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Abstract

Background: Leishmaniasis, Chagas disease (CD), and Human African Trypanosomiasis (HAT)
are neglected tropical diseases in humans caused by intracellular parasites from the class Kineto-
plastida. Leishmaniasis is one infectious disease that exhibits sex-bias not explained solely by
behavioral or cultural differences. However, HAT and CD have less well documented and under-
stood sex-relateddifferences, eitherdue to a lackof differences or insufficient research and reporting.
Methods: This paper reviews the rate of disease and disease severity among male and females
infected with CD, HAT, and leishmaniasis. We further review the specific immune response to
each pathogen and potential sex-based mechanisms which could impact immune responses and
disease outcomes.
Results: These mechanisms include sex hormone modulation of the immune response, sex-
related genetic differences, and socio-cultural factors impacting risky behaviors in men and
women. The mechanistic differences in immune response among sexes and pathogens provide
important insights and identification of areas for further research.
Conclusions: This information can aid in future development of inclusive, targeted, safe, and
effective treatments and controlmeasures for theseneglecteddiseases andother infectiousdiseases.

Introduction

Kinetoplast parasites are a group of flagellated protozoans defined by possession of the kineto-
plast organelle. As a group, these organisms infect plants and animals (Refs 1, 2, 3, 4, 5). However,
three kinetoplastid species – Trypanosoma cruzi (T.c.), Trypanosoma brucei (T.b.) and Leish-
mania spp. – cause human diseases recognized by the World Health Organization (WHO) as
Neglected Tropical Diseases (NTDs) (Ref. 6). These include Chagas disease (CD), humanAfrican
trypanosomiasis (HAT) and leishmaniasis, respectively. Each of the three human kinetoplastid
diseases has a life cycle involving a blood-feeding arthropod vector as well as a human host and
express variable sex-bias in their incidence, morbidity and mortality rates. In this review, we will
share evidence of such sex-biases in these diseases as well as explore potential mechanisms and
areas requiring further research especially surrounding the immune response, sex-hormone
impacts and genetic concerns.

Etiology and epidemiology

Table 1 summarizes the transmission, epidemiology, clinical manifestations, current treatments
and prevention strategies for each of the three diseases that will be explored in this paper. This is a
general overview and does not cover fine details of each of these categories. The cellular immune
responses to each of these disease processes are later detailed in Figures 1, 2, 3, and 4.

Sex bias: epidemiology and clinical presentation

The precise global incidence and morbidity rates of neglected tropical diseases are difficult to
quantify given that inherent constraints in diagnosis and clinical management cause many cases
to remain undiagnosed (Ref. 7). For infectious diseases in general however, sex is known to alter
the rate of infection, disease course and severity – often presenting with higher rates of morbidity
and mortality in males than in females (Ref. 8). Based on current evidence, Leishmania, T.c. and
T.b. exhibit differences in the distribution of disease between sexes despite each parasite’s
evolutionary relatedness.
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Table 1. Etiology and Epidemiology of Leishmaniasis, Chagas disease and Human African Trypanosomiasis. Overview of the modes of transmission, areas of
endemicity, rates of disease, clinical manifestations and current treatment and prevention strategies

Disease Transmission Region of Endemicity
Incidence and
Mortality Clinical Manifestations Treatment and Prevention

Leishmaniasis 20 species of
Leishmania are
transmitted to
humans mainly
through bite of
a sandfly
(Ref. 234).

Tropical and
subtropical
countries, especially
the Mediterranean,
Middle East, East
Africa, South Asia
and Central and
South America
(Ref. 235).

Global prevalence is
estimated at 4–10
million cases
depending on year,
while there are
700,000–1.2 million
new cases per year,
and 70,000 deaths
per year
(Refs 3, 236).

There are three main forms (Refs
237, 238). Visceral
Leishmaniasis is a systemic
infection especially in the
spleen, liver and bonemarrow
and can be fatal (Ref. 239).

Cutaneous Leishmaniasis yields
lesions limited to the skin with
various clinical severities
(Ref. 239).

Mucocutaneous Leishmaniasis
results in destructive
nasopharyngeal lesions,
permanent disfiguration, and
other complications
(Refs 237, 239).

Optimal treatment varies
but includes
intravenous
L-Amphotericin B and
oral miltefosine which
are FDA approved
treatments
(Refs 240, 241).

No vaccine is commercially
available but currently
there are candidate
human vaccines in early
phase clinical trials (Refs
242, 243, 244, 245).
Prevention otherwise
centres around
treatment of cases and
vector control (Refs 246,
247).

Chagas
Disease

T.c. is commonly
spread through
infected feces
of the
nocturnal
triatomine bug
(Refs 248, 249,
250).

Transmission occurs
mostly in Latin
America (Ref. 251),
but due to migration
detection also
occurs at substantial
levels in non-
endemic countries
(Refs 248, 252).

Prevalence estimated
at 6–7 million
individuals, around
100,000 new cases
per year, and 10,000
deaths annually
(Refs 6, 248).

CD impacts the central nervous,
gastrointestinal and
cardiovascular systems, with
the latter leading to mortality
(Ref. 253). Symptoms vary by
phase.

Acute phase infection: Fever,
oedema, lymphadenopathy,
anaemia,
hepatosplenomegaly, cardiac
abnormalities, central
nervous system involvement
and death (Refs 47, 250, 251,
252, 253).

Indeterminate phase infections:
asymptomatic (Refs 250, 254).

Chronic phase infections: Fever,
cardiomegaly, apical
aneurysms, ECG
abnormalities and cardiac
involvement and
gastrointestinal tract
involvement (Refs 47, 250,
251, 252, 253).

Treatments include
benznidazole and
nifurtimox for acute
infections and symptom
management for related
cardiac disease (Refs
255, 256, 257).

There is not yet a
commercially available
vaccine, although
research is ongoing
(Refs 258, 259).

Human
African
Trypanosomiasis

T.b. is mainly
spread by the
bite of an
infected tsetse
fly (Refs 58, 59).

Distributed throughout
sub-Saharan Africa,
with highest rates of
transmission in rural
areas (Ref. 226). The
highest incidence
occurs in the
Democratic
Republic of the
Congo with 522
cases/year. All other
African countries
report between 0–
100 cases per year
(Refs 226, 260).

Due to control efforts,
now less than 1000
new cases reported
each year (Refs 59,
256). Of the two
forms of disease
caused by two
different subspecies
of parasite, West
African
Trypanosomiasis
(92–98% of cases) is
much more
prevalent compared
to east African
Trypanosomiasis
(2–8% of cases)
(Refs 59, 256, 257).
No recent reports of
mortality rates have
been published.

HAT is a progressive and usually
fatal if untreated
(Refs 257, 258).

Presents with skin reaction with
or without lymphadenopathy
near the bite site. Subsequent
systemic disease initiates via
blood but manifestation is
subspecies dependent.

West African trypanosomiasis:
Stage one begins with
irregular fever but can be
otherwise asymptomatic or
also have
hepatosplenomegaly and
lymphadenopathy
(Refs 261, 262).

East African trypanosomiasis:
Also begins with irregularly
fever, but this disease form is
more severe. 10%of infections
at stage one are fatal - usually
attributed to myocardial
involvement (Refs 261, 262).

In the absence of a vaccine,
treatment strategies for
HAT include nifurtimox–
eflornithine
combination therapy
(NECT) and fexinidazole;
previous treatment
methods such as
melarsoprol are no
longer in use due to
significant toxicities
(Refs 260, 261).

(Continued)
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Some parasitic infectious diseases exhibit clear male predomin-
ance in disease severity, such as Entamoeba histolytica (Ref. 9),
while in other parasitic infections, evidence of sex bias effects
remains inconclusive or is limited to one stage of infection (Ref.
10. Sex-bias in infection and clinical manifestations is related to
several factors including genetics, hormones and gender-specific
behaviours. A variance in sex-bias has been observed across age in
certain infectious diseases, primarily associated with known age-
related fluctuations in sex hormone levels, which depicts the inter-
play of hormones and the immune system in the clinical presenta-
tion of sex bias in infectious diseases (Ref. 8). Sex biases with female
predominance are present in non-infectious autoimmune condi-
tions, including multiple sclerosis (MS) (Ref. 11), systemic sclerosis
(Ref. 12), Hashimoto’s thyroiditis (Ref. 13), myasthenia gravis
(MG) (Ref. 14), rheumatoid arthritis (RA) (Ref. 15), systemic lupus
erythematous (SLE) (Ref. 16), among others. In addition to having a
female bias, many of these autoimmune conditions, such as MS, MG,
SLE and RA, exhibit changes in symptoms and severity with vari-
ations in the hormonal state of the host such as puberty, pregnancy
and menopause (Ref. 17). This further emphasizes the role that sex
differences such as hormones play in the immune response.

Sex biases following patterns seen with other infectious diseases
have been observed in infection by kinetoplastid parasites. As
covered in the following sections, evidence suggests these kineto-
plastid diseases demonstrate greater morbidity and mortality
among infected males, though inconsistencies exist between
reports. We will examine the current data on sex differences in
incidence, progression and severity for each disease individually.

Leishmaniasis

Leishmaniasis has been established as exhibiting sex-bias with
higher incidence and worse disease outcomes in males by both
survey data and medical records, with the male-to-female ratio of
disease increasing with increased age (Refs 18, 19, 20, 21, 22, 23, 24,
25, 26). A local study in Israel, a country with endemic Old-World
cutaneous leishmaniasis (CL), found female incidence of leishman-
iasis to be about 3/4 of that in males. Furthermore, another study
reported a relative risk of 1.27 of developing visceral leishmaniasis
(VL)when comparingmales to females (Ref. 27). Clinical variations
between the sexes in instances of infection have been well-defined
but are variable between specific Leishmania spp. among other

Table 1. (Continued)

Disease Transmission Region of Endemicity
Incidence and
Mortality Clinical Manifestations Treatment and Prevention

Stage two for both subspecies:
Infection spreads to cerebral
spinal fluid (CSF) leading to
neurological symptoms such
as sleep cycle disruptions,
ataxia, confusion, coma and
eventually death (Refs 59,
261, 262).

Abbreviations: T.c.: Trypanosoma cruzi; CD: Chagas disease; T.b: Trypanosoma brucei; HAT: Human African Trypanosomiasis; NECT: nifurtimox–eflornithine combination therapy.

Figure 1.Hormone differences and immune cell effects between XYmales and XX females.While hormone levels vary fromperson to person, the centre of this figure depicts from left
(male) to right (female) typical relative levels of sex hormones betweenmales and females in sexually mature individuals. The left sided text describes typical immune cell effects of
increased male sex hormones, and the right sided text describes typical immune cell effects of increased female sex hormone levels. Some immune effects of sex hormones have
more complex non-linear relationships between hormone concentration and immune response, which are not fully depicted in this figure.
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factors (Ref. 10). Previous studies show differences in infectivity
dependent on the level of sex hormones in the host (Ref. 10), species
and strain of the model (Ref. 28), parasite strain (Ref. 28) and route
of inoculation (Ref. 29). Thus, the age, host and parasite are
important factors to consider when exploring the differences
between sexes associated with leishmaniasis infection.

Cutaneous leishmaniasis in animal models is more severe inmale
organisms compared to females, with males experiencing larger
lesion sizes (Ref. 29), higher parasite burdens (Refs 28, 29) and less
inflammatory responses compared to females (Ref. 10). Specifically,
these observations were made with L. major, L. mexicana, L. pana-
mensis and L. guyanenis rodent infection models (Refs 10, 28, 29).
Male mice infected with L. major have been shown to have a
significantly greater parasite burden in the liver (Ref. 28) and lymph
nodes (Ref. 29) compared to females. Nevertheless, no significant
differences exist between male and female hamsters for neither
Leishmania-specific antibody titres nor in the delayed-type
hypersensitivity responses (Ref. 29). Differences in disease-
promoting cytokines present at the infection site have been
noted, with lesions in males having significantly increased inter-
leukin (IL)-10, IL-4 and transforming growth factor (TGF)-β
cytokine levels which are known to be associated with larger
and more severe lesions (Ref. 29). Similarly, as in the animal

models, differences in leishmaniasis severity are being observed
in humans by gender also.

In humans, data shows higher rates of CL reported amongst
males compared to females, with males having a higher rate of
subsequent progression to mucocutaneous leishmaniasis (MCL).
Although studies have been limited, evidence has shown male
patients are more likely to suffer from CL caused by L. major, L
tropica and L guyanensis (Refs 30, 31, 32, 33). Other single region
studies found CL caused by L. tropica and L. major had no signifi-
cant sex-bias (Refs 34, 35) partially in contrast to the animal models
described above. Moreover, an Afghanistan-based study found that
L. tropica infection caused increased CL lesions and scarring in
females than in males (Ref. 34). Likewise in VL caused by Labrus
donovani and L. infantum, the male sex has been identified as a risk
factor for infection (Refs 25, 36, 37, 38, 39, 40, 41), although most
studies investigating disease severity in humans have been limited
by a single-location study design or by a low number of cases (Ref.
24). Studies have also found experience worse severity of VL
infection, although when stratified by age, this trend is present only
in sexually mature males over the age of 15 (Refs 23, 27, 42).
Younger pre-pubescent females, below age 15, exhibited higher
rates of VL-related mortality compared to males under 15 (Ref.
24). Notably, trends surrounding disease severity of VL do not

Figure 2. Immune response against Trypanosoma brucei. T. brucei is transmitted by the bite of many species of tsetse flies belonging to the genus Glossina. Thus, initial immune
response happens in the skin, where first responder cells such as (1) neutrophils (purple) and (2) NK cells (light blue) elicit inflammatory cytokines which will later favour
macrophage activation towards M1 (Refs 97, 98). At early stages of infection, (3) macrophages (beige) play an important role phagocyting T. brucei (Ref. 99). (4) Macrophage
polarization towards M1 (orange) controls parasitaemia in the early stages of the infection, mainly through the production of TNF-α and NO. (5) Nevertheless chronic inflammation
becomes harmful for the host and can cause collateral tissue damage, anaemia, cachexia and even death (Refs 100, 101). (6) Therefore, macrophage polarization shift fromM1 toM2
is necessary for host survival (Refs 100, 101). Although an exacerbatedM2prevalence leads to increased parasitic burden. (7)M1 andM2 cells sustain and are favoured by the Th1 and
Th2 cells (green), respectively. (8) Moreover, IL-4 from Th2 cells, (9) together with IL-12, IL-6 and IFN-γ produced by the dendritic cells (blue), induce the antibody production by
plasma B cells (pink) (Refs 97, 98). 10) Finally, due to parasite antigenic variability and its capacity to survive extracellularly, multiple successive waves of anti-T.b. antibodies are
generated by plasma B cells (pink) (Ref. 101). Therefore, those antibodies can direct phagocytosis, necessary for long-term parasitaemia control (Ref. 101).
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universally correlate with sex. One analysis of suspected cases of VL
in India found male-dominant VL disease incidence, but no sig-
nificant difference in mortality rates between males and females
(Ref. 24). This finding may be due to increased healthcare access
and thus disease reporting inmales, with reporting limited to severe
VL cases in females, or due to female cases more commonly being
asymptomatic and thus unreported, as was discussed in the study
(Ref. 24). These contrasting results indicate a need for further
research into the variance of disease severity of VL between males
and females using larger patient groups, testing and inclusion of
asymptomatic individuals and records of disease progression for a
better understanding of sex-bias in symptomatic VL.

Chagas disease

Some reports suggest Chagas disease may exhibit higher incidence
in males compared to females (Refs 43, 44, 45), while others have
found the difference to be insignificant (Ref. 46), indicating a need
for better diagnosis, documentation and reporting of cases to better
understand the presence or lack of sex-bias in disease incidence of
CD. CD-related cardiac disease and irregularities are significantly
more prevalent in male patients compared to females (Ref. 43).
However, information regarding clinical sex differences in T.c.
infection is complicated by the fact that many cases remain in the
intermediate, or asymptomatic, stage and clinical sequelae of CD,
such as cardiomyopathies, are not unique to this disease and thus
may not be attributed to CD if the underlying infection is not
detected (Refs 47, 48). While detecting differences in CD severity
in humans is challenging, animal models also support this obser-
vation of increased disease severity and complications of CD in

males compared to females. Mouse models demonstrate greater
susceptibility to infection, as demonstrated by higher parasitaemia
levels, and a higher rate of mortality in males compared to females
(Refs 49, 50).

Investigations into the role of sex in the progression of CD in
humans have largely focused on cardiomyopathy in Trigonoscuta
cruzi-seropositive individuals. Cardiac damage in infected patients
can occur while patients remain asymptomatic for Chagas disease
(Ref. 47). Both the onset and progression of Chagas’ cardiomyop-
athy are found to be associated with the male sex (Refs 51, 52).
Males demonstrated greater electrocardiogram (ECG) abnormal-
ities and abnormal echocardiograms when infected, they showed
significantly lower left ventricular ejection fraction, greater fibrosis
and more prevalent transmural involvement when compared to
females with Chagas’ cardiomyopathy (Refs 52, 53). Elevated sero-
prevalence ofT.c.was noted in children andwomen of reproductive
age inVeracruz (Ref. 46), but agewas not associatedwith changes in
the clinical course or severity of Chagas disease (Ref. 54). Contra-
dictory results, particularly those in non-endemic countries, indi-
cate the need for improved surveillance and profiling of Chagas
disease (Ref. 55).

Human African Trypanosomiasis

HAT shows variable differences in incidence between sexes with
some reports suggesting no difference (Ref. 56), other surveys
showing male predominance (Refs 57, 58) while others found
HAT incidence to be higher among women (Refs 59, 60). The
overall incidence of HAT is much lower than CD and leishmaniasis
and is recognized to likely have underreported case numbers

Figure 3. Immune response against Trypanosoma cruzi. Trigonoscuta cruzi is usually transmitted by the bite of a triatomine vector (also known as kissing bug). The infection is then
divided in acute and chronic stages (Ref. 112). During the acute phase (1) macrophages (beige) are recruited to the site of infection and are capable of phagocyting the parasite,
releasing reactive nitrogen intermediates (RNI) and promoting inflammasome formation and IL-1β and IL-18 cytokines that favours the parasite elimination (Ref. 112). (2) Similarly,
dendritic cells (blue) also phagocytize the parasite andmigrate to the draining lymph node for antigen presentation to the T and B cells. (3) T cell (green) Th1 phenotype is sustained
by cytokine production of activatedmacrophages and dendritic cells, such as IL-12 and TNF-α (Refs 113, 114). 4) Th1 cells are IFN-γ producers which sustains (4) classical activation
of the macrophages, (5) and promotes NK cells’ (light blue) trypanocidal effector activity andmacrophage activation (Ref. 112). Moreover, (6) IFN-γ stimulates IgG2a production by
plasma B cells (pink) (Refs 112, 114). (7) Antibodies opsonize the parasite and favour one of the three occurring complement cascades (red), resulting in parasite elimination (Ref.
113). (8) During the chronic asymptomatic phase of the disease, cytotoxic CD8+ T cells (yellow) are critical for parasitaemia control via cytokine secretion and infected cells
elimination (Ref. 113).
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resulting in inaccurate measurement of disease distribution.
Undetected T.b. infections may be due to a suboptimal system of
case detection utilizing sentinel sites. This lack of detection results
in “silent transmission” of disease (Ref. 61). In addition to chal-
lenges to surveillance and reporting, the variability of evidence of
sex bias in incidence could be attributed to differing sex-specific
behaviours in different study areas (Ref. 58).

Currently, there is limited published data available regarding
animalmodels demonstrating sex differences in infection or in disease
progression of HAT. Yet, one study in mice found that male mice
were more susceptible to infection compared to females who dem-
onstrated increased resistance and lower parasite burden (Ref. 62).
Otherwise, mouse HAT models looking at severity and progression
did not note sex to be implicated in disease processes. These studies
did identify inflammatory cytokines and the role they may play in
exacerbating CNS damage during infection, which, although not
explored in these studies, are known to be influenced by sex hormones
and sex-specific genetics (Refs 10, 11, 29, 63, 64, 65, 66, 67, 68).

In clinical studies of human disease, a 2002 study investigating
differences between the genders in cases of human HAT cases
conducted in Nioki, Democratic Republic of Congo (DRC) noted
adult men were more likely than women to have an abnormal
cerebrospinal fluid (CSF) white cell count, indicating increased
progression to stage 2 infection involving encephalopathy in males
compared to females (Ref. 60). This difference was not observed
between infectedmales and females 0–15 years of age (Ref. 69). One
study found that in Nioki, DRC, males had elevated numbers of
trypanosomes and white blood cells in the CSF compared to female
patients (Ref. 60). However, the study also concluded that male sex
is not a risk factor for increased mortality or encephalopathy rates
(Ref. 60). Another study found that males were more likely to
experience relapses of HAT after treatment, related to males having
a higher parasite burden in their CSF (Ref. 70).

These various sex-based trends in human diseases arising from
Leishmania, T.c. and T.b. infections are summarized (Table 2).
While research is ongoing, in some regions, issues arise from
diagnostic limitations and low case numbers present challenges
for accurate quantification.

Effects of sex hormones on immune response

Sex-related hormones are recently appreciated for their involve-
ment on immune responses whichmay drive sexual dimorphism in

the severity of human Kinetoplastida diseases (Figure 1) (Refs 11,
66, 71, 72). The sex hormones of greatest interest are testosterone,
progesterone, prolactin and oestrogen. Oestrogen, prolactin and
progesterone are most concentrated in females, whereas testoster-
one is most concentrated in males, and each are especially linked to
certain reproductive events (Ref. 73, 74, 75, 76). While each hor-
mone binds to unique receptors, structurally, progesterone, testos-
terone and oestrogen are related and can be inter-converted via
enzymatic reactions and intermediate products (Ref. 77). These
hormones have numerous effects throughout the body of all
humans (Figure 1), however, it has been generally found that
testosterone and progesterone are anti-inflammatory signals,
whereas prolactin and oestrogen have pro-inflammatory effects
(summarized in Table 3) (Refs 71, 74, 75, 78, 79, 80). These
immunomodulatory effects can be seen in relevant cell types to
Kinetoplastida infections such as innate lymphoid cells (ILCs) and
dendritic cells of the skin, among others (Refs 68, 81, 82, 83).
Therefore, with their varying concentrations and immune impacts,
there is the potential for sex hormones to affect the sex-biased
incidence and disease progression of human Kinetoplastida
diseases.

Testosterone and immunity during human kinetoplastida-
caused diseases

Immune modulation plays a critical role in the severity of many
diseases; particularly, during kinetoplastid-caused human diseases
(summarized in Figures 2, 3 and 4). For a general example, testos-
terone’s immunosuppressive effects on innate immune cells are
evident in DCs and ILCs - cells commonly present in the skin and
serve as the first line of defence for diseases spread by insect bites.
Clinical and experimental studies demonstrate that testosterone
suppresses DC activation and pro-inflammatory cytokine
production of IL-1β, IL-6, tumour necrosis factor (TNF)-α, while
reducing major histocompatibility complex (MHC) class II and
co-stimulatorymolecule expression (Refs. 84, 85). This is evidenced
by enhanced DC responses in hypogonadal men and castrated
mice, suggesting testosterone restrains DC-mediated immunity
(Ref. 85). In ILC populations, in vivo studies of humans and mice
show testosterone exhibits significant suppressive effects on ILC2s,
which are found in higher numbers in women with asthma com-
pared to men (Ref. 86). Testosterone regulates ILC2 function
through direct decrease of ILC2 counts and suppression of ILC2
IL-5/IL-13 production, while also reducing tissue production of
ILC2-stimulating cytokines (IL-33 and TSLP). Additionally, testos-
terone negatively regulates IL-2 receptor-mediated ILC prolifer-
ation (Ref. 86). These effects on innate immune cell populations
could influence early immune responses during Kinetoplastida
infections, where rapid cytokine production and immune cell
recruitment are crucial for parasite control. The immunosuppres-
sive effects of testosterone on these innate immune populations
could help explain the generally worse disease outcomes observed
in males during Kinetoplastida infections, particularly through
delayed or diminished early immune responses that allow for
enhanced parasite establishment.

While the immune modulatory power of sex hormones is
becoming evident, there are some distinctions with respect to their
effect on disease outcomes within kinetoplastid diseases. For
example, in T.b. infections of all subspecies, it has been observed
in rats (Ref. 67), dogs (Ref. 87), boars (Ref. 88), rams (Refs 89, 90)
and humans (Refs 91, 92) that serum testosterone declines over the
course of the disease and recovery of serum testosterone can be slow

Table 2. Sex differences summary – incidence and severity. Summary of the
major clinical and epidemiological sex differences for Leishmaniasis Chagas
Disease and Human African Trypanosomiasis. Some conflicting reports exist for
HAT, so no well-established differences between sexes are reported.

Disease Incidence

Leishmaniasis 1,000,000/
year

Lower incidence
Less severe
Lower mortality

Higher incidence
More severe
Higher mortality

Chagas disease 100,000/year Lower rates of
cardiac disease
and related
mortality

Higher rates of
cardiac disease
and related
mortality

Human African
Trypanosomiasis

<1,000/year No agreed
differences in
morbidity/
mortality.

No agreed
differences in
morbidity/
mortality.
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Figure 4. General immune response against leishmaniasis. Leishmania spp. can be transmitted by different species of phlebotomine sandflies. Although Leishmania infection
immune response differs among the different species (Ref. 132), in general (1) neutrophils (purple) are the first immune cells to arrive to the sandfly bite site. There, neutrophils will
release granules and NETs which favour parasite elimination (Refs 133, 134). Nevertheless, they can also act like Trojan horses, internalizing parasites and helping them to reach
their definitive host, the macrophage (beige) (Refs 135, 136). (2) Macrophages then phagocytize the infected neutrophils and become infected themselves (Ref. 136). The immune
polarization of the macrophage will determine the course of the infection (Ref. 137). 3) Inflammatory macrophages (Ref. 138) (orange), characterized by higher TLR4 expression as
well as by the production of nitric oxide (NO) and inflammatory cytokines as TNF-α, IL-1β and IL-6 will reduce parasite burden and increase antigen presentation. Additionally, M1
macrophageswill support Th1 response later, overall resulting to parasite elimination. On the other hand, (4) anti-inflammatorymacrophages (M2) (brown) showa reduction in ROS
and produce IL-10 and TGF-β, inhibiting inflammatory response and permitting parasite survival, moreover, such cells become long-term host for Leishmania (Ref. 132). (5) At the
site of infection, dendritic cells (DCs) (blue) will phagocytize the parasite and take it to the lymph node to be presented to T lymphocytes (green). T cells can differentiate into (6) Th1
through the secretion of IL-12 by the DC which leads to the production of TNF-α, IFN-γ and IL-2 which supports Th1 cells proliferation and boost M1 activation, leading to parasite
elimination. (7) In absence of IL-12, T cells may also differentiate into Th2 which supports M2 activation though the cytokines IL-4, IL-13 and IL-10, promoting parasite survival (Ref.
137). Whereas effector Th1 and Th2 cells play a direct role in parasite elimination or persistence, long term immunity is sustained by memory T cells.

Table 3. Summary of immune response and sex hormones in Humans.

Hormone
Primary
Production site(s)

Cognate
Receptor

Primary
Functions

Immunological
Effects Sources

Testosterone Testes Androgen
Receptor (AR)

Puberty and
promotes testes
immune
privilege

Anti-inflammatory. Promotes IL-10, Th1 and CD8
activation; inhibits NK, TNF-α, IL-6 and IL-1β
functions.

(Refs 71, 78)

Progesterone Adrenal cortex,
ovaries, testes,
and placenta

Progesterone
Receptor
(PR)

Maintain
pregnancy

Anti-inflammatory. Inhibits NK, macrophage, T
lymphocyte cells. Upregulates IL-3, IL-4 and
IL-10. Downregulates IFN-γ, TNF-α and IL-2.

(Refs 75, 79, 80)

Prolactin Pituitary gland, and
uterus, thymus,
spleen and
elsewhere

Prolactin
Receptor

(PRLR)

Lactation, sleep
(circadian
rhythm) and
homeostasis

Pro-inflammatory. Promotes graft rejection and T
cell proliferation.

(Refs 74)

Estrogen Ovaries Estrogen
Receptor (ER)

Puberty,
menstruation and
ovulation

Pro-inflammatory. Promotes Th2 signature at low
(male physiologic/ menopausal/
premenarchial) and high (pregnancy)
concentrations.

Promotes Th1 signature at moderate
concentrations (female physiologic).

Elevates pathogen specific humoral response.

(Refs 66, 68, 72, 171, 172,
174, 175, 178, 179,
180, 181, 182, 183,
263)

Abbreviations: NK: natural killer cell; IFN: interferon, IL: interleukin, TNF: tumor necrosis factor.
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even after treatment (Refs. 90, 91). This observation of declining
serum testosterone has been made in both men and women (Ref.
89). Although inmales, parasitic invasion of the testes has been seen
which may contribute to Leydig cell dysfunction and therefore
lower testosterone production, the exact mechanism of this disrup-
tion is still unknown (Refs 67, 89, 92). Notably, inoculations ofmale
rats with trypanolytic T.b. pellet component fractions recapitulated
the same loss of testosterone when the fractions included a unique
trypanosomal endoprotease as well as undetermined secreted try-
panosomal proteins and glycoproteins produced by the parasite
(Refs 93, 94). Regardless of the exact cause of the testosterone loss,
in the case of T.b. infection, testosterone may be protective for
patients with HAT as it promotes humoral immune responses via
IL-10 and IL-4 stimulation (Figure 2). Antibody responses can kill
T.b. by complement and other mechanisms in vitro, thus acceler-
ating the humoral response development may limit T.b.’s ability to
establish infection (Figure 2) (Refs 95, 96). Hence, testosterone loss
could have a pronounced impact in males on the course of T.b.
infection.

Meanwhile, testosterone has contradictory actions in T.c.
infection. On one hand, in rats and mice testosterone declines
during T.c. infection (Refs 102, 103, 104, 105, 106), but a mech-
anistic cause has not yet been established. In contrast, there is
evidence that T.c. infection may be supported by testosterone
presence. For example, T.c. has endogenous enzymes that can
produce testosterone when provided with precursors (Ref. 107).
Meanwhile, in mice with T.c. infection, testosterone was also
found to be advantageous to the parasite as it is necessary for
disrupting thymocyte differentiation (Ref. 108). Specifically, thymus
epithelial cells expressing androgen receptors (AR) mediate TNF-α
and Caspase3-dependent apoptosis of immature thymocytes, a
decline of IL-12 levels, and an increase of TNF-α (Ref. 109). Fur-
thermore, in large vesper mice (Calomys callosus), testosterone has
been shown to be required to achieve high parasitaemia inmalemice
as testicular surgical removal provides resistance to T.c. infection,
which was negated when testosterone was supplemented (Refs 110,
111) . Mechanistically, this may relate to observations that the
castrated (low testosterone) vesper mice had greater percentages of
lytic antibodies, more splenocyte proliferation and more nitric oxide
(NO) production. All of these events would be protective immune
processes (Figure 3) (Ref. 111). Consequently, gender through vari-
ation in testosterone levelsmay be another potential source to explain
sexual dimorphism in T.c. disease pathologies. Further research is
warranted to determine the impact of testosterone addition or loss
during mid-late infection in animal models to determine whether
this would be a fruitful pathway for investigation to reduce disease
burden in people also.

Lastly, testosterone has been studied and reviewed for its role in
leishmaniasis (Refs 115, 116, 117, 118). Clinically, during CL and
VL with unreported Leishmania species, patients showed declines
in testosterone levels (Refs 119, 120). However, patients who devel-
oped post-kala-azar dermal leishmaniasis (PKDL) had testosterone
increase correlated with IgG up-regulation which combined may
impact the disease severity (Refs 121, 122). In these PKDL patients,
treatment with miltefosine caused a decline in testosterone which
may have aided in restoring normal immune function to clear the
disease, but themechanism of this change is not yet clear (Ref. 121).
Also, in vivo and in vitro studies have shown that males and females
with dihydrotestosterone (DHT) or testosterone treatment all had
worse parasitic outcomes during L. mexicana (Ref. 116), L. major
(Ref. 123), and Labrus donovani infections (Refs 124, 125, 126, 127,
128, 129). Moreover, L. mexicana promastigote pre-treatment with

DHT also stimulated parasite growth, boosted macrophage infec-
tion rate and made Leishmania more resistant to killing in vitro
which combined to exacerbate the disease severity of BALB/c mice
in vivo (Ref. 130). Furthermore, L. panamensis infection of hamsters
treatedwith testosterone resulted in increased lesion size and increased
levels of detrimental anti-inflammatory cytokines (Figure 4), indicat-
ing a distinct immune response to L. panamensis when testosterone
was added (Ref. 131). Thus, regardless of the exact Leishmania species,
this data reveals that testosterone is a powerful immune modulator
that drives disease outcomes and needs further consideration.

Prolactin and immunity during human kinetoplastida-caused
diseases

Prolactin functions as both a hormone and a cytokine in the
immune system, impacting dendritic cells (DCs) and other innate
immune cells. Prolactin and its receptors are expressed by multiple
immune cell types, including DCs, macrophages and lymphocytes,
promoting both endocrine and autocrine signaling (Refs 138, 139).
In DCs, prolactin promotes maturation and differentiation by
stimulating IL-6 and IL-23 secretion, potentially enhancing their
antigen-presenting capacity and stimulating Th1 inflammatory
response (Ref. 140). The enhancement of innate immune function
may be relevant during early responses to Kinetoplastida parasites,
where effective DC and macrophage activation is crucial for patho-
gen control. Additionally, prolactin’s ability to inhibit immune cell
apoptosis and promote pro-inflammatory cytokine production
could support sustained immune responses during chronic infec-
tion phases, though this requires further investigation in the context
of Kinetoplastida diseases (Ref. 139).

In the context of HAT, Prolactin has not been thoroughly
investigated. The few existing studies show that while prolactin
release in healthy adults coincides with sleeping hours and with
cortisol release, in patients with advancedHAT, circadian rhythm is
severely disrupted as is evident through their sleeping patterns and
sporadic spikes in cortisol and prolactin release (Refs 141, 142, 143).
Among these patients with severe sleeping sickness symptoms,
interferon (IFN)-γ was 7–12 times higher than in healthy patients
(Ref. 143), possibly suggesting a role in circadian rhythm in regu-
lating inflammatory signalling and suggesting that such IFN-γ
release is insufficient to control or counterproductive for T.b. late-
stage infection, unlike the other Kinetoplastida parasites discussed
in this review. However, the relationship between circadian pro-
lactin release and immune functions needs further investigation to
link and explain these observations more clearly in human patients.
Furthermore, the impact of sex differences on prolactin production
and impact on disease state has not been explored for HAT.

Meanwhile for American Trypanosomiasis, some have hypothe-
sized that due to prolactin’s role in cardiomyopathies and its role as
an autoimmune pro-inflammatory factor, it may contribute to CD
(Ref. 144). Since then, it has been observed that during T.c. infec-
tion, glucocorticoid endocrine signalling increases, meanwhile pro-
lactin production declines (Refs 145, 146, 147, 148). Many immune
functions are impacted by loss of prolactin. This is evident as
prolactin administration to T.c.-infected mice results in elevated
lymphocyte proliferation and activation inmultiple cell types (CD4
+, CD8+, natural killer (NK) and B cells), macrophage activation
and NO production, meanwhile, parasite burden declined – all of
which are favourable to fight the infection (Figure 3) (Refs 149,
150). More specifically, T.c. under normal conditions induces
apoptosis of immature T cells in the thymus, but prolactin is both
necessary and sufficient to stop this parasite effect (Ref. 151). Thus,
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prolactin is a vital immune mediator and a potential area for
immunotherapy development for Chagas disease.

Finally, in leishmaniasis prolactin has been understudied and
yielded conflicting findings. It has been hypothesized that prolactin
may be crucial in Leishmania immunity due to its correlation to
levels of inflammatory chemokines such as macrophage inflamma-
tory protein (MIP-1a) (Ref. 136) and monocyte chemotactic pro-
tein (MCP-1) (Ref. 152). Meanwhile, a study on the levels of serum
hormones during localized cutaneous leishmaniasis in Brazil (likely
due to either L. braziliensis or L. amazonensis) documented a
reduction in serum prolactin levels for both male and female
localized CL patients (Ref. 153). Notably, this study found excessive
prolactin levels correlated inversely to IFN-γ production and cor-
related positively to increased lesion diameter (Ref. 153). Finally,
prolactin likely is pivotal in L. major immunity as the prolactin-
inducible protein (PIP) is necessary for optimal CD4+ T-cell pro-
liferation, Th1 differentiation, IFN-γ production, NOproduction in
macrophages and ultimately L. major killing (Figure 4) (Ref. 154).
Moreover, PIP-deficient macrophages were more susceptible to
Leishmania even when IFN-γ and lipopolysaccharide (LPS) stimu-
lated (Ref. 154). Thus, the role of prolactin in leishmaniasis immun-
ity especially over various disease presentations and parasite species
requires further investigation.

Progesterone and immunity during human kinetoplastida-
caused diseases

Progesterone has been demonstrated to play a role in regulation of
innate immune cells. It has a known impact onDCs, as they contain
progesterone receptors, however exact mechanisms are still under
investigation (Ref. 155). Evidence suggests progesterone modulates
DC function by promoting DC differentiation and increasing cost-
imulatory factors such as MHC-II, CD40, CD54 and CD86. Also,
progesterone can induce a shift towards an anti-inflammatory
cytokine profile with enhanced IL-10 and reduced TNF-α produc-
tion, although this may be less prominent inmature DCs (Ref. 156).
For innate lymphoid cells, progesterone’s effects, studied primarily
in pregnant women, show tissue-specific variation. In reproductive
tissues, high progesterone promotes ILC2-mediated responses (Ref.
157) while in the lung, progesterone enhances ILC2 responsiveness
to IL-33, leading to enhanced IL-13 and chemokine release (Ref.
158). However, the systemic effects of progesterone on ILCs in the
context of parasitic infections, warrants further investigation.

Progesterone has not been explored in the context ofT.b. human
infection. But, during T.c.-infection of humans and mice with
cardiomyopathy, progesterone has been seen to alter gene expres-
sion of hub genes which has cascading effects on innate immunity
and elsewhere throughout the body (Ref. 159). This mechanism
may relate to the observed reduction of parasite burden during
progesterone supplementation for ovariectomizedCalomys callosus
infected with T.c. (Ref. 160). Also, T.c.-infected rats treated with
melatonin saw reduced progesterone levels which may have con-
tributed to reduction of IL-1β and TGF-β levels (Ref. 161). Finally,
mice infected with T.c. of distinct genotypes revealed that distinct
immune responses are generated regardless of equivalent serum
progesterone levels, indicating the strong role parasite genotype
also plays in potential patient outcomes (Ref. 162).

Also, limited investigations into progesterone during leishman-
iasis have been conducted. Mechanistically, one study demon-
strated that progesterone acts through the glucocorticoid and
progesterone receptors on macrophages to reduce IL-12 and NO
production, thus limiting killing of Labrus donovani in vitro

(Figure 4) (Ref. 163). Moreover, clinical observations of un-spayed,
nonpregnant dogs with natural VL infection showed that dogs with
high serum progesterone were more likely to have chronically high
parasite and inflammatory infiltration into the mammary glands
(Ref. 164). Further evidence specific to progesterone involvement in
leishmaniasis is lacking, however some prior studies regarding the
impact of pregnancy (which requires high progesterone) on Leish-
mania infections have been reviewed (Refs 115, 116). Briefly,
pregnant mice were found to have elevated burdens of L. major
and elevated Th2 immune responses compared to non-pregnant
mice (Refs 165, 166, 167), however during hamster L. panamensis
CL infection, pregnant mice had lower parasitaemia and improved
macrophage NO production (Ref. 168). Thus, progesterone
requires more detailed investigation to fully understand its role in
leishmaniasis for pregnant and nonpregnant patients with various
Leishmania spp.

Estrogen and immunity during human kinetoplastida-caused
diseases

Estrogen is primarily produced by the ovaries and has a wide range
of impacts throughout the body as nuclear oestrogen receptors
(ERs) are expressed by a range of cell types (Refs 169, 170). There
are four identified human oestrogens that act on oestrogen recep-
tors with varying affinities. Oestradiol (E2) has the highest affinity
for all ER types and is producedmost in women of reproductive age
(Ref. 166). Estrone (E1) is created primarily in adipose tissue and
adrenal glands and is the prominent oestrogen subtype in post-
menopausal women (Refs 68, 170, 171). Estriol (E3) is usually only
seen during pregnancy as it is secreted by the placenta (Refs 68,
172). Finally, oestetrol (E4) is a foetal oestrogen only detectable
during pregnancy (Refs 68, 170, 171). The impact of oestrogen on
each cell type is dependent on the intracellular response cascade
and has different effects depending on the receptor and cell type. In
the immune system, oestrogen exhibits a variety of impacts on both
innate and adaptive immunity. Oestrogen acts on B cells, T cells
(cytotoxic and helper), dendritic cells, natural killer cells, mono-
cytes and haematopoietic stem cells through three subtypes of ERs:
ERa, ERb and G protein-coupled ER1 (GPER1) (Refs 68, 171, 172,
173, 174). The overall effect of these ERs impacts immune cell
activation and function such as the promotion of an increase in
total serum antibodies (Refs 68, 175). Overall, oestrogens can have a
wide range of effects depending on the reproductive status of the
woman and oestrogen concentration, the microenvironment, the
cell and tissue types involved and the ER expression levels in the
involved cells (Refs 175, 176, 177, 178).

Oestrogen’s effects on innate immunity show complex patterns
that vary with oestrogen concentration and cellular environments.
In dendritic cells, oestrogen acts on ERα to regulate DC develop-
ment depending on the cytokine environment. Oestradiol acts on
DC progenitor cells at physiologic levels in females, it promotes
granulocyte-macrophage colony-stimulating factor (GM-CSF)
mediated differentiation of DCs while inhibiting Flt3L-mediated
DC differentiation (Ref. 179). Furthermore, ERα signalling modu-
lates DC function by influencing cytokine production. DCs from
ERα-deficient mice show reduced production of IL-6, IL-23, IL-12
and IL-1β in response to TLR stimulation (Ref. 179). However, at
high serum oestrogen concentrations such as those during preg-
nancy, oestrogen can act as an anti-inflammatory modulator by
promoting a tolerogenic DC phenotype with increased expression
of inhibitory molecules and regulatory cytokines (Ref. 68). Evi-
dence as to the relationship between oestrogen and ILC2s appears
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more limited, with most tissue-resident ILC2s lacking significant
expression of oestrogen receptors. While uterine ILC2s express
oestrogen receptors and respond to oestradiol through a mechan-
ism of altered gene expression, this may be related to oestrogen’s
effects on the uterine environment rather than direct immune cell
regulation. In the lung, where ILC2s play important roles in inflam-
mation, there is little evidence for direct oestrogen regulation of
ILC2 numbers or function under normal conditions (Ref. 83).
These complex regulatory patterns of oestrogen on innate immune
cells may help explain the generally enhanced immune responses
observed in females during Kinetoplastida infections, while also
contributing to increased susceptibility to autoimmune conditions.

Additional immune mediation impacts of oestrogens include
shifting Th2:Th1 ratio, elevating antibody levels and modulating
expression of cytokines and inflammatory mediators (Refs 175,
178). Of note, these pro-inflammatory actions can be harmful as
high affinity autoreactive B cells were found in increasing levels in
response to oestrogen, which is a potential mechanism for auto-
immune disease in females (Ref. 180). Moderately high levels of
oestrogen, such as those in reproductive age females, enhance the
Th1 response (Figure 1) (Refs 66, 181). Studies demonstrate that at
normal female physiological levels, oestrogen enhances IFN-γ
expression by Th1 cells in both humans and mice (Refs 181, 182).
In the presence of very low, such as those seen in males, and very
high oestrogen levels, such as those seen during pregnancy, Th2
differentiation and cytokine expression is favoured (Refs 68, 175,
178, 181, 183). One study showed that at very high concentrations,
oestrogen induces a shift towards a Th2 signature, inhibiting Th1
cytokines, including IL-12, TNF-α and IFN-γ, and stimulate pro-
duction Th2 cytokines, including IL-10, IL-4 and TGF-β (Ref. 178).
This, however, is only supported during especially high levels of
oestrogen, seen physiologically during pregnancy (Ref. 178). Other
studies support the finding that overabundance of oestrogenooes-
trogens shifts the T-cell profile to favour Th2 differentiation and
cytokine production (Refs 72, 184, 185). Thus, oestrogen levels in
pregnant women exacerbate Th1-mediated diseases and inhibit
Th2-mediated autoimmune diseases, but oestrogen levels in repro-
ductive aged non-pregnant females compared to males have a
protective effect against Th1 mediated diseases such as viral, bac-
terial and eukaryotic infections. Given this variability in immune
effects, oestrogens also may contribute to the sexual dimorphism
seen in HAT, Chagas disease and leishmaniasis; Th1 cytokines –
IL-12, IFN-γ TNF-α – are known to be implicated in the immune
response and elimination of these pathogens (Figures 2, 3, and 4),
while Th2 cytokines – IL-10, IL-4 and TGF-β – are implicated in
Leishmania survival (Figure 4).

Oestrogen and its impacts on leishmaniasis have been well
studied to date. Oestrogen has been shown to have a protective
effect against Leishmania infection and the severity of the disease
(Refs 123, 186, 187, 188, 189). This is supported by studies where
sex-differences are significantly less prominent or absent before
puberty (Refs 186, 187). Moreover, adult females exhibit smaller
Leishmania skin lesions compared to pre-pubescent juveniles (Refs
186, 187). Overall, adult female infections showed to be less severe
and less frequent than those in juvenile females or males related to
the reduced Th2 response in adult females (Ref. 10). Additionally,
in mice, exogenous E2 administration was shown to induce leish-
manicidal activity in macrophages through NO modulation (Ref.
190). As seen in Figure 4, Leishmania species favour elimination in
the presence of Th1 cytokines, M1 cytokines and pro-inflammatory
mediators such as NO. Thus, given oestrogen’s ability to enhance
these at physiologic levels in non-pregnant females, oestrogen likely

works through a variety of these mechanisms to enhance the
immune response in females and favour parasite elimination thus
contributing to sex-bias seen in leishmaniasis.

Despite systemic mammalian oestrogen having an overall protect-
ive effect against leishmaniasis infection, selective oestrogen receptor
modulator (SERM) therapy with Tamoxifen, which competitively
inhibits oestrogen action, is effective in inducing parasiticidal activity
in infection by certainLeishmania spp. (L. amazonensis, L. braziliensis,
L. major, L. chagasi and L. donovani) in vitro, in vivo and clinical trials
(Refs 187, 188, 189). Tamoxifen’s therapeutic benefit in leishmaniasis
stems from its highly selective interference of oestrogen-mediated
sphingolipid production in Leishmania resulting in parasite death
due to cell membrane destruction (Refs 191, 192). Given the selective
nature of SERMs, only impacting a very specific subset of ERs, this
effect on sphingolipid production in the parasite occurs without
impacting all oestrogen receptors of the host, thus limiting off target
negative side effects (Refs 191, 192, 193). This highlights the complex
nature of oestrogens and oestrogen receptorsmaking it difficult to rule
the hormone’s effects as either protective from or supportive of
infection. Certain mechanisms such as its impact on sphingolipid
production is supportive of infection and thus used as a drug target
(Refs 187, 188, 189), while other cytokine and immune modulatory
mechanisms of oestrogen such as Th1 promotion, are protective
against most forms of leishmaniasis (Refs 116, 123, 187, 188, 190).

The relationship of T.c. and T.b. infections to oestrogen is less
well documented possibly related to the lack of evidence of sex bias
in these diseases resulting in a relative lack of investigation into this
topic. As demonstrated in Figure 3, T.c. elimination is supported by
reactive nitrogen species, cytokines from macrophages, parasite-
specific antigens and Th1 cytokines such as IL-12 (Ref. 194). Thus,
oestrogen’s role in shifting the Th cell profile is likely not influential
in contributing to any sex differences in Chagas disease. More so,
oestrogen likely impacts immune response toT.c. infection through
Th1 cytokines IL-12/IFN-γ and antibody production and reactive
nitrogen species (RNS) (Refs 194, 195). Moreover oestrogens play a
role in promoting RNS (Ref. 196) and the elimination of T.c. in
acute phase disease (Ref. 197), along with the role of reactive
nitrogen species in T.c. elimination (Ref. 51). However, there is
not any available evidence confirming the direct effects of oestro-
gens on acute phase RNS during T.c. infection.

There is no available literature on oestrogen’s impact on the
immune response to T.b., nevertheless, based on what is known of
the immune response to T.b. and oestrogen’s immunomodulatory
effects, we could hypothesize that oestrogen would favour of the
Th1 andM1 response over the Th2 andM2 response.While theM1
and Th1 responses are important in limiting parasitaemia in acute
infection, it is key to host survival that the immune response favours
an M2 response during an advanced infection to avoid excess
inflammatory cytokines that cause host tissue damage and cell
death (Figure 2) (Ref. 198). Studies show a relationship between
inflammatory cytokine levels during stage two HAT, indicating
CNS infection, and subsequent risk of nervous system damage
(Refs 10, 11, 29, 63, 64, 65, 66, 67, 68). Given this, there is the
potential that oestrogen related pro-inflammatory cytokines could
exacerbate tissue damage in the CNS during this stage of infection.
Although females tended to have lower parasite concentrations
(Refs 62, 69), pro-inflammatory states may cause adverse disease
outcomes in women. Studies have also found that the inability to
upregulate alternative macrophage activation and limit classical
activation created increased susceptibility to infection and death
of infected mice earlier on in the disease (Ref. 198). Still, further
research on how oestrogens impact macrophages, and other innate
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and adaptive immune cells and regulate gene expression during the
immune response to T.b. is yet to be described.

In summary, the sex hormones testosterone, progesterone, pro-
lactin and oestrogen modulate immune responses against Leish-
mania, Trigonoscuta cruzi and T. brucei parasites through varied
and complex mechanisms. While more research is required in
many areas, current evidence suggests testosterone tends to exacer-
bate disease caused by kinetoplastids, although it may be protective
in the case of HAT, prolactin is important for controlling Chagas
disease, progesterone’s role is unclear, and oestrogen often
enhances immune clearance of Leishmania but has less character-
ized impacts for Chagas disease and HAT.

Genetic and gene expression differences in immune response

Numerous clinical studies show that there are substantial sex-based
disparities in the prognosis of several infectious and immune
diseases (Refs 199, 200, 201, 202). Females typically have stronger
humoral and cellular responses to infection or antigenic stimula-
tion than males (Refs 64, 203). This characteristic can provide
protection against various infections, although in some cases an
exacerbated immune response has been observed as a potential risk
factor during immunopathological changes or treatment, such as
immune restoration diseases in HIV-TB co-infected patients (Refs
204, 205).While there are general sex-differences in innate immune
response, female andmale genetic influences on immune responses
during parasite infection are pathogen-specific (Ref. 206). Tricho-
monas vaginalis and Toxoplasma gondii resistance was shown to be
higher in males, while leishmaniasis resistance was found to be
higher in females (Refs 207, 208). Males are more likely to be
affected by VL (Ref. 25, 36) and certain CL infections than females
(Refs 30, 31, 32, 33, 42). While in individual infectious diseases,
some differences according to gender have been documented,
determining what originates from genetic differences between
genders can be thorny. For example, genetic differences between
genders could manifest as different rates of beneficial or harmful
alleles, different gene expression patterns or different allele num-
bers, particularly for genes related to the sex chromosomes; yet

genetic differences also combine to produce different hormone
levels discussed previously which have their own cascading effects.
We will distinguish these sources of genetic differences here. For
example, the X and Y chromosomes’ genetic material controls the
expression of traits with non-hormonal bias toward either sex (Refs
63, 65, 209). Many immune-related miRNAs are also found on the
X chromosome, among immune-related genes such as toll-like
receptor (TLR)-7 and interleukin-1 receptor-associated kinase-1
(IRAK-1) (Ref. 63). Some portion of the X chromosome remains
active, which may boost sex-specific gene transcription, despite the
fact that X-chromosome inactivation (or silence of one X chromo-
some) in women is supposed to result in dosage compensation of
X-linked genes (Refs 210, 211).

In contrast, Y chromosomes affect infection susceptibility,
immunological gene expression and regulation (Ref. 209). Further
studies have also observed more specific gene-pathogen associ-
ations that are differentially apparent by gender. This includes
the genes Lmr4 (chromosome; Chr-6), Lmr14 (Chr-2), Lmr15
(Chr-2) and Lmr27 (Chr-17) that control anti-L. major responses
in male BALB/c mice by limiting parasite load in lymph nodes
(Figure 5) (Refs 212, 213). Similarly, CD4+ T cells’ specific Il4ra
gene on Chr-7 promotes the L. mexicana-mediated non-healing
phenotype in male BALB/c mice (Ref. 214), and genes Tbbr1
(Chr-3) and Tbbr2 (Chr-12) help in increasing survival in BALB/c
females infected with T. b. brucei (Ref. 215). Tbbr1 is only evident in
females, and Tbbr2 expresses higher in females than males. Loci on
Chr-17 and Chr-5 determine susceptibility to T.c., however, the role of
Chr-5 in sex differentiation remains unelucidated. Because of its
overlap with Lmr22 and interaction with Lmr5, which regulates IL-4
release in the serum of L. major-infectedmice, Tbbr2may also play an
important role in regulating L. major (Ref. 216). On a similar note,
DBA/2 mice infected with L. mexicana showed two different clinical
manifestations: ulcerative lesions inmales that didnot heal andhealing
lesions in females (Refs 217, 218). Scl2 is the gene has been identified to
regulate this (Ref. 218). Due to antigen-specific vulnerability, these
various genes across several chromosomes may affect immune
responses differently between genders and need more investigation
to elucidate their regulation further.

Figure 5. Parasite regulation by differential genetic loci and chromosome. The chromosomal gene loci indicated are directly associated with kinetoplastid disease outcomes and
differences in their roles have been observed by sex. Additional genetic products such as proteins, hormones and enzymes also exist which are interdependent in their influence on
immune responses, and which may also show differences by sex. Abbreviations: Chr: Chromosome, Lmr: Leishmania major response, Tbbr: Trypanosoma brucei brucei response.
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Socio-cultural Influences

Disease-related stigma denies impacted individuals of social accept-
ance, reduces economic opportunities, allows for discrimination
and greatly influences health-seeking behaviour by creating a bar-
rier to care (Ref. 219). Certain diagnoses can lead to stigmatizing
behaviours and discrimination including housing refusal, verbal
abuse, gossip and self-stigma, creating social devaluation and nega-
tive emotions for an individual (Ref. 219).While stigma affects men
and women, women have reported avoidance of healthcare services
due to fear of stigmatization by their communities or their pro-
viders for a multitude of diseases, contributing to worsened health
outcomes and underreporting of disease (Ref. 219).

Active and scarred CL lesions create a greater stigma for women
thanmen (Ref. 220). In ruralMorocco, Yemen andAfghanistan, CL
facial scars cause stigmatization that hinders marriage prospects
and harms the self-esteem of young women (Refs 220, 221). Add-
itionally, scarring can decrease education and employment oppor-
tunities (Ref. 220). Because women typically perform unpaid labour
in these areas, they face a greater financial barrier to care than men
(Ref. 221). Furthermore, CL-afflicted women in Colombia and
Brazil reported avoiding healthcare clinics due to distrust, while
pregnant or nursing women in Ecuador feared seeking treatment
due to drug toxicity and potential damage to their child, and
Afghani women reported restrictions to care due to the required
presence of a male in clinic with the patient, and the requirement
that women be treated by a female provider (Ref. 220). Addition-
ally, for every Colombian man who sought treatment, 13 women
sought home remedies, leading to decreased reporting and wors-
ened outcomes for women (Ref. 220).

CD infection, despite its lack of association with any physical
attributes, is also associated with poverty, stigma and decreased
quality of life (Ref. 222, 223). Chagas may be used as a reason to fire
an individual from work and prevent them from passing pre-hiring
physical examinations in Brazil (Ref. 222). Employment also acts as
a deterrent to seeking treatment for CD in women. In Italy, Bolivian
female migrants often work in caregiving roles, regardless of their
education, and seeking care for CD required them to take time off
from work and was associated with stigmatization by employers
that believed CD to be contagious, decreasing access to and seeking
of healthcare for women, contributing to underreporting (Ref. 224).
In contrast to some other findings, in Barcarena, Pará and Brazil,
gender was not found to be a statistically significant factor in T. c.
infection, indicating that in those communities infection negatively
impacts employment opportunities and healthcare-seeking for
both men and women (Ref. 225).

HAT does not demonstrate differences in stigmatization
between men and women, likely due to HAT being endemic in
areas where it is studied, allowing communities to become familiar
with the disease (Ref. 222). However, HAT is associated with
stigmatization in both women and men due to potential resultant
neurological impairments and performance impediments that
could lead to individuals facing gossip, mockery and loss of social
status, deterring individuals from seeking care (Ref. 222, 226).
Moreover, in the DRC (Ref. 226), neurological symptoms associ-
ated with HAT are believed to be associated with witchcraft by
women or dark forces (Ref. 226).While women andmenwith HAT
are both stigmatized, only women are believed by some commu-
nities to be responsible for the disease (Ref. 226).

While stigma may impact the rate that individuals seek treat-
ment, other behaviours may also impact the rate of disease inci-
dence among genders. Risk-taking behaviours such as risk-taking

behaviours could also impact the rates of disease among each
gender. Risk-taking behaviour includes unsafe sexual practices, rule
breaking, self-injurious behaviours and aggressive violent or behav-
iours (Ref. 227) and given their associations to various disease
states, differences in these behaviours between males and females
can contribute to gender differences in disease occurrence and
outcomes. Males take part in risk-taking behaviours at a greater
rate than females. This trend is attributed to these behaviours
providing males with greater reproductive success and enhance-
ment of social status from an evolutionary psychology perspective;
males faced stronger reproductive competition than females, cre-
ating a riskier sexual selection process for males (Ref. 227). There-
fore, males are more likely to perceive the benefits of risky-
behaviours, while females are more likely to perceive the associated
risks (Ref. 227).

In the context of leishmaniasis, the impact of risk-taking behav-
iours is beginning to be observed. A study of leishmaniasis in Israel
suggests risk-taking behaviours, specifically travel to endemic
regions with increased outdoor exposure, led to a high incidence
of males contracting Leishmania spp. not known to be endemic in
Israel (Ref. 228). Risky behaviours, such as working in a specific
area, refusal to seek treatment, travel to endemic areas and partici-
pation in outdoor activities leading to increased vector exposure
contribute to the differences in infectious disease incidence between
men and women such as that seen in leishmaniasis (Ref. 220).
Furthermore, in Suriname, risky behaviours such as working in
the sectors of gold mining, lumber or construction increased one’s
risk of CL and were associated with masculinity (Ref. 220). In
Colombia, where risk-taking is associated with responsibility, CL
was linked to serving in the army, which predominantly affected
males (Ref. 220). In Morocco, however, where women were pri-
marily responsible for farming, handling manure and caring for
cattle, they were placed at higher risk of CL infection thanmen (Ref.
220). These differencesmay contribute to variable incidence reports
and risk calculations of sex in different communities.

Despite areas endemic to CD also having gender roles associated
with jobs, there was no significant difference in infection between
men and women, indicating there is likely equal exposure to
infection (Ref. 225, 229). However, in Bolivia, men were found to
be less likely to seek help when infected to avoid appearing weak
and potentially losing their jobs which could mean an underreport-
ing in males and thus underestimation of sex-bias towards male
infection for CD (Ref. 230, 231). Women, however, were more
likely to utilize healthcare services related to their reported desire
to stay alive and healthy to provide care for their children (Ref. 231).
This finding for CD contrasts with that in Colombia for CL. While
women in Bolivia were more likely to seek treatment for CD than
men, women in Colombia were farmore likely to trymultiple home
remedies first for CL (Ref. 229, 220). Although not confirmed, this
could be attributed to stigmatization associated with CL facial scars
in women (Ref. 220). CD, on the other hand, does not have an
association with physical attributes and does not create this stigma
between men and women (Ref. 222).

Research suggests regardless of gender, communities perceived
all individuals to be at risk for HAT (Ref. 226). Some studies
reported that activities with the most significant gender differences
were not significant predictors of HAT risk (Ref. 57). Other studies
reported activities such as cleansing rituals inUganda andKenya, as
well as circumcision in Uganda, were the most important cultural
risk factors for HAT infection due to increased exposure to tsetse
flies (Ref. 232). Male-associated behaviours such as poaching,
honey-gathering and land clearing have also been associated with
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increased HAT incidence (Ref. 233). Thus, strong gender differ-
ences in stigmatization and risk-taking behaviour associated with
leishmaniasis likely contribute to the gender bias seen in the disease.
Meanwhile, less prevalent gender differences seen with CD and
HAT may be related to the lesser differences in incidence rates
between males and females for these diseases.

Expert and topical summary

Leishmaniasis, Chagas disease and Human African Trypanosom-
iasis are neglected tropical diseases caused by kinetoplastid para-
sites that exhibit sex differences in incidence and disease severity.
Leishmaniasis shows a clear male bias, with higher incidence,
morbidity and mortality in males compared to females. This is
influenced by sex hormones, genetics and gender-related behav-
iours. In contrast, CD andHAT show less consistent orminimal sex
differences in outcomes. The reasons for variability in sex bias
between the diseases are not fully understood but likely involve
differing interactions between the immune response and sex-
related factors such as genetics, hormones and behaviours. More
research is needed to identify and understand the specific factors
driving increased susceptibility and disease severity in males or
females for each pathogen, particularly to understandHAT and CD
which have little information available in this area. While the
differences between males and females in Chagas and HAT disease
risk and outcomes are not fully clear, continuing research in this
area could have implications for disease management, treatment,
epidemiology and control. Thus, the patient’s sex remains an
important factor to consider in the context of these neglected
tropical diseases.

Acknowledgments. We thank the editors and reviewers of the Cambridge
University Press Expert Reviews in Molecular Medicine team.

Author Contribution. Conceptualization: all; writing-original draft prepar-
ation: O.B., R.H.H., C.V., T.P.F., S.A.K., A.C.; writing-review and editing: O.B.,
R.H.H., C.V., T.P.F., S.A.K., A.C., A.R.S; visualization: T.P.F., C.V.; supervision:
A.R.S. All authors have read and agreed to the published version of the
manuscript.

Funding statement. This research received no external funding.

Competing interest. The authors declare no conflicts of interest.

Disclaimer. Our contributions are an informal communication and represent
our own best judgement. These comments do not bind or obligate FDA.

References

1. Frolov AO and Karpov SA (1995) Comparative morphology of kineto-
plastids. Tsitologiia 37(11), 1072–1096.

2. Stuart K, et al (2008) Kinetoplastids: Related protozoan pathogens, dif-
ferent diseases. The Journal of Clinical Investigation 118(4), 1301–1310.

3. Prevention, C.f.D.C.a (2020, February 18) Leishmaniasis: Epidemiology
and Risk Factors. Leishmaniasis [cited 2023; Available from: https://
www.cdc.gov/parasites/leishmaniasis/epi.html.)

4. Severo A (2023). Key messages for World Chagas Disease day. In World
Health Organization.

5. Kinetoplastids, kDNA, RNA | Learn Science at Scitable.
6. Global Report on Neglected Tropical Diseases 2023
7. Pradhan AU, et al (2022) Challenges of addressing neglected tropical

diseases amidst the COVID-19 pandemic in Africa: A case of Chagas
disease. Annals of Medicine and Surgery (London) 81, 104414.

8. Muenchhoff M and Goulder PJR (2014) Sex differences in pediatric
infectious diseases. The Journal of Infectious Diseases 209(Suppl 3),
S120–S126.

9. Er-Lukowiak M,Hansen C and Lotter H (2023) In Klein SL and Roberts
CW (eds.), Sex Difference in Amebiasis, in Sex and Gender Differences in
Infection and Treatments for Infectious Diseases. Cham: Springer Inter-
national Publishing, pp. 209.

10. Bernin H and Lotter H (2014) Sex bias in the outcome of human tropical
infectious diseases: Influence of steroid hormones. The Journal of Infec-
tious Diseases 209(Suppl_3), S107–S113.

11. Ysrraelit MC and Correale J (2019) Impact of sex hormones on immune
function and multiple sclerosis development. Immunology 156(1), 9–22.

12. Medsger TA (1994) Epidemiology of systemic sclerosis. Clinics in Derma-
tology 12(2), 207–216.

13. StatPearls (2023).
14. Pekmezović T, et al (2006) Epidemiology of myasthenia gravis. Srpski

Arhiv za Celokupno Lekarstvo 134(9–10), 453–456.
15. Maranini B, et al (2022) Focus on sex and gender: What we need to know

in the management of Rheumatoid Arthritis. Journal of Personalized
Medicine 12(3).

16. Duarte-García A, et al (2022) Rising incidence and prevalence of systemic
lupus erythematosus: A population-based study over four decades.Annals
of the Rheumatic Diseases 81(8), 1260–1266.

17. Merz WM, et al (2022) Pregnancy and autoimmune disease. Deutsches
Ärzteblatt International 119(9), 145–156.

18. Jeronimo SMB, et al (2004) An emerging peri-urban pattern of infection
with Leishmania Chagasi, the protozoan causing visceral leishmaniasis in
Northeast Brazil. Scandinavian Journal of Infectious Diseases 36(6–7),
443–449.

19. Singh (2010) The Epidemiology of Leishmania Donovani Infection in High
Transmission Foci in India. Tropical Medicine & International Health –

Wiley Online Library.
20. Singh (2010) The Epidemiology of Leishmania Donovani Infection in High

Transmission Foci in India. Tropical Medicine & International Health –

Wiley Online Library.
21. Burza S, et al (2014) Five-year field results and long-term effectiveness of

20 mg/kg liposomal amphotericin B (Ambisome) for visceral leishman-
iasis in Bihar, India, PLoS Neglected Tropical Diseases 8(1), e2603.

22. JahnA, Lelmett JM andDiesfeld HJ (1986) Seroepidemiological study on
kala-azar in Baringo District, Kenya. The Journal of Tropical Medicine and
Hygiene 89(2), 91–104.

23. Guerra-Silveira F and Abad-Franch F (2013) Sex bias in infectious
disease epidemiology: Patterns and processes. PLoS One 8(4), e62390.

24. Jervis S, et al (2017) Variations in visceral leishmaniasis burden,
mortality and the pathway to care within Bihar, India. Parasites &
Vectors 10, 601.

25. Bruhn FRP, et al (2018) Human visceral leishmaniasis: Factors associated
with deaths in Belo Horizonte, Minas Gerais state, Brazil from 2006 to
2013. Epidemiology and Infection 146(5), 565–570.

26. Sarkari B, Hatam G and Ghatee M (2012) Epidemiological features of
visceral leishmaniasis in Fars province, southern Iran. Iranian Journal of
Public Health 41(4), 94–99.

27. Cloots K, et al. (2020) Male predominance in reported visceral leishman-
iasis cases: Nature or nurture? A comparison of population-based with
health facility-reported data. PLoS Neglected Tropical Diseases 14(1),
e0007995.

28. MockBA andNacyCA (1988)Hormonalmodulation of sex differences in
resistance to Leishmania major systemic infections. Infection and Immun-
ity 56(12), 3316–3319.

29. Travi BL, et al (2002) Gender is a major determinant of the clinical
evolution and immune response in hamsters infected with Leishmania
spp. Infection and Immunity 70(5), 2288–2296.

30. Gandacu D, et al (2014) Resurgence of cutaneous leishmaniasis in Israel,
2001–2012. Emerging Infectious Diseases 20(10), 1605–1611.

31. SpotinA,Rouhani S and Parvizi P (2014) The associations of Leishmania
major and Leishmania tropica aspects by focusing their morphological
and molecular features on clinical appearances in Khuzestan Province,
Iran. BioMed Research International 2014, 913510.

Expert Reviews in Molecular Medicine 13

https://doi.org/10.1017/erm.2024.41 Published online by Cambridge University Press

https://www.cdc.gov/parasites/leishmaniasis/epi.html
https://www.cdc.gov/parasites/leishmaniasis/epi.html
https://doi.org/10.1017/erm.2024.41


32. Collis S, et al (2019) Epidemiological and molecular investigation of
resurgent cutaneous leishmaniasis in Sudan. International Journal of
Infectious Diseases 88, 14–20.

33. Soares L,Abad-Franch F and FerrazG (2014) Epidemiology of cutaneous
leishmaniasis in Central Amazonia: A comparison of sex-biased incidence
among rural settlers and field biologists. Tropical Medicine & Inter-
national Health 19(8), 988–995.

34. Reithinger R, et al (2003) Anthroponotic cutaneous leishmaniasis, Kabul,
Afghanistan. Emerging Infectious Diseases 9(6), 727–729.

35. Bettaieb J, et al (2014) Prevalence and determinants of Leishmania major
infection in emerging and old foci in Tunisia. Parasites & Vectors 7, 386.

36. Dahal P, et al (2021) Gender disparity in cases enrolled in clinical trials of
visceral leishmaniasis: A systematic review and meta-analysis. PLoS Neg-
lected Tropical Diseases 15(3), e0009204.

37. Jervis S, et al (2017) Variations in visceral leishmaniasis burden, mor-
tality and the pathway to care within Bihar. , India. Parasites & Vectors
10(1), 601.

38. Wondimeneh Y, et al (2014) Trend analysis of visceral leishmaniasis at
Addis Zemen health center, Northwest Ethiopia. BioMed Research Inter-
national 2014, 545393.

39. Harizanov R, et al (2013) Geographical distribution and epidemiological
characteristics of visceral leishmaniasis in Bulgaria, 1988 to 2012. Euro
Surveillance 18(29), 20531.

40. Rodríguez NE, et al (2018) Epidemiological and experimental evidence
for sex-dependent differences in the outcome of. The American Journal of
Tropical Medicine and Hygiene 98(1), 142–145.

41. Rijal S, et al (2010) Epidemiology of Leishmania donovani infection in
high-transmission foci inNepal.TropicalMedicine& International Health
15(Suppl 2), 21–28.

42. Cloots K, et al (2020) Male predominance in reported visceral leishman-
iasis cases: Nature or nurture? A comparison of population-based with
health facility-reported data. PLoS Neglected Tropical Diseases 14(1),
e0007995.

43. Barretto AC, et al (1993) Male sex. Prognostic factor in Chagas’ disease.
Arquivos Brasileiros de Cardiologia 60(4), 225–227.

44. Ibáñez-Cervantes G, et al (2018) Evolution of incidence and geographical
distribution of Chagas disease in Mexico during a decade (2007–2016).
Epidemiology and Infection 147, e41.

45. Gómez-Ochoa SA, et al (2022) Global, regional, and national trends of
chagas disease from 1990 to 2019: Comprehensive analysis of the global
burden of disease study. Global Heart 17(1), 59.

46. Ligonio A, et al (2010) Identification of a hyperendemic area for Trypa-
nosoma cruzi infection in Central Veracruz, Mexico. The American Jour-
nal of Tropical Medicine and Hygiene 83(1), 164–170.

47. Nunes MCP, et al (2013) Chagas disease: An overview of clinical and
epidemiological aspects. Journal of the American College of Cardiology
62(9), 767–776.

48. Edwards MS, Stimpert KK and Montgomery SP (2017) Addressing the
challenges of Chagas disease: An emerging health concern in the United
States. Infectious Diseases in Clinical Practice (BaltimMd) 25(3), 118–125.

49. Schuster JP and Schaub GA (2001) Experimental Chagas disease: The
influence of sex and psychoneuroimmunological factors. Parasitology
Research 87(12), 994–1000.

50. Micucci LR, et al (2010) Importance of host sex in the development of
Trypanosoma cruzi infection. Revista de la Facultad de Ciencias Medicas
University of Nacional de Cordoba, 67(2), 73–76.

51. Nogueira NP, et al (2015) Proliferation and differentiation of Trypano-
soma cruzi inside its vector have a new trigger: Redox status. PLoS One
10(2), e0116712.

52. Assunção AN, et al (2016) Chagas’ heart disease: Gender differences in
myocardial damage assessed by cardiovascular magnetic resonance. Jour-
nal of Cardiovascular Magnetic Resonance 18(1), 88.

53. Sánchez-Montalvá A, et al (2016) Chagas cardiomyopathy: Usefulness of
EKG and echocardiogram in a non-endemic country. PLoS One 11(6),
e0157597.

54. Añez N, et al (2004) Predominance of lineage I among Trypanosoma cruzi
isolates from Venezuelan patients with different clinical profiles of acute
Chagas’ disease. Tropical Medicine & International Health 9(12), 1319–1326.

55. Muñoz J et al (2009) Clinical profile of Trypanosoma cruzi infection in a
non-endemic setting: Immigration and Chagas disease in Barcelona
(Spain). Acta Tropica 111(1), 51–55.

56. Elenga VA, et al (2022) Risk factors and prevalence of human African
trypanosomiasis in individuals living in remote areas of the republic of
Congo. BMC Public Health 22(1), 2322.

57. Zoller T, et al (2008) Analysis of risk factors for T. brucei rhodesiense
sleeping sickness within villages in south-east Uganda. BMC Infectious
Diseases 8, 88.

58. Franco JR, et al (2014) Epidemiology of human African trypanosomiasis.
Clinical Epidemiology 6, 257–275.

59. Mahoudeau MC (2023, May 2) Fact Sheet: Trypanosomiasis, Human
African. Available from: https://www.who.int/news-room/fact-sheets/detail/
trypanosomiasis-human-african-(sleeping-sickness)

60. Pépin J, Mpia B and Iloasebe M (2002) Trypanosoma brucei gambiense
African trypanosomiasis: Differences betweenmen and women in severity
of disease and response to treatment. Transactions of the Royal Society of
Tropical Medicine and Hygiene 96(4), 421–426.

61. Njitchouang GR, et al (2011) A new transmission risk index for
human African trypanosomiasis and its application in the identifica-
tion of sites of high transmission of sleeping sickness in the Fontem
focus of Southwest Cameroon. Medical and Veterinary Entomology
25(3), 289–296.

62. Greenblatt HC and Rosenstreich DL (1984) Trypanosoma rhodesiense
infection in mice: Sex dependence of resistance. Infection and Immunity
43(1), 337–340.

63. Schurz H, et al (2019) The X chromosome and sex-specific effects in
infectious disease susceptibility. Human Genomics 13(1), 2.

64. Markle JG and Fish EN (2014) SeXX matters in immunity. Trends in
Immunology 35(3), 97–104.

65. Lipoldová M and Demant P (2021) Gene-specific sex effects on suscep-
tibility to infectious diseases. Frontiers in Immunology 12, 712688.

66. Verthelyi D (2001) Sex hormones as immunomodulators in health and
disease. International Immunopharmacology 1(6), 983–993.

67. Soudan B, et al (1992) Decrease of testosterone level during an experi-
mental African trypanosomiasis: Involvement of a testicular LH receptor
desensitization. Acta Endocrinologica 127(1), 86.

68. Kovats S (2015) Estrogen receptors regulate innate immune cells and
signaling pathways. Cellular Immunology 294(2), 63–69.

69. Pépin J and Méda HA (2001) The epidemiology and control of human
African trypanosomiasis. Advances in Parasitology 49, 71–132.

70. Pépin J, et al (1994) Gambiense trypanosomiasis: Frequency of, and risk
factors for, failure ofmelarsoprol therapy.Transactions of the Royal Society
of Tropical Medicine and Hygiene 88(4), 447–452.

71. Taneja V (2018) Sex hormones determine immune response. Frontiers in
Immunology 9.

72. Cutolo M, et al (1995) Estrogens, the immune response and autoimmun-
ity. Clinical and Experimental Rheumatology 13(2), 217–226.

73. Vodo S, et al (2013) Testosterone-induced effects on lipids and inflam-
mation. Mediators of Inflammation 2013, 183041.

74. FreemanME, et al (2000) Prolactin: Structure, function, and regulation of
secretion. Physiological Reviews 80(4), 1523.

75. Druckmann R and Druckmann M-A (2005) Progesterone and the
immunology of pregnancy. The Journal of Steroid Biochemistry and
Molecular Biology 97(5), 389.

76. KhanD and Ahmed SA (2015) The immune system is a natural target for
estrogen action: Opposing effects of estrogen in two prototypical auto-
immune diseases. Frontiers in Immunology 6, 635.

77. Miller WL (2017) Steroidogenesis: Unanswered questions. Trends in
Endocrinology & Metabolism 28(11), 771.

78. MalkinCJ, et al (2004) The effect of testosterone replacement on endogen-
ous inflammatory cytokines and lipid profiles in hypogonadal men. The
Journal of Clinical Endocrinology and Metabolism 89(7), 3313.

79. Szekeres-Bartho J, et al (2005) Progesterone-dependent immunomodula-
tion. Chemical Immunology and Allergy 89, 118.

80. Oettel M and Mukhopadhyay AK (2004) Progesterone: The forgotten
hormone in men? The aging male. The Official Journal of the International
Society for the Study of the Aging Male 7(3), 236.

14 Olivia Battistoni et al.

https://doi.org/10.1017/erm.2024.41 Published online by Cambridge University Press

https://www.who.int/news-room/fact-sheets/detail/trypanosomiasis-human-african-(sleeping-sickness)
https://www.who.int/news-room/fact-sheets/detail/trypanosomiasis-human-african-(sleeping-sickness)
https://doi.org/10.1017/erm.2024.41


81. Laffont S, Seillet C, Guéry JC (2017, February 10) Estrogen receptor-
dependent regulation of dendritic cell development and function. Fron-
tiers in Immunology 8, 108. https://doi.org/10.3389/fimmu.2017.00108

82. Mackern-Oberti JP, Jara EL, Riedel CA and Kalergis AM (2017) Hor-
monal modulation of dendritic cells differentiation, maturation and func-
tion: Implications for the initiation and progress of systemic autoimmunity.
Archivum Immunologiae et Therapiae Experimentalis (Warsz) 65(2), 123–136.
https://doi/org/10.1007/s00005-016-0418-6.

83. Blanquart E, Laffont S and Guéry JC (2021) Sex hormone regulation of
innate lymphoid cells. Biomedical Journal 44(2), 144–156. https://doi.
org/10.1016/j.bj.2020.11.007.

84. Jaillon S, Berthenet K and Garlanda C (2019) Sexual dimorphism in
innate immunity. Clinical Reviews in Allergy and Immunology 56(3),
308–321. https://doi.org/10.1007/s12016-017-8648-x.

85. Trigunaite A, Dimo J and Jørgensen TN (2015) Suppressive effects of
androgens on the immune system. Cellular Immunology 294(2), 87–94.
https://doi.org/10.1016/j.cellimm.2015.02.004.

86. Cephus JY, Stier MT, Fuseini H, et al. (2017) Testosterone attenuates
group 2 innate lymphoid cell-mediated airway inflammation. Cell Reports
21(9), 2487–2499. https://doi.org/10.1016/j.celrep.2017.10.110.

87. Obi CF, et al (2013) Effects of Trypanosoma brucei infection and dimin-
azene aceturate therapy on testicular morphology and function of Niger-
ian local dogs. Veterinary Parasitology 196(3–4), 283.

88. Otesile EB, Fagbemi BO and Adeyemo O (1991) The effect of Trypano-
soma brucei infection on serum biochemical parameters in boars on
different planes of dietary energy. Veterinary Parasitology 40(3–4), 207.

89. Boersma A, et al (1989) Gonadotropic axis and Trypanosoma brucei
gambiense infection. Annales De La Societe Belge De Medecine Tropicale
69(2), 127.

90. Petzke F, et al (1996) Hypogonadism in Rhodesian sleeping sickness:
Evidence for acute and chronic dysfunction of the hypothalamic-pituitary-
gonadal axis. Fertility and Sterility 65(1), 68.

91. KimataDM, et al (1994) Delayed recovery of adrenocortical and testicular
function after chemotherapy of human trypanosomiasis. Acta Tropica
57(1), 69.

92. Hublart M, et al (1988) Endocrine function and African trypanosomiasis.
Evaluation of 79 cases. Bulletin De La Societe De Pathologie Exotique Et De
Ses Filiales 81(3 Pt 2), 468.

93. Soudan B, et al (1993) Experimental “chronic” African trypanosomiasis:
Endocrine dysfunctions generated by parasitic components released dur-
ing the tryptanolytic phase in rats. Experimental and Clinical Endocrin-
ology 101(3), 166.

94. Hublart M, et al (1990) Gonadotropic dysfunction produced by Trypa-
nosoma brucei brucei in the rat. Acta Tropica 47(3), 177.

95. Takayanagi T, et al (1991) Immune mechanism facilitating clearance of
Trypanosoma gambiense by IgG3 antibody from infected host. Tropical
Medicine and Parasitology: Official Organ of Deutsche Tropenmedizinische
Gesellschaft and of Deutsche Gesellschaft fur Technische Zusammenarbeit
(GTZ) 42(4), 394.

96. McLintock LM,Turner CM andVickerman K (1993) Comparison of the
effects of immune killingmechanisms onTrypanosoma brucei parasites of
slender and stumpy morphology. Parasite Immunology 15(8), 475.

97. Alfituri OA, et al (2021) Corrigendum: To the skin and beyond: The
immune response to African trypanosomes as they enter and exit the
vertebrate host. Frontiers in Immunology 12, 780758.

98. Alfituri OA, et al (2020) To the skin and beyond: The immune response to
African trypanosomes as they enter and exit the vertebrate host. Frontiers
in Immunology 11, 1250.

99. Lopez M, Tanowitz HB and Garg NJ (2018) Pathogenesis of chronic
Chagas disease: Macrophages, mitochondria, and oxidative stress.Current
Clinical Microbiology Reports 5(1), 45–54.

100. Baetselier PD, et al (2001) Alternative versus classical macrophage acti-
vation during experimental African trypanosomosis. International Jour-
nal for Parasitology 31(5–6), 575–587.

101. BrownDV andMeyerhoffME (1991) Potentiometric enzyme channeling
immunosensor for proteins. Biosensors & Bioelectronics 6(7), 615–622.

102. Tavares MC, et al (1994) The male reproductive organs in experimental
Chagas’ disease. III. Plasma testosterone and accessory sex glands in the

acute phase of the disease. Experimental and Toxicologic Pathology: Offi-
cial Journal of the Gesellschaft Fur Toxikologische Pathologie 46(3), 243.

103. Moreira A, et al (2008) Morphological changes and EGF expression in the
granular convoluted tubule cells of submandibular glands of Trypanosoma
cruzi infected rats. Tissue & Cell 40(4), 293.

104. Silva RC, et al (2000) Histological and histoquantitative study of the rat
parotid gland after Trypanosoma cruzi infection. Parasite (Paris, France)
7(2), 109.

105. GolizehM, et al (2022)Newmetabolic signature for Chagas disease reveals
sex steroid perturbation in humans and mice. Heliyon 8(12).

106. Schuster JP and Schaub GA (2001) Experimental Chagas disease: The
influence of sex and psychoneuroimmunological factors. Parasitology
Research 87(12), 994.

107. Vacchina P, et al (2008) Steroidogenic capacity of Trypanosoma cruzi
trypomastigotes. The Journal of Steroid Biochemistry and Molecular Biol-
ogy 111(3–5), 282.

108. Mucci J, et al (2005) A sexual dimorphism in intrathymic sialylation
survey is revealed by the trans-sialidase from Trypanosoma cruzi. Journal
of Immunology (Baltimore, Md.: 1950) 174(8), 4545

109. Filipin MDV, et al (2010) DHEA and testosterone therapies in Trypano-
soma cruzi-infected rats are associated with thymic changes. Research in
Veterinary Science 89(1), 98.

110. do JC, et al (1999) Influence ofmale gonadal hormones on the parasitemia
and humoral response of male Calomys callosus infected with the Y strain
of Trypanosoma cruzi. Parasitology Research 85(10), 826.

111. Pinto ACH, et al (2010) Experimental Chagas’ disease in orchiectomized
Calomys callosus infected with the CM strain of Trypanosoma cruzi.
Experimental Parasitology 124(2), 147.

112. Junqueira C, et al (2010) The endless race between Trypanosoma cruzi
and host immunity: Lessons for and beyond Chagas disease. Expert
Reviews in Molecular Medicine 12, e29.

113. Jiménez P, et al (2019) A systematic review of the Trypanosoma cruzi
genetic heterogeneity, host immune response and genetic factors as plaus-
ible drivers of chronic chagasic cardiomyopathy. Parasitology 146(3),
269–283.

114. Macaluso G, et al (2023) A review on the immunological response against.
Pathogens 12(2).

115. Roberts CW, Walker W and Alexander J (2001) Sex-associated hor-
mones and immunity to protozoan parasites. Clinical Microbiology
Reviews 14(3), 476.

116. Snider H, et al (2009) Sex hormones and modulation of immunity against
leishmaniasis. Neuroimmunomodulation 16(2), 106.

117. Lockard RD, Wilson ME and Rodríguez NE (2019) Sex-related differ-
ences in immune response and symptomatic manifestations to infection
with Leishmania species. Journal of Immunology Research 2019.

118. Bernin H and Lotter H (2014) Sex bias in the outcome of human tropical
infectious diseases: Influence of steroid hormones. The Journal of Infec-
tious Diseases 209 (Suppl 3), S107.

119. Esfandiari F, et al (2019) Level of circulating steroid hormones in malaria
and cutaneous leishmaniasis: A case control study.Journal of Parasitic
Diseases: Official Organ of the Indian Society for Parasitology 43(1), 54.

120. Verde FAL, et al (2011) Hormonal disturbances in visceral leishman-
iasis (kala-azar). The American Journal of Tropical Medicine and
Hygiene 84(5), 668.

121. Mukhopadhyay D, et al (2016) A male preponderance in patients with
Indian post kala-azar dermal leishmaniasis is associated with increased
circulating levels of testosterone. International Journal of Dermatology
55(5), e250.

122. Mukhopadhyay D, et al (2012) Evaluation of serological markers to
monitor the disease status of Indian post kala-azar dermal leishmaniasis.
Transactions of the Royal Society of Tropical Medicine and Hygiene
106(11), 668.

123. MockBAandNacyCA (1988)Hormonalmodulation of sex differences in
resistance to Leishmania major systemic infections. Infection and Immun-
ity 56(12), 3316.

124. Anuradha N, Pal R and Katiyar JC (1990) Sex-influenced population
kinetics of Leishmania donovani in hamsters. Indian Journal of Experi-
mental Biology 28(9), 876.

Expert Reviews in Molecular Medicine 15

https://doi.org/10.1017/erm.2024.41 Published online by Cambridge University Press

https://doi.org/10.3389/fimmu.2017.00108
https://doi.org/10.1007/s00005-016-0418-6
https://doi.org/10.1016/j.bj.2020.11.007
https://doi.org/10.1016/j.bj.2020.11.007
https://doi.org/10.1007/s12016-017-8648-x
https://doi.org/10.1016/j.cellimm.2015.02.004
https://doi.org/10.1016/j.celrep.2017.10.110
https://doi.org/10.1017/erm.2024.41


125. YinG, et al (1998) Effect of testosterone on Leishmania donovani infection
levels of murine bone marrow derived-macrophages Zhongguo Ji Sheng
Chong Xue Yu Ji Sheng Chong Bing Za Zhi = Chinese Journal of Parasit-
ology & Parasitic Diseases 16(4), 251.

126. Qiao Z, et al (1999) Testosterone inhibits apoptosis of Leishmania
donovani-infected macrophages Zhongguo Ji Sheng Chong Xue Yu Ji Sheng
Chong Bing Za Zhi = Chinese Journal of Parasitology & Parasitic Diseases
17(1), 21.

127. Liu L, et al (2005) Modulation of Leishmania donovani infection and cell
viability by testosterone in bone marrow-derived macrophages: Signaling
via surface binding sites. Steroids 70(9), 604.

128. Zhang H, et al (2001) Effect of testosterone on Leishmania donovani
infection of macrophages. Parasitology Research 87(8), 674.

129. Liu L, et al (2006) Testosterone attenuates p38 MAPK pathway during
Leishmania donovani infection of macrophages. Parasitology Research
99(2), 189.

130. Sánchez-García L, et al (2018) Dihydrotestosterone enhances growth and
infectivity of Leishmania Mexicana. Parasite Immunology 40(3).

131. Travi BL, et al (2002) Gender is a major determinant of the clinical
evolution and immune response in hamsters infected with Leishmania
spp. Infection and Immunity 70(5), 2288.

132. Costa-da-Silva AC, et al (2022) Immune responses in Leishmaniasis: An
overview. Tropical Medicine and Infectious Disease 7(4).

133. Rochael NC, et al (2015) Classical ROS-dependent and early/rapid ROS-
independent release of neutrophil extracellular traps triggered by Leish-
mania parasites. Scientific Reports 5, 18302.

134. Guimarães-Costa AB, et al (2009) Leishmania amazonensis promasti-
gotes induce and are killed by neutrophil extracellular traps. Proceedings of
the National Academy of Sciences of the United States of America 106(16),
6748–6753.

135. Regli IB, et al (2017) Survival mechanisms used by some. Frontiers in
Immunology 8, 1558.

136. van Zandbergen G, et al (2004) Cutting edge: Neutrophil granulocyte
serves as a vector for Leishmania entry into macrophages. Journal of
Immunology 173(11), 6521–6525.

137. Elmahallawy EK, Alkhaldi AAM and Saleh AA (2021) Host immune
response against leishmaniasis and parasite persistence strategies: A
review and assessment of recent research. Biomedicine & Pharmacother-
apy 139, 111671.

138. Rasmi Y, Jalali L, Khalid S, et al (2023) The effects of prolactin on the
immune system, its relationship with the severity of COVID-19, and its
potential immunomodulatory therapeutic effect. Cytokine 169, 156253.
https://doi.org/10.1016/j.cyto.2023.156253.

139. Legorreta-Haquet MV, Santana-Sánchez P, Chávez-Sánchez L, Chávez-
Rueda AK (2022, October 28) The effect of prolactin on immune cell
subsets involved in SLE pathogenesis. Frontiers in Immunology 13,
1016427. https://doi.org/10.3389/fimmu.2022.1016427

140. Wu W, Sun M, Zhang HP, et al (Erratum, 2020) Prolactin mediates
psychological stress-induced dysfunction of regulatory T cells to facilitate
intestinal inflammation. Gut 69(10), e7. https://doi.org/10.1136/gutjnl-
2013-306083corr1. Article originally published in 2014, 63(12), 1883–
1892.

141. Stijlemans B, et al (2015) Iron homeostasis and Trypanosoma brucei
associated immunopathogenicity development: A battle/quest for iron.
BioMed Research International 2015.

142. Radomski MW, et al (1994) Disruptions in the secretion of
cortisol, prolactin, and certain cytokines in human African trypanosom-
iasis patients. Bulletin De La Societe De Pathologie Exotique (1990) 87(5),
376.

143. Buguet A (1999) Is sleeping sickness a circadian disorder? The serotoner-
gic hypothesis Chronobiology International 16(4), 477.

144. Pearson RD (2007) Chagas cardiomyopathy (Trypanosoma cruzi): Does
prolactin play a role? Cytokine & Growth Factor Reviews 18, 3–4.

145. Savino W (2017) Endocrine immunology of Chagas disease. Frontiers of
Hormone Research 48, 160.

146. Roggero E, et al (2019) Glucocorticoids and sympathetic neurotransmit-
ters modulate the acute immune response to Trypanosoma cruzi. Annals
of the New York Academy of Sciences 1437(1), 83.

147. Lepletier A, et al (2012) Thymic atrophy in acute experimental Chagas
disease is associated with an imbalance of stress hormones. Annals of the
New York Academy of Sciences 1262, 45.

148. Corrêa-de-Santana E, et al (2009) Modulation of growth hormone and
prolactin secretion in Trypanosoma cruzi-infectedmammosomatotrophic
cells. Neuroimmunomodulation 16(3), 208.

149. FilipinMDV, et al (2011) Prolactin: Does it exert an up-modulation of the
immune response in Trypanosoma cruzi-infected rats? Veterinary Para-
sitology 181(2–4), 139.

150. Del Vecchio Filipin M, et al (2019) Does Prolactin treatment trigger
imunoendocrine alterations during experimental T. cruzi infection? Cyto-
kine 121.

151. Lepletier A, et al (2013) Trypanosoma cruzi disrupts thymic homeostasis
by altering intrathymic and systemic stress-related endocrine circuitries.
PLoS Neglected Tropical Diseases 7(11).

152. Pearson RD (2002) Chemokines, prolactin and parasite interactions.
Trends in Parasitology 18(9).

153. Baccan GC, et al (2011) Hormone levels are associated with clinical
markers and cytokine levels in human localized cutaneous leishmaniasis.
Brain, Behavior, and Immunity 25(3), 548.

154. Li J, et al (2015) Deficiency of prolactin-inducible protein leads to
impaired Th1 immune response and susceptibility to Leishmania major
in mice. European Journal of Immunology 45(4), 1082.

155. Xu Y,He H, Li C, et al (2011) Immunosuppressive effect of progesterone
on dendritic cells in mice. Journal of Reproductive Immunology 91(1-2),
17–23. https://doi.org/10.1016/j.jri.2011.06.101.

156. Motomura K,Miller D,Galaz J, Liu TN,Romero R andGomez-Lopez N
(2023) The effects of progesterone on immune cellular function at the
maternal-fetal interface and inmaternal circulation. The Journal of Steroid
Biochemistry and Molecular Biology 229, 106254. https://doi.org/10.1016/
j.jsbmb.2023.106254.

157. Collins MK,McCutcheon CR, Petroff MG (2022, October 15) Impact of
estrogen and progesterone on immune cells and host–pathogen inter-
actions in the lower female reproductive tract. Journal of Immunology
209(8), 1437–1449.

158. Trivedi S, Deering-Rice CE, Aamodt SE, et al (2024) Progesterone
amplifies allergic inflammation and airway pathology in association with
higher lung ILC2 responses.American Journal of Physiology. Lung Cellular
and Molecular Physiology 327(1), L65–L78. https://doi.org/10.1152/
ajplung.00207.2023.

159. Wu J, et al (2021) Comprehensive analysis of miRNA-mRNA regulatory
network and potential drugs in chronic chagasic cardiomyopathy across
human and mouse. BMC Medical Genomics 14(1).

160. Do Prado júnior JC, et al. (1998) Influence of female gonadal hormones
on the parasitemia of female Calomys callosus infected with the “Y” strain
of Trypanosoma cruzi. Parasitology Research 84(2), 100.

161. Brazão V, et al. (2020) Melatonin down-regulates steroidal hormones,
thymocyte apoptosis and inflammatory cytokines in middle-aged T. Cruzi
infected rats. Biochimica Et Biophysica Acta. Molecular Basis of Disease
1866(11).

162. Solana ME, et al (2002) Trypanosoma cruzi: Effect of parasite subpopula-
tion on murine pregnancy outcome. The Journal of Parasitology 88(1), 102.

163. Jones LA, et al (2008) Toll-like receptor-4-mediated macrophage activa-
tion is differentially regulated by progesterone via the glucocorticoid and
progesterone receptors. Immunology 125(1), 59.

164. Bertolo PHL, et al (2022) Influence of serum progesterone levels on the
inflammatory response of female dogs with visceral leishmaniosis. Veter-
inary Parasitology 302, 109658.

165. Krishnan L, et al (1996) Pregnancy impairs resistance of C57BL/6 mice to
Leishmania major infection and causes decreased antigen-specific IFN-
gamma response and increased production of T helper 2 cytokines. .
Journal of Immunology (Baltimore, Md.: 1950) 156(2), 644.

166. Arinola OG, et al (2004) Interleukin-4 (IL-4) and interferon-gamma
(IFN-gamma) in pregnant C57BL/6 mice infected with L. major at differ-
ent gestational periods. West African Journal of Medicine 23(3), 202.

167. Arinola OG, et al (2005) Pregnancy impairs resistance of C57BL/6mice to
Leishmania major infection. African Journal of Medicine and Medical
Sciences 34(1), 65.

16 Olivia Battistoni et al.

https://doi.org/10.1017/erm.2024.41 Published online by Cambridge University Press

https://doi.org/10.1016/j.cyto.2023.156253
https://doi.org/10.3389/fimmu.2022.1016427
https://doi.org/10.1136/gutjnl-2013-306083corr1
https://doi.org/10.1136/gutjnl-2013-306083corr1
https://doi.org/10.1016/j.jri.2011.06.101
https://doi.org/10.1016/j.jsbmb.2023.106254
https://doi.org/10.1016/j.jsbmb.2023.106254
https://doi.org/10.1152/ajplung.00207.2023
https://doi.org/10.1152/ajplung.00207.2023
https://doi.org/10.1017/erm.2024.41


168. Osorio Y, et al (2008) Pregnancy enhances the innate immune response in
experimental cutaneous leishmaniasis through hormone-modulated nitric
oxide production. Journal of Leukocyte Biology 83(6), 1413.

169. Benjamin J and Delgado WL-O (2023) StatPearls: Estrogen. Treasure
Island (FL): StatPearls Publishing.

170. Thomas MP and Potter BV (2013) The structural biology of oestrogen
metabolism. The Journal of Steroid Biochemistry and Molecular Biology
137, 27–49.

171. Estrogen Receptors: HowDoThey Signal andWhat Are Their Targets |
Physiological Reviews.

172. Chen P, Li B and Ou-Yang L (2022) Role of estrogen receptors in health
and disease. Frontiers in Endocrinology, 13.

173. Frontiers | GProtein-Coupled Estrogen Receptor in ImmuneCells and Its
Role in Immune-Related Diseases.

174. Frontiers | Role of estrogen receptors in health and disease.
175. Harding AT and Heaton NS (2022) The impact of estrogens and their

receptors on immunity and inflammation during infection. Cancers
14(4), 909.

176. FuentesN and Silveyra P (2019) Estrogen receptor signalingmechanisms.
Advances in Protein Chemistry and Structural Biology 116, 135–170.

177. Yu Z, et al (2022) Level of estrogen in females-the different impacts at
different life stages. Journal of Personalized Medicine 12(12).

178. Salem ML (2004) Estrogen, a double-edged sword: Modulation of TH1-
and TH2-mediated inflammations by differential regulation of TH1/TH2
cytokine production. Current drug targets. Inflammation and Allergy 3(1),
97–104.

179. Kovats S andCarreras E (2008) Regulation of dendritic cell differentiation
and function by estrogen receptor ligands. Cellular Immunology 252(1–2),
81–90. https://doi.org/10.1016/j.cellimm.2007.10.008

180. Grimaldi CM (2006) Sex and systemic lupus erythematosus: The role of
the sex hormones estrogen and prolactin on the regulation of autoreactive
B cells. Current Opinion in Rheumatology 18(5), 456–461.

181. Khan D and Ahmed SA (2016) The immune system is a natural target for
estrogen action: Opposing effects of estrogen in two prototypical auto-
immune diseases. Frontiers in Immunology 6, 635.

182. Grasso G and Muscettola M (1990), The influence of beta-estradiol and
progesterone on interferon gamma production in vitro. The International
Journal of Neuroscience 51(3–4), 315–317.

183. JavadianA, et al (2014) Effect of estrogen onTh1, Th2 andTh17 cytokines
production by proteolipid protein and PHA activated peripheral blood
mononuclear cells isolated from multiple sclerosis patients. Archives of
Medical Research 45(2), 177–182.

184. Doria A, et al (2006) Th2 immune deviation induced by pregnancy: The
two faces of autoimmune rheumatic diseases. Reproductive Toxicology
22(2), 234–241.

185. Doria A, et al (2006) Estrogens in pregnancy and systemic lupus erythe-
matosus. Annals of the New York Academy of Sciences 1069, 247–256.

186. Gender is a major determinant of the clinical evolution and immune
response in hamsters infected with Leishmania spp – PubMed.

187. Lockard RD, Wilson ME and Rodríguez NE (2019) Sex-related differ-
ences in immune response and symptomatic manifestations to infection
with Leishmania species. Journal of Immunology Research 2019, 4103819.

188. Al-khayat ZAY,Agha NFS and Alharmni KIF (2019) Gender differences
in the severity and features of lesions among Cutaneous Leishmaniasis
patients. Journal of Contemporary Medical Sciences 5(6), 336–342.

189. deAraújo Albuquerque LP, et al (2021) Influence of sex hormones on the
immune response to leishmaniasis. Parasite Immunology 43(10–11),
e12874.

190. Lezama-Dávila CM, et al (2007) 17Beta-estradiol increases Leishmania
mexicana killing in macrophages from DBA/2 mice by enhancing pro-
duction of nitric oxide but not pro-inflammatory cytokines. The American
Journal of Tropical Medicine and Hygiene 76(6), 1125–1127.

191. Trinconi CT, et al (2018) Tamoxifen inhibits the biosynthesis of inositol-
phosphorylceramide in Leishmania. International Journal for Parasit-
ology: Drugs and Drug Resistance 8(3), 475–487.

192. Sfogliarini C, et al (2022) Tamoxifen twists again: On and off-targets in
macrophages and infections. Frontiers in Pharmacology 13, 879020.

193. Zewdie KA, et al (2022) Antileishmanial activity of tamoxifen by targeting
sphingolipid metabolism: A review. Clinical Pharmacology: Advances and
Applications 14, 11–17.

194. Galvão Da Silva AP, Jacysyn JF and Abrahamsohn IDA (2003) Resistant
mice lacking interleukin-12 become susceptible to Trypanosoma cruzi
infection but fail tomount a T helper type 2 response. Immunology 108(2),
230–237.

195. Llaguno M, et al. (2019) T-cell Immunophenotyping and cytokine pro-
duction analysis in patients with Chagas disease 4 years after benznidazole
treatment. Infection and Immunity 87(8), e00103–e00119.

196. Roy D, et al (2007) Estrogen-induced generation of reactive oxygen and
nitrogen species, gene damage, and estrogen-dependent cancers. Journal
of Toxicology and Environmental Health, Part B 10(4), 235–257.

197. de Souza EM, et al (2001) Modulation induced by estradiol in the acute
phase of Trypanosoma cruzi infection in mice. Parasitology Research
87(7), 513–520.

198. Baetselier PD, et al (2001) Alternative versus classical macrophage acti-
vation during experimental African trypanosomosis. International Jour-
nal for Parasitology 31(5), 575–587.

199. Garenne M (2015) Demographic evidence of sex differences in vulner-
ability to infectious diseases. The Journal of Infectious Diseases 211(2),
331–332.

200. Sugimoto CR, et al (2019) Factors affecting sex-related reporting in
medical research: A cross-disciplinary bibliometric analysis. Lancet
(London, England) 393(10171), 550.

201. Steinberg JR, et al (2021) Analysis of female enrollment and participant
sex by burden of disease inUS clinical trials between 2000 and 2020. JAMA
Network Open 4(6).

202. Haupt S, et al (2021) Sex disparities matter in cancer development and
therapy. Nature Reviews Cancer 21(6), 393.

203. Klein SL (2012) Sex differences in prophylaxis and therapeutic treatments
for viral diseases.Handbook of Experimental Pharmacology 214, 499–522.

204. Amur S, Parekh A and Mummaneni P (2012) Sex differences and
genomics in autoimmune diseases. Journal of Autoimmunity 38(2–3),
J254–J265.

205. Verma C, et al (2020) Tuberculosis and tuberculosis-associated immune
reconstitution inflammatory syndrome in HIV: Immunological review of
manifestation and immunopathogenesis. HIV & AIDS Review. Inter-
national Journal of HIV-Related Problems 19(2), 67–73.

206. Bernin H and Lotter H (2014) Sex bias in the outcome of human tropical
infectious diseases: Influence of steroid hormones. The Journal of Infec-
tious Diseases 209(Suppl 3), S107–S113.

207. Morales-Montor J, et al (2004) Host gender in parasitic infections of
mammals: An evaluation of the female host supremacy paradigm. The
Journal of Parasitology 90(3), 531–546.

208. Barletta Ferreira AB, et al. (2022) Sexual dimorphism in immune
responses and infection resistance in Aedes aegypti and other
hematophagous insect vectors. Frontiers in Tropical Diseases 3, 847109.

209. Case LK and Teuscher C (2015) Y genetic variation and phenotypic
diversity in health and disease. Biology of Sex Differences 6, 6.

210. Balaton BP and Brown CJ (2016) Escape artists of the X chromosome.
Trends in Genetics 32(6), 348–359.

211. Karnam G, et al (2012) CD200 receptor controls sex-specific TLR7
responses to viral infection. PLoS Pathogens 8(5), e1002710.

212. Slapničková M, et al (2016) Gene-specific sex effects on eosinophil
infiltration in leishmaniasis. Biology of Sex Differences 7, 59.

213. Kobets T, et al (2019)Novel loci controlling parasite load in organs ofmice
infected with. Frontiers in Immunology 10, 1083.

214. Bryson KJ, et al (2011) BALB/c mice deficient in CD4 T cell IL-4Rα
expression control Leishmania mexicana load although female but not
male mice develop a healer phenotype. PLoS Neglected Tropical Diseases
5(1), e930.

215. Síma M, et al (2011) Genetic control of resistance to Trypanosoma brucei
brucei infection in mice. PLoS Neglected Tropical Diseases 5(6), e1173.

216. Kurey I, et al (2009) Distinct genetic control of parasite elimination,
dissemination, and disease after Leishmania major infection. Immunoge-
netics 61(9), 619–633.

Expert Reviews in Molecular Medicine 17

https://doi.org/10.1017/erm.2024.41 Published online by Cambridge University Press

https://doi.org/10.1016/j.cellimm.2007.10.008
https://doi.org/10.1017/erm.2024.41


217. Blackwell JM, Roberts B and Alexander J (1985) Response of BALB/c
mice to leishmanial infection. Current Topics inMicrobiology and Immun-
ology 122, 97–106.

218. Alexander J (1988) Sex differences and cross-immunity in DBA/2 mice
infected with L. mexicana and L. major. Parasitology 96(Pt 2), 297–302.

219. Stangl AL, et al (2019) The health stigma and discrimination framework:
A global, crosscutting framework to inform research, intervention devel-
opment, and policy on health-related stigmas. BMC Medicine 17(1), 31.

220. Wenning B, et al (2022) Exploring the cultural effects of gender on
perceptions of cutaneous leishmaniasis: A systematic literature review.
Global Health Research Policy 7(1), 34.

221. Bennis I, et al (2017) Psychosocial impact of scars due to cutaneous
Leishmaniasis on high school students in Errachidia province, Morocco.
Infectious Diseases of Poverty 6(1), 46.

222. Hofstraat K and van Brakel WH (2016) Social stigma towards neglected
tropical diseases: A systematic review. International Health 8(Suppl 1),
i53–i70.

223. Almeida ILGI, et al (2022) The health-related quality of life in patients
with Chagas disease: The state of the art. Revista da Sociedade Brasileira de
Medicina Tropical 55, e0657.

224. Castaldo M, et al (2020) Anthropological study on Chagas disease: Socio-
cultural construction of illness and embodiment of health barriers in
Bolivian migrants in Rome, Italy. PLoS One 15(10), e0240831.

225. Sousa ADS, et al (2017) Space-temporal analysis of Chagas disease and its
environmental and demographic risk factors in the municipality of Bar-
carena, Pará, Brazil. Revista Brasileira de Epidemiologia 20(4), 742–755.

226. Kabanga C, et al (2022) Communities’ perception, knowledge, and prac-
tices related to humanAfrican Trypanosomiasis in theDemocratic Repub-
lic of Congo. Diseases 10(4).

227. Salas-Rodríguez J, et al (2021) Applying an evolutionary approach of risk-
taking behaviors in adolescents. Frontiers in Psychology 12, 694134.

228. Solomon M, et al (2022) Gender and cutaneous Leishmaniasis in Israel.
Tropical Medicine and Infectious Disease 7(8), 179.

229. Hoyos CL, et al (2016) Epidemiology of American Tegumentary Leish-
maniasis and. BioMed Research International 2016, 6456031.

230. Ventura-Garcia L, et al (2013) Socio-cultural aspects of Chagas disease: A
systematic review of qualitative research. PLoS Neglected Tropical Diseases
7(9), e2410.

231. Jimeno I, et al (2021) Social determinants in the access to health care for
Chagas disease: A qualitative research on family life in the “Valle Alto” of
Cochabamba, Bolivia, PLoS One 16(8), e0255226.

232. Houweling TA, et al (2016) Socioeconomic inequalities in neglected
tropical diseases: A systematic review. PLoS Neglected Tropical Diseases
10(5), e0004546.

233. Madanitsa M, Chisi J and Ngwira B (2009) The epidemiology of Tryp-
anosomiasis in Rumphi district, Malawi: A ten year retrospective study.
Malawi Medical Journal 21(1), 22–27.

234. Rioux JA, et al (1990) Taxonomy of Leishmania. Use of isoenzymes.
Suggestions for a new classification. Annales De Parasitologie Humaine
Et Comparee 65(3), 111.

235. Scarpini S, et al (2022) Visceral Leishmaniasis: Epidemiology, diagnosis,
and treatment regimens in different geographical areas with a focus on
pediatrics. Microorganisms 10(10).

236. Bailey F, et al (2017) A new perspective on cutaneous leishmaniasis—
Implications for global prevalence and burden of disease estimates. PLoS
Neglected Tropical Diseases 11(8).

237. Torres-Guerrero E, et al (2017) Leishmaniasis: A review. F1000 Research
6, 750.

238. Leishmaniasis. WHO Fact Sheet [cited 2023 May 25); Available from:
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis.

239. Mann S, et al (2021) A review of Leishmaniasis: Current knowledge and
future directions. Current Tropical Medicine Reports 8(2), 121–132.

240. Aronson N, et al (2017) Diagnosis and treatment of Leishmaniasis:
Clinical practice guidelines by the Infectious Diseases Society of America

(IDSA) and the American Society of Tropical Medicine and Hygiene
(ASTMH). The American Journal of Tropical Medicine and Hygiene
96(1), 24–45.

241. Clinical Care of Leishmaniasis (2024). 2024/03/13. Available from:
https://www.cdc.gov/leishmaniasis/hcp/clinical-care/index.html.

242. Dinc R (2022) Leishmania vaccines: The current situation with its prom-
ising aspect for the future. The Korean Journal of Parasitology 60(6),
379–391.

243. Volpedo G, et al (2022) Centrin-deficient Leishmania mexicana confers
protection against New World cutaneous leishmaniasis. NPJ Vaccines
7(1), 32.

244. Karmakar S, et al (2021) Preclinical validation of a live attenuated dermo-
tropic Leishmania vaccine against vector transmitted fatal visceral leish-
maniasis. Communications Biology 4(1), 929.

245. Volpedo G, et al (2021) From infection to vaccination: Reviewing the
global burden, history of vaccine development, and recurring challenges in
global leishmaniasis protection. Expert Review of Vaccines 20(11),
1431–1446.

246. Saf’janova VM (1971) Leishmaniasis control. Bulletin of theWorld Health
Organization 44(4), 561.

247. Gonçalves R, et al. (2021) Community deployment of a synthetic phero-
mone of the sand fly Lutzomyia longipalpis co-located with insecticide
reduces vector abundance in treated and neighbouring untreated houses:
Implications for control of Leishmania infantum. PLoS Neglected Tropical
Diseases 15(2).

248. American Trypanosomiasis (Chagas Disease) – ClinicalKey.
249. Padilla NA, et al (2019) Life cycle, feeding, and defecation patterns of

Triatoma carrioni (Hemiptera: Reduviidae), under laboratory conditions.
Journal of Medical Entomology 56(3), 617–624.

250. Nguyen T andWaseemM (2023) Chagas Disease, in StatPearls. Treasure
Island (FL): StatPearls Publishing.

251. WHO Fact Sheets: Chagas disease (2023) Available from: https://
www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-
trypanosomiasis)

252. Bern C (2015) Chagas’ disease. New England Journal of Medicine 373(5),
456–466.

253. Teixeira AR, et al (2006) Chagas disease. Postgraduate Medical Journal
82(974), 788–798.

254. Moncayo A and Silveira AC (2009) Current epidemiological trends for
Chagas disease in Latin America and future challenges in epidemiology,
surveillance and health policy.Memórias do Instituto Oswaldo Cruz 104-
(Suppl 1), 17–30.

255. Diagnosis and management of Chagas disease and cardiomyopathy |
Nature Reviews Cardiology.

256. Antitrypanosomal Therapy for Chronic Chagas’ Disease | NEJM.
257. Andrade JPD, et al (2011) I Diretriz Latino-Americana para o diagnóstico

e tratamento da cardiopatia chagásica: Resumo executivo. Arquivos Bra-
sileiros de Cardiologia 96(6), 434–442.

258. Bivona AE, et al (2020) Chagas disease vaccine design: The search for an
efficient Trypanosoma cruzi immune-mediated control. Biochimica et
Biophysica Acta (BBA) – Molecular Basis of Disease 1866(5), 165658.

259. da Costa KM, et al (2021) Sialidase as a potential vaccine target against
Chagas disease. Frontiers in Cellular and Infection Microbiology 11,
768450.

260. Bemba I, et al (2022) Review of the situation of human African Trypano-
somiasis in the republic of Congo from the 1950s to 2020. Journal of
Medical Entomology 59(2), 421–429.

261. Stich A,Abel PM andKrishna S (2002) Human African trypanosomiasis.
BMJ: British Medical Journal 325(7357), 203–206.

262. Kennedy PGE and Rodgers J (2019) Clinical and neuropathogenetic
aspects of human African Trypanosomiasis. Frontiers in Immunology
10, 39.

263. Cutolo M, et al (2004) Sex hormones influence on the immune system:
Basic and clinical aspects in autoimmunity. Lupus 13(9), 635–638.

18 Olivia Battistoni et al.

https://doi.org/10.1017/erm.2024.41 Published online by Cambridge University Press

https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://www.cdc.gov/leishmaniasis/hcp/clinical-care/index.html
https://www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
https://www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
https://www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
https://doi.org/10.1017/erm.2024.41

	Understanding Sex-biases in Kinetoplastid Infections: Leishmaniasis and Trypanosomiasis
	Introduction
	Etiology and epidemiology
	Sex bias: epidemiology and clinical presentation
	Leishmaniasis
	Chagas disease
	Human African Trypanosomiasis

	Effects of sex hormones on immune response
	Testosterone and immunity during human kinetoplastida-caused diseases
	Prolactin and immunity during human kinetoplastida-caused diseases
	Progesterone and immunity during human kinetoplastida-caused diseases
	Estrogen and immunity during human kinetoplastida-caused diseases

	Genetic and gene expression differences in immune response
	Socio-cultural Influences
	Expert and topical summary
	Acknowledgments
	Author Contribution
	Funding statement
	Competing interest
	Disclaimer
	References


