.g.,
prostatic hypertrophy in older men), or potentially to biological or
immunological changes that occur over time. Interestingly, the
peak of UTI risk in male infants correlates with a postnatal
testosterone surge, in which testosterone levels increase at
1 month of age and subside by 6 months of age32,33.

Sex hormones and UTI incidence
Indeed, changes in susceptibility to and prevalence of UTI over
time in women and men suggest that biological factors influence
an individual’s risk for infection. Particularly during the reproduc-
tive years, most female vertebrate animals, including humans,
exhibit increased levels of estrogens, whereas male organisms
generally have higher levels of androgens, such as testoster-
one34–37. Sex differences in UTI susceptibility are the most
apparent in post-pubescent adults under the age of 50, correlating

with when estrogen and testosterone levels are highest in females
and males, respectively (Fig. 2)38,39. Specifically in women, the
incidence of UTI increases after puberty, when estrogen levels
increase, while, when testosterone levels are at their highest and
estrogens at their lowest, adult men are at their lowest risk of
UTI37–39. However, men that experience infection are at increased
risk of chronic UTI, and increased morbidity and mortality from
complicated UTI39–42. Then, when women, after menopause, and
men, after andropause, undergo a decrease in estrogen and
testosterone levels, respectively, the incidence of UTI rises in both
sexes, such that men face nearly the same risk as women at the
same age (Figs. 1 and 2)20,37,38. Moreover, pregnancy, which is
characterized by high levels of estrogen, is strongly correlated
with high incidence of UTI and recurrent infection43. Overall, those
striking correlations suggest that sex hormones contribute to the
risk or response to infection.

Sex hormones and the immune response to UTI
Sex hormones directly impact immunity and, therefore, are
obvious candidates in the search for drivers of sex differences in
prevention of and response to UTI. For example, pregnancy in
humans is associated with a shift toward Th2 T cell differentiation,
which would be less effective at fighting intracellular
uropathogens44,45. Indeed, estrogen and progesterone, which
are high during pregnancy, are reported to decrease secretion of
IFNγ and IL-2 in peripheral blood mononuclear cells isolated from
the blood of women who have experienced multiple spontaneous
miscarriages, which would inhibit Th1 differentiation, and
upregulate IL-6 expression, which is implicated in Th2 differentia-
tion ex vivo46. Moreover, in vitro, testosterone inhibits Th1 T cell
differentiation, which could explain a decreased male immune
response to intracellular uropathogens, for example47. In addition,
another striking example of an innate cell subset regulated by sex
hormones is the innate lymphoid cell (ILC) 2 subset. Female mice
and humans have higher numbers of ILC2s compared to males, in

Fig. 1 Prevalence of bacteriuria across ages and biological sex. The prevalence of bacteriuria, indicated by the percentages shown, is highly
variable between the sexes and during life. Infancy is the only period of life during which human males have a higher risk for bacteriuria and
UTI than females. During adulthood, the prevalence of bacteriuria is lower in men than women and increases with age in men or during
pregnancy for women. Differences in incidence between men and women decrease in the elderly, and both sexes face high rates of recurrent
infection after 85 years of age. yo years old, *UTI prevalence is shown instead of bacteriuria. This figure was drawn summarizing data from
refs. 20,25–30,32,38,39,43,149. Figures were generated with images from Servier Medical Art (www.servier.com), licensed under the Creative
Commons Attribution 3.0 Unported License (http://creativecommons.org/license/by/3.0/).
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specific pathologies such as asthma, and ILC2 development is
inhibited by androgen signaling at barrier surfaces in vivo48,49.
Immune cells widely express sex hormone receptors, and many
immunity-related genes carry promoters with hormone-
responsive elements that bind estrogens and/or androgens3,34.
Together, these findings suggest that sex hormone signaling may
directly regulate distinct immune responses.
To understand how sex impacts the response to UTI in the

bladder, our teams applied two different approaches to directly
compare female and male mice. Using a mouse UTI model, in which
uropathogenic Escherichia coli (UPEC) are intravesically instilled
directly into the bladders of female and male C57BL/6 mice using a
catheter placed in the urethra, we observed that female mice
resolve infection without intervention, whereas male mice remain
chronically infected for up to 1 month50,51 (Fig. 3). In infected
C57BL/6 mice, the amplitude of early inflammatory responses in the
female bladder is significantly greater than in male mice, with
increased pro-inflammatory cytokine expression, inflammatory cell
infiltration, and bacterial phagocytosis at 24 h post-infection,
despite equivalent bacterial burden between the sexes50. These
differences largely resolve by 48 h post-infection, suggesting that
sex modulates the immediate innate response to UTI. Similarly,
using a surgical method to instill UPEC directly into the bladders of
C57BL/6 mice, bypassing the urethra entirely, bladder-associated
bacterial titers are equal at 24 h post-infection between the sexes;
however, female mice have higher pro-inflammatory cytokine
expression in bladder tissue at this time point52.
Supporting a role for androgens in mediating differences in

immunity, female C57BL/6 mice pretreated with testosterone or
dihydrotestosterone (androgenized mice) prior to initiation of UTI fail
to eliminate UPEC from the bladder for up to 1 month, compared to
mock-treated female mice, which spontaneously resolve their
infections within 4 weeks50,53. Androgenized female C57BL/6 mice
infected via the surgical approach and treated with the androgen
receptor (AR) inhibitor enzalutamide clear their infections at the same
rate as unmanipulated female mice53. Of note, IL-17, a pro-
inflammatory cytokine whose expression in the lung is also sex-
discrepant54–57, is one of the only cytokines significantly higher in
female mouse bladders compared to male mice at both 24 and 48 h
post-infection. In female C57BL/6 mice infected intravesically,
testosterone treatment reduces infiltration of CD4+ T cells, type 3
innate lymphoid cells (ILC3), and γδ T cells50, all of which are major
producers of IL-1758. While this study identified a difference in the
total number of ILCs in female mice compared to male mice, in
which female mice have more bladder resident ILCs50, another study

showed no differences in the percentages of ILC subsets among
CD45+ cells in the naive urinary tract when comparing female and
male mice59. Interestingly, female mice treated with an IL-17-
neutralizing antibody fail to resolve their infection50. However, IL-17
supplementation is not sufficient to rescue the resolution defect in
male mice50. Castrating C57BL/6 male mice prior to intravesical
infection does not alter UTI resolution50.
Mouse host strain differences can be used to delineate the role

of androgens and other factors in UTI outcomes. For example,
male C3H/HeN mice naturally have three times the circulating
testosterone of male C57BL/6 mice60. Compared with female C3H/
HeN mice, surgically infected male C3H/HeN and androgen-
treated female mice develop persistent high-titer chronic cystitis
significantly more frequently at 2 weeks post-infection, with
increased IL-1β, IL-6, and CXCL1 at 6 h post-infection52,53. Of note,
CSF-3 and TNF-α are increased in female C3H/HeN mice compared
to male mice at 24 h post-infection in this model52,53. Castration
does ameliorate the severe UTI phenotype seen in male mice, as
nearly all castrated males resolve UTI by 2 weeks post-infection.
Androgen replacement in castrated male mice, by subcutaneous
implantation of testosterone or dihydrotestosterone, leads to
bacterial burdens similar to that observed in unmanipulated male
animals52,53. Female C3H/HeN mice given testosterone or
dihydrotestosterone are also more susceptible to chronic cystitis,
whereas ovariectomy does not alter the infection52,53. Taken
together, these data support that androgens contribute to high
bacterial burdens in UTI and suggest that the increased
testosterone in male hosts contributes to severity of infection.
Sex differences in upper-tract UTI in C3H/HeN mice are even

more striking than those apparent in cystitis, potentially due to
the vesicoureteral reflux observed in this mouse strain61. By 6 days
after inoculation of the bladder, 90% of male C3H/HeN mice
develop severe renal abscesses, with neutrophil infiltration and
loss of normal tubular architecture53. By contrast, only 20–30% of
C3H/HeN female mice develop chronic high-titer infections, with
abscesses visible in ~5% of animals. Male TLR4-deficient C3H/HeJ
mice develop high-titer pyelonephritis but no abscesses53. Instead,
these mice fail to limit infection to the kidney parenchyma,
exhibiting increased rates of bacterial dissemination and mortal-
ity53. In the non-refluxing C57BL/6 strain, female mice treated with
testosterone also develop persistent kidney infection52,53,62,63.
These androgenized C57BL/6 females have increased monocyte
recruitment, increased M2-polarized macrophages in the kidney
from 14 to 28 days post-infection, and increased kidney-
associated M2 macrophage cytokines CXCL1 and CSF-3 from day

Fig. 2 Changes in sex hormones in plasma and bacteriuria in women and men over time. The global percentage of sex hormone levels, as
the maximum mean testosterone and the maximum mean estradiol level, in men (blue squares) and women (red circles) and bacteriuria
prevalence in men (green triangles) and women (purple diamonds) is shown over time. In infancy, UTI prevalence is represented instead of
bacteriuria. In the first 6 months of life, male infants have a higher prevalence of UTI than female infants, but this sex difference is
reversed during childhood and remains over the lifetime of men and women. Figure adapted from ref. 37 with bacteriuria data from
refs. 20,25–30,32,38,39,43,149.
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10 to 21 post-infection63. Finally, androgen exposure in female
mice induces a burst of epithelial-derived TGFβ1 at 24 h post-
infection, which polarizes macrophages toward an alternatively
activated, pro-fibrotic phenotype, promoting the development of
scars surrounded by pro-fibrotic M2a macrophages62,64. Whether
testosterone plays a role in the severity of sequelae following
pyelonephritis in humans remains to be investigated.
Estrogens also influence the response to infection in the urinary

tract. Post-menopausal and elderly women are at greater risk of
recurrent infection38,65, which may be explained in part by
changes in estrogen levels over time (Fig. 2). Decreased estrogen
levels in post-menopausal women may limit production of
antimicrobial peptides and contribute to decreased integrity of
the urothelial lining, which would render the bladder more
susceptible to bacterial colonization66,67. Compared with sham-
operated mice, ovariectomized C57BL/6 female animals have
greater bacterial burdens 24 h after intravesical instillation of UPEC
and increased circulating IL-6 at 6 h post-infection66,68. Fourteen
days after infection, ovariectomized C57BL/6 mice have more
quiescent intracellular bacterial reservoirs, a phenotype which can
be reversed if ovariectomized mice are treated with estradiol68.

However, estrogen can also increase uptake of bacteria by
urothelial cells, while at the same time strengthening tight
junctions between urothelial cells and stimulating antimicrobial
peptide production, both of which would act to protect the
urothelium from infection66,67. Following estradiol supplementa-
tion in post-menopausal women, exfoliated human urothelial cells
show significantly increased expression of antimicrobial peptide
genes such as hBD3 and the cell-cell contact-associated protein,
zona occludens protein 1 (ZO-1)66. These observations were also
apparent in vitro using 5637 cells, a human urothelial cell line, in
which estradiol exposure enhances the expression of hBD1, hBD2,
psoriasin, RNase 7, and cathelicidin66. In addition, ZO-1 and
occludin mRNA levels are significantly up-regulated and
E-cadherin is redistributed at cell-cell contact points66. Impor-
tantly, however, the ability to make direct comparisons of the
impact of estrogen supplementation between this in vitro system
and in vivo in female organisms is complicated by the fact that
5637 cells were derived from an elderly male patient with bladder
cancer. In addition, one study showed that the composition and
time course of thickening after infection of the glycosaminoglycan
layer, a major component of mucosal surfaces that plays a critical

Fig. 3 Female and male mice have different immune responses to UTI. The innate immune response to female mice (top) is characterized
by robust cytokine expression and immune cell infiltration, which is notably absent in male mice (bottom, transparent immune cells and
missing cytokines). The events depicted inside the dotted box have been observed in the context of UTI in female mice, however, it is
unknown whether these events unfold in male mice with UTI. For example, both sexes have two subtypes of resident macrophages, however,
whether they behave similarly in defense against infection is unknown. Notably, both sexes mount a non-sterilizing adaptive immune
response to infection, although whether this response is mediated by similar mechanisms in female and male mice is unclear. Figure drawn in
BioRender with data from ref. 50 and Rousseau et al., BioRxiv, https://www.biorxiv.org/content/10.1101/2021.10.28.466224v1.
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role in passive defenses against UTI, was significantly influenced
by estradiol level69. Finally, increasing estrogen levels, apparent at
puberty, can elicit production of natural anti-enteropathogenic E
coli (EPEC) antibodies, leading to faster clearance of blood-borne
EPEC in female mice compared to male mice, thus providing a sex-
biased protection against bacteremia and sepsis70. Whether these
or other natural antibodies recognize UPEC and whether they
could protect against UTI is unknown. It is interesting, however, to
speculate they may play a role in immunity as antibodies present
in the urine of previously infected women can prevent UPEC
binding to human urothelial cells, potentially limiting infection71.
Together, these findings support that sex hormones directly and
indirectly impact immunity to UTI and suggest that their
modulation may have potential in the treatment of acute, chronic,
and recurrent UTI, but also highlight the need for optimized
models to understand these interactions.

BLADDER CANCER IS ALSO SEX BIASED
Bladder cancer is one of the ten most common cancers with more
than 500,000 new cases each year, worldwide72, although it is less
well studied than other cancers with similar incidence. In direct
contrast to UTI, bladder cancer is more common in men.
Interestingly, however, women tend to be in later stages at
diagnosis and experience worse outcomes compared to men73.
Seventy-five percent of new diagnoses are non-muscle-invasive
bladder cancer, and when classified as high-risk, can be treated
with intravesical instillation of Bacillus Calmette-Guérin (BCG), the
vaccine for tuberculosis74. Although the reasons are not known,
and contrary to earlier reports75, women are at greater risk of
recurrence and progression after BCG therapy compared to
men76. A more aggressive malignancy, muscle-invasive bladder
cancer, can be treated with chemotherapy, radiation, checkpoint
inhibitors, or a combination of these approaches. While differ-
ences in response to chemotherapy between the sexes have not
been identified77, some studies suggest that women and men
have divergent outcomes following checkpoint inhibition therapy
for bladder cancer78,79. The reasons for differences in incidence,
progression, and response to therapy between women and men
are complex, and likely include lifestyle and gender-associated
factors, but evidence supports that hormone signaling and sex
chromosomes themselves contribute to the underlying mechan-
isms of tumor development.

Sex hormone signaling and bladder cancer
As early as the 1970s, preclinical research models demonstrated
that sex hormone signaling contributes to the development of
bladder cancer. Experimental bladder cancer is typically induced
in mice and rats through administration of the carcinogen N-butyl-
N-(4-hydroxybutyl) nitrosamine (BBN) in the drinking water. Using
this model, tumor incidence can be inhibited through the
administration of the estrogen receptor agonist diethylstilbestrol
in male rats, whereas ovariectomy or testosterone treatment
increases cancer incidence in female rats80,81. More recent studies,
using genetically modified mice to dissect the role of sex hormone
signaling, report that androgen signaling is generally pro-
tumorigenic. Remarkably, AR-deficient C57BL/6-129Sv mosaic
mice do not develop tumors following BBN exposure, whereas
nearly all wild-type male and almost half of all wild-type female
mice had bladder cancer after 40 weeks of BBN exposure82.
Interestingly, C57BL/6-129Sv male mice with a conditional
deletion of AR only in the urothelium also did not develop
tumors following BBN exposure, indicating that androgen signal-
ing in the bladder epithelium drives development of these
tumors83. Reinforcing this conclusion, female and male C57BL/6
mice expressing human AR from a tamoxifen-inducible, urothelial-
specific promoter have a higher incidence of more advanced
tumors after BBN treatment compared to littermate controls.

Furthermore, castration of these transgenic animals protects them
from more severe disease84. Finally, in a model using MB49
bladder cancer cells injected in the flank, male mice accumulate
greater numbers of CD8+ T cells with a progenitor exhausted
phenotype in the tumor microenvironment compared to female
mice. This phenotype was dependent upon AR signaling in T cells
which regulated this T cell phenotype via the transcription factor
Tcf7/TCF185. Inhibition of T cell maturation toward an effector cell
phenotype and T cell exhaustion would be expected to negatively
impact tumor immunity.
Evidence of androgen-driven tumor development exists in

humans, as well. Perhaps the strongest evidence comes from
studies reporting that androgen-deprivation therapy is protective
in bladder cancer patients. In a study with a median follow-up of 5
years, bladder cancer patients treated with androgen-deprivation
therapy for concurrent prostate cancer had a significantly longer
interval of recurrence-free survival86. The same authors reported
that AR expression in tumor tissue is an independent predictor of
tumor recurrence in bladder cancer87. This finding confirms an
earlier report analyzing samples from 148 men and 40 women,
demonstrating that AR and estrogen receptors alpha (ERα) and
beta (ERβ) are expressed in both benign urothelium and tumor
samples, but that all three receptors are decreased in malignant
tissue88.
While a majority of these bladder cancer studies focus on

androgens, estrogen likely also plays a role in tumor development
in the bladder. Estrogens exert their function by binding to two
subtypes of intracellular receptors, ERα and ERβ89. Expression of
ER subtypes varies among immune cell populations. T cells
express higher levels of ERα, whereas B cells have greater ERβ
expression90. Of the two ERs, ERβ is more likely to be found in
bladder cancer samples, with a 60% detection rate in 224 bladder
cancer samples, and a statistically significant increased presence in
later-stage tumors (75–80%) compared to early-stage Ta/T1
tumors (53–56%)91. Assessments of recurrence-free or
progression-free survival reveal that only ERβ expression is
significantly associated with worse outcomes in patients with
low-grade tumors88. Analysis of steroid sulfatase and aromatase,
which activate estrogen in circulation, in 113 urothelial carcinoma
samples, showed that steroid sulfatase labeling is lost with
increasing tumor grade, suggesting estrogen levels and ERs may
correlate in urothelial tumors92. Importantly, studies of hormone
receptor expression and association with bladder cancer recur-
rence or survival do not always find positive correlations93. Thus,
further studies with larger cohorts specifically powered to analyze
hormone receptors in both women and men with bladder cancer
are needed.

The role of sex chromosomes in the development of bladder
cancer
The X chromosome encodes ~1100 genes, in contrast to the 100
genes encoded by the Y chromosome34. Many X-linked genes play
important immune modulatory functions. For example, the X
chromosome encodes Toll-like receptors TLR7 and TLR8, the
common gamma chain cytokine receptor subunit IL2RG, the IL-13
receptor subunit IL13RA2, the T regulatory cell master regulator
FOXP3, the TNF superfamily protein CD40L, the NADPH oxidase
catalytic subunit NOX2 (CYBB), and IL1 receptor-associated kinase
1 (IRAK1)6,94,95.
In humans, females carry two copies of the X chromosome (XX),

whereas males are heterogametic (XY). To compensate for the
double dose of X-linked genes in females, cells initiate
X-chromosome inactivation. In this process, random silencing of
one of the X chromosomes occurs in each female cell early in
development, leading to mosaic expression of either the maternal
or paternal X chromosome1,96. Approximately 15% of X-linked
genes escape inactivation in a subset of cells in humans, leading
to increased expression of certain genes in females compared to
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males97. For example, TLR7, expressed by plasmacytoid dendritic
cells, B cells, monocytes, and macrophages, escapes X inactivation
in about 30% of cells, which impacts recognition of viral and self
RNA, enhanced proliferative capacity of CD27hi B cells, and
increased expression of interferon regulatory factor IRF5 and IFNα
in plasmacytoid dendritic cells in females98,99. In males, mutations
in IL2RG, encoding a cytokine receptor subunit critical for the
development and function of T cells, lead to X-linked severe
combined immunodeficiency100,101.
Tools to study the contribution of sex chromosomes to bladder

cancer development include the “four core genotypes” mouse. In
this transgenic C57BL/6 mouse, in which the testis-determining
gene Sry has been moved from the Y chromosome to an
autosome, breeding gives rise to animals that are gonadally
female or male and have either an XX or XY sex chromosome
complement102,103. Using these mice in a BBN-induced model of
bladder cancer demonstrated that both hormones and sex
chromosomes contribute to increased susceptibility in male
mice104. Specifically, XX female mice had the best overall survival,
followed by XY female mice, XX male mice, and finally XY male
animals. RNA-sequencing revealed that the X-linked gene Kdm6a,
a lysine demethylase and tumor suppressor, escapes X inactivation
in these mice, and its conditional deletion results in decreased
survival in female, but not male animals. In humans, KDM6A
expression is also negatively correlated with advancing tumor
stages only in tumors from female patients in The Cancer Genome
Atlas data set104. In early-stage non-muscle-invasive bladder
cancers from women, sequencing of tumors showed that 20 of
27 samples had at least one mutation in KDM6A105. In mice,
Kdm6a differentially regulates multiple immune response
mechanisms including T cell proliferation, cytokine production,
and the expression of genes such as CXCR3 and CCR5, which are
involved in the regulation of Th1 and Th2 activation pathways106.
Together, these findings support that sex chromosomes them-
selves, through escape of X-inactivation by tumor suppressor
genes, influence the development of bladder cancer, at least
in women.

Sex and patient care in bladder cancer
While the contributions of hormone signaling or the X chromo-
some can be dissected in the laboratory, and observed or
manipulated to some extent in patient populations; determining
how additional factors contribute to the sex disparity seen in
bladder cancer diagnoses and outcomes is more difficult.
Evaluation of more than 27,500 patients (of whom 27% were
female) revealed that female patients have a significantly higher
proportion of nonurothelial squamous carcinomas compared to
male bladder cancer patients107. This finding was confirmed
through the sequencing of 1000 muscle-invasive bladder tumors
(24% from women), which demonstrated that basal and
squamous tumors were significantly more represented among
female patients108. This supports the hypothesis that sex-specific
disease outcomes may be due, in part, to disease subtype or
variant histology108.
Sex differences in patient care itself may also have an effect

on disease outcomes. Contrary to studies asserting that women
experience delays in treatment due to longer follow-up times,
delayed or a lack of referral to urologists, or misdiagnoses (e.g.,
female patients presenting with hematuria are commonly
diagnosed with UTI)73, one study found that women are actually
significantly less likely to experience delayed treatment (odds
ratio 0.89, 95% confidence interval (CI) 0.84–0.93, p < 0.001)107.
Additionally, with the exception that women were less likely to
be treated at high-volume hospitals, no differences in treatment
were apparent between women and men with respect to receipt
of definitive treatment, neoadjuvant treatment, or pelvic lymph
node dissection. The lack of significance in these parameters led
the authors to conclude that although women are more likely to

die from bladder cancer compared to men, delay or differences
in treatment may not explain this phenomenon107. Given that
this conclusion is at odds with many previous studies uncover-
ing delays and differences in treatment, additional studies are
needed.

SEX AND THE URINARY TRACT MICROBIOME
Covered in greater detail in another article of this special issue, the
urinary or bladder microbiome likely impacts susceptibility or
response to UTI and the development and response to therapy for
bladder cancer. How the urinary or bladder microbiome may be
impacted by sex, though, is poorly understood.
Contrary to a long-held clinical belief, the urine of healthy

individuals is not sterile. Using approaches similar to those applied
to study the intestinal microbiome, analysis of bacterial 16S rDNA
sequences amplified from clean catch, midstream urine from
healthy subjects or from individuals at risk for infection, such as
those with neuropathic bladders, demonstrate that healthy
human urine has considerably variable bacterial 16S rDNA
sequence richness among individuals, including bacteria asso-
ciated with urogenital pathologies109,110. Moreover, urinary
microbiomes differ according to physiological or pathological
bladder function and are altered by infections and their duration,
antibiotic administration, and method of urinary catheteriza-
tion109–112. Furthermore, women carry a more heterogeneous mix
of bacterial genera compared to men, with representative
members of the Actinobacteria and Bacteroidetes phylas, absent
in most male samples109–112. Lactobacillus is found exclusively in
women, and its presence varies significantly among women
depending upon their bladder function113. For example, reanalysis
of previously acquired urine samples showed that healthy women
have higher proportions of Lactobacillus and healthy men have
higher proportions of Staphylococcus haemolyticus than women or
men with neuropathic bladders113. In addition, regardless of sex,
individuals with neuropathic bladders, who are at greater risk for
UTI, have greater proportions of Enterococcus faecalis, Proteus
mirabilis, and Klebsiella pneumoniae113,114. In women over the age
of 70, genera such as Jonquetella, Parvimonas, Proteiniphilum, and
Saccharofermentans appear exclusively, and the overall number of
genera and bacterial abundance are reduced compared to those
aged 20 to 49111. The number of genera greatly increases with age
in men, including the appearance of Parvimonas111. Overall, sex
differences in the total number of bacteria and genera within the
urinary microbiome exist and change with age, supporting a
potential link between sex hormone levels or other sex-specific
factors and microbiome composition, warranting continued
investigation111.
Interestingly, a recent study examined urine and vaginal

microbiota compositions of healthy women or patients with
recurrent UTI at pre- and post-menopausal ages. While menopau-
sal status correlated with significant differences in both urinary
and vaginal microbiota, including a decline in Lactobacillus in
post-menopausal women115, no significant differences were found
to correlate with recurrent UTI in the absence of chronic antibiotic
use116. Estrogen can support Lactobacillus growth by increasing
glycogen storage in human vaginal epithelial cells117. Therefore, it
is possible that the decreased Lactobacillus carriage observed in
post-menopausal women is due, at least in part, to the decline in
estrogen levels67,118. Interestingly, while a second study also did
not identify significant differences in the abundance of Lactoba-
cillus among patients with recurrent UTI compared to age-
matched healthy individuals119, at least two studies report that
the use of intravaginal Lactobacillus reduces recurrence in women
with recurrent UTI120,121. Together, these findings suggest that a
complex relationship among microbiomes at different anatomical
sites may influence the incidence of UTI but additional studies are
needed122.
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Women with bacterial vaginosis, characterized by overrepre-
sentation of a polymicrobial mixture of bacteria, including
Gardnerella, in the vagina have a 13-fold higher UTI risk than
women with Lactobacillus-dominated vaginal microbiotas123–125.
In addition, in a study of 22 women with recurrent UTI and 17
healthy individuals, those with recurrent UTI had an abnormally
high (>3) mean Nugent score (a microscopic measure of bacterial
morphologies used to diagnose bacterial vaginosis) of 4.6
compared to 1.7 among the control subjects126. In a mouse
model, inoculation of Gardnerella in bladders of mice previously
infected with UPEC is sufficient to induce urothelial apoptosis and
exfoliation, which would be expected to induce UPEC emergence
from reservoirs, thereby inducing recurrent UTI127,128. Corroborat-
ing those observations, whole bladder RNA-sequencing after
Gardnerella inoculation in previously UPEC-infected mice identi-
fied host pathways involved in Gardnerella-induced recurrent UTI
such as epithelial turnover, apoptosis, and expression of
inflammatory cytokines129. Gardnerella can be found in human
urine collected directly from the bladder through suprapubic
aspiration or catheterization and may mediate a similar mechan-
ism of increased susceptibility to recurrent UTI, although it is
thought these bacteria cannot directly colonize the
bladder127,128,130,131. In vitro, co-aggregation of Gardnerella and
UPEC leads to the formation of biofilms132. Interestingly, E. coli
may be able to establish vaginal intracellular reservoirs in human
and mice. Indeed, UPEC can invade a normal vaginal mucosal
tissue cell line from a premenopausal woman, VK2 E6/E7, via a
mechanism distinct from that observed in the bladder. In this
same study, UPEC was found within cells from four vaginal swabs
of women with a history of recurrent UTI133. Finally, E. coli formed
reservoirs in vaginal epithelial cells from C3H/HeN mice up to
28 days post-inoculation133. In vivo, bacteria able to form
reservoirs would be protected from antibiotics. However, how
these bacteria might then induce UTI is not known. Interestingly, a
recent longitudinal multi-omics analysis demonstrated that the
gut microbiomes in women with recurrent UTI are distinct from
those in women that have not experienced UTI, and that bacteria
frequently transit the gut–bladder axis, with strain persistence
noted in patients with recurrent UTI134. Overall this study suggests
that recurrent UTI susceptibility is, at least in part, mediated by gut
dysbiosis and differential immune responses to bacterial bladder
colonization134. Taken together, these findings illuminate potential
mechanisms underlying susceptibility to recurrent UTI in women.
Unfortunately, studies directly assessing correlative or causative

relationships among the urinary, bladder, or genital microbiome
and disease states in women and men are few and many are not
sufficiently powered to make strong conclusions. Future applica-
tion of transcriptomic, proteomic, and metabolomic analyses will
enable discovery of the roles and relationships the microbiomes of
the urinary tract play in protection or disease pathogenesis135.
These findings may then lead to personalized approaches for
diagnosis, prevention, prophylaxis, and treatment of urinary tract
diseases based on key individual characteristics, including sex
and age135.

TAKING SEX INTO ACCOUNT FOR THERAPEUTIC APPROACHES
Considering the clear role of sex-based differences in urinary tract
pathology, it is crucial to understand the mechanisms underlying
these differences to improve diagnoses for immune-mediated and
infectious diseases and to develop therapies that will benefit both
sexes136. Targeting sex hormones or their downstream signaling
pathways has clear clinical benefits in diseases such as breast or
prostate cancer. In bladder cancer, in addition to reports that
androgen-deprivation therapy improves recurrence-free survival
in men86, AR antagonism may synergize with chemotherapy or
radiotherapy since AR positivity in tumor samples negatively
correlates with response to chemotherapy137. A recent report has

shown that androgen-deprivation therapy, used in prostate cancer
in this study, may also improve the response to checkpoint
blockade, as AR signaling in T cells inhibits expression of IFNγ,
necessary for tumor immunity138. However, whether these
approaches may be of benefit more generally to bladder cancer
patients remains to be tested.
Given the impact of sex, and particularly sex hormones, on

disease susceptibility and immune function, a patient’s sex and
hormonal state could be considered in greater depth in
prevention and therapy approaches. Indeed, sex hormones can
be readily antagonized or supplemented, which makes them
attractive as adjunct therapeutic targets or modifiers in bladder
diseases. For example, screening of serum hormone levels in
recurrent UTI patients is feasible and might greatly improve
disease outcome if targeted treatments are developed. As
declining levels of estrogen after menopause lead to changes in
the urogenital tract, including the loss of commensal Lactobacillus
in the vaginal and urinary microbiome that increase the risk of
UTI67,117,139, clinical studies have investigated the impact of
estrogen administration to prevent UTI. Oral estrogen supple-
mentation is mildly effective in reducing recurrent UTI but carries
increased risks of coronary heart disease, stroke, venous
thromboembolism, and breast cancer140,141. A small study testing
topical vaginal estrogen against placebo found that estrogen
exposure significantly reduces the number of UTI in the first
6 months of treatment compared to the number of UTI in patients
using a placebo cream142. To counter the decline in Lactobacillus
correlated with decreased estrogen levels in post-menopausal
women, oral or vaginal supplementation with Lactobacillus strains
has been tested140. While the results vary among studies,
including several that found no differences in Lactobacillus-treated
groups compared to placebo or antibiotic-treated individuals;
intravaginal suppositories of Lactobacillus crispatus reduced UTI
recurrence compared to the placebo group, and this reduction
was correlated with a high level of vaginal colonization of
Lactobacillus120. However, as many of these studies include only
small subject numbers, larger-scale studies are needed to assess
the efficacy of hormone-based treatments to prevent or treat
UTI143.
To support human studies of hormonal therapeutics, additional

laboratory work and model development are needed to dissect
the mechanisms of sex-based differences in urinary tract diseases.
Additionally, with the exception of hormone replacement therapy
in post-menopausal women, published preclinical and clinical
studies do not consider individuals taking hormone supplements
for other and varied reasons, including gender-affirming hormone
therapy. For example, there is a paucity of information regarding
the impact of hormone supplementation on risk of infection or
tumor development in the transgender population. However,
there is likely an impact, as for example, individuals transitioning
from men to women can be at risk for other serious health issues,
such as cardiovascular disease, due in part to estrogen supple-
mentation144. In mouse models of UTI, anti-androgen therapy
prevents testosterone-dependent chronic cystitis and pyelone-
phritis53. Treatment of male C3H/HeN mice with a typical
antibiotic (ceftriaxone) clears UPEC from the urinary tract, but
mice still develop sterile abscesses and renal scarring145. Renal
scarring, particularly in childhood, significantly increases the
likelihood of hypertension and end-stage renal disease later in
life146,147. Thus, AR antagonism may prove to be a valuable
addition to traditional antibiotic therapy in acute UTI, particularly
in male patients, whereas individuals using testosterone supple-
mentation may be at increased risk of infection. In the case of
bladder cancer, AR antagonism may have a different outcome. We
applied the BBN model to transgenic URO-Ova mice expressing a
model antigen from the urothelium to follow tumor-specific T cell
responses during immunotherapy148. We found that tumor-
specific T cells infiltrated the bladder more robustly in male
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tumor-bearing mice treated with BCG and PD-L1 immunothera-
pies compared to female tumor-bearing mice, which may be one
reason why men have better bladder cancer outcomes than
women148. Importantly, however, whether this difference is
mediated by sex hormones, sex chromosomes, or another
mechanism is unclear and would require preclinical studies
modulating each of these factors before one could conclude that
AR antagonism is a viable treatment approach.

CONCLUSION
Men and women experience different susceptibility to, and
morbidity from, infectious and non-infectious diseases. These
differences are driven by multiple factors, including genetics,
environmental exposure, hormones, and access to care. Sex
hormones greatly influence the onset, severity, and outcomes of
UTI. Sex chromosomes and hormones independently modulate
the development of bladder cancer, and the urinary microbiome
itself is influenced by sex. Given that disease development,
susceptibility, and immune responses are shaped by levels of
circulating hormones in both sexes, hormone manipulation may
represent a viable therapeutic target in diseases of the urinary
tract. Therefore, it is crucial to better understand the impact of sex
as a biological variable in health and disease to optimize future
individualized therapies for both women and men.
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