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Abstract.

Leishmania infantum causes visceral leishmaniasis (VL) in Brazil. We previously observed that VL is more

common in males than females living in endemic neighborhoods, despite similar exposure. Using a larger sample, we
document that VL is more common in males than females, but only after puberty. BALB/c and C57BL/6 mouse models
confirmed that there is a biological basis for male susceptibility to symptomatic VL, showing higher parasite burdens in
males than females. Female C57BL/6 mice generated more antigen-induced cytokines associated with curative re-
sponses (interferon-y, interleukin [IL]-1B). Males expressed higher levels of IL-10 and tumor necrosis factor, which are
linked to exacerbated disease. Different parasite lines entered or survived at a higher rate in macrophages of male- than
female-origin. These results suggest that males are inherently more susceptible to L. infantum than females and that mice

are a valid model to study this sex-dependent difference.

Leishmania spp. protozoa cause a spectrum of human
diseases, the most severe of which is visceral leishmaniasis
(VL), the second most common parasitic cause of death.’-?
Despite its severity, most people infected with the Leishmania
spp. causing VL are asymptomatic.’ A better understanding of
the host determinants underlying the development of
asymptomatic versus symptomatic infection might highlight
immune pathways that could become new therapeutic
targets.

The importance of sex as a biological variable is being
recognized in many inflammatory, infectious, and malignant
diseases.>® In some cases, this gender bias may be affected
by social/behavioral differences in exposure or by healthcare
access.>™® However, in many instances, it is likely that bi-
ological differences contribute to the imbalanced disease
prevalence.*”

Epidemiological evidence for sex differences in the preva-
lence of VL caused by Leishmania donovani or Leishmania
infantum vary. Studies of L. donovani infection in Bihar or
Kolkata, India, show no sex bias for VL but male predominance
of the dermal complication, post kala azar dermal leishmani-
asis in Kolkata only.®® A meta-analysis of 18 studies of
L. infantum infection in South America revealed a significant
male bias in the Leishmania skin test (LST), a measure of
asymptomatic or cured infection. Similar to other reports,
these studies could not discriminate whether the higher in-
cidence of infection in males was due to biological differences
or gender-related exposure.'® When documented, a male bias
in VL has often been attributed to higher exposure risk among
men. "

In the vicinity of Natal, northeast Brazil, L. infantum trans-
mission is peridomestic and vector exposure occurs mostly
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in the evening when families are in or around the house.'?
Analyzing data collected from subjects in neighborhoods
with ongoing VL transmission, we previously reported that
positive LST rates are equal between males and females,
suggesting similar rates of infection. Nonetheless, males
were more likely to progress to symptomatic VL.'® Herein, we
examined the hypothesis that sex is a biological factor un-
derlying disease susceptibility among individuals infected
with L. infantum.

A study of VL patient families and their immediate neigh-
bors was conducted between 1996 and 2004 and first pub-
lished in 2004.'® Human studies were approved by institutional
review boards of the Federal University of Rio Grande do Norte,
the University of lowa, and the National Institutes of Health."® In
the original study, subjects or legal guardians of minors signed
an informed consent, and minors aged 12-17 years signed an
assent. Individuals were categorized by age, sex, and L. infantum
phenotype (VL or LST*). Anonymous data from this study were
reanalyzed in the current study and included a larger set of
subjects than the original report. There were no subjects en-
countered for this reanalysis. Human data were analyzed in R
Studio using ? for age categorical variables and t test for the
continuous age variable.

Statistical analysis of the reorganized data (Table 1) showed
an age-dependent male predominance in subjects with VL but
not other categories. Males older than 10 years, presumptively
older than the age of puberty, accounted for significantly more
cases of VL than prepubertal children (P = 0.00052). In con-
trast, there was no significant difference between the male:
female ratio in LST* subjects, in all subjects with known
phenotypes, or in the entire dataset (Table 1). The data sug-
gest that despite equal or lower exposure to the parasite, adult
males were more likely to develop VL than females. This
supports our hypothesis that males have an inherent risk for
symptomatic L. infantum infection.

To address the consistency of sex bias over the years, we
expanded our study to include all cases of VL reported in the
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TaBLE 1

Number (percent) of individuals belonging to different Leishmania infantum infection phenotypes

LsT* VL* Data known All
Age group Under 10 10 or older Under 10 10 or older Under 10 10 or older Under 10 10 or older
Male 27 (54) 164 (47) 57 (50) 45 (79) 84 (51) 209 (52) 221 (48) 414 (43)
Female 23 (46) 183 (53) 57 (50) 12 (21) 80 (49) 195 (48) 244 (52) 540 (57)

These values were extracted from data collected as part of a neighborhood study of L. infantum infection in the vicinity of Natal, reported by our group.”® LST* = positive Leishmania skin test;
VL = symptomatic visceral leishmaniasis; Data known: phenotype and gender information was available; All: all subjects in the database, regardless of information available.
*P <0.001, Pearson’s ¥ test comparing VL distributions; not significant comparing distributions of LST or overall.

state of Rio Grande do Norte between 1995 and 2010. Age and
gender information was available for 1967 individuals. Ages
ranged from 17 days to 87 years, with a mean (median) of
15.67 (7.0) years. Figure 1 illustrates the sex bias at different
ages. The incidence of VL showed the most equal or the most
skewed sex distributions at ages 2-5 or 21-40, respectively.
The observation that males had a slightly increased preva-
lence in children below 1 year might relate to the phenomenon
described as “mini-puberty” observed in several infectious
diseases, attributed to increased levels of sex steroids.'
Differences in VL were determined to be statistically signifi-
cant at ages above 10 (P < 2.3 x 10776, ¥).

Because of the higher prevalence of VL in males above the
age of puberty (Table 1, Figure 1), we examined a possible
biological basis for male susceptibility in two murine models of
L. infantum infection (BALB/c and C57BL/6 mice, age 4-
6 weeks). Protocols for animal work were in accordance with
National Institutes of Health guidelines and approved by The
University of lowa and the lowa City VA Medical Center
ACUCs. Statistical analyses were done with GraphPad
Prism 7.02.

Male and female mice were inoculated intravenously with
1 x 107 stationary phase wild-type (WT) L. infantum pro-
mastigotes (Brazilian strain MHOM/BR/00/1669) or pro-
mastigotes expressing luciferase. Wright Giemsa-stained
touch preparations of livers were used to determine parasite
loads. Infections with luciferase-expressing parasites were
quantified by in vivo imaging after inoculating luciferin as
described.'® Parasite loads were also quantified in total
organ DNA by quantitative polymerase chain reaction
(qPCR) (kDNA5 marker).'® Parasite loads in males were
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Ficure 1. Sexratios in visceral leishmaniasis (VL) cases reported to
the state of Rio Grande do Norte, Brazil. Reported cases of VL to the
Ministry of Health of the state of Rio Grande do Norte, an endemic
region of Leishmania infantum infection. (A) Percentage of male and
female patients. (B) Distribution of patients by age and sex. N =1,967.
For statistical comparisons, all other age groups were compared with
the 2-5 years old category. The overall significance level for these data
is P <0.0001, using a X? test of contingency for the overall table and x>
test for each age group vs. the overall gender distribution.

higher than in female BALB/c mice (Figure 2A). Similarly,
liver parasite loads were significantly higher in male versus
female C57BL/6 mice when measured by in vivo imaging
(Figure 2B). These differences were validated by gPCR in
two experiments with 10 mice/group (8.66 + 3.20 x 10’
versus 1.59 +0.484 x 107 in males versus females, respectively;
P =0.0420). These results suggest that across different genetic
backgrounds, males are more susceptible to L. infantum
infection.

Studies of serum cytokine concentrations in infected mice
showed higher levels of interleukin (IL)-12 in females, whereas
males had significantly higher levels of tumor necrosis factor
(TNF) and IL-10 (Figure 2C). In addition, female C57BL/6
splenocytes produced significantly higher levels of antigen-
induced IL-1B and interferon-y, which are associated with type
1 protective responses, than male splenocytes." In contrast,
male splenocytes produced higher amounts of TNF and IL-17,
which are associated with inflammation or suppression of
cure’ (Figure 2D).

Among the earliest interactions between Leishmania spp.
and a mammalian host is recognition and uptake of the
parasite via macrophage receptors. We previously showed
that there are differences between the mechanisms of mac-
rophage entry of attenuated versus virulent promastigotes.’”
Consistently, Figure 2E shows that whereas macrophage
uptake of the attenuated parasite line Lcd differs between
male and female macrophages, this difference is not evident
using virulent parasites (Figure 2F, 1 hour). Nonetheless,
male macrophages supported higher survival and replication
of WT L. infantum than female macrophages (Figure 2F).
Published reports document differential expression of many
transcripts including surface receptors and signaling pro-
teins by macrophages of male- versus female-origin.®®”’
Thus, it is reasonable to hypothesize that the previously
mentioned results could be explained by distinct surface
interactions affecting the route of Leishmania entry and dif-
ferent intracellular killing mechanisms between the sexes."”
Furthermore, differences have been found between innate,
humoral, and cell-mediated immune responses of males
versus females, which might underlie sex differences in dis-
ease susceptibility.>™

Data in this report underscore the fact that in addition to
otherrisk factors, there is a sex-related risk for progression to
symptomatic VL that may be attributed to biological differ-
ences. Sex biases have already been reported in experi-
mental models of cutaneous leishmaniasis. Male hamsters
are more susceptible than females to infection with Leish-
mania panamensis or Leishmania guyanensis.'® Male DBA/2
mice are more susceptible to Leishmania mexicana but fe-
males are more susceptible to Leishmania major.’® Hence,
studies in cutaneous leishmaniasis have shown that the
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Ficure 2. Differential parasite load and cytokine response between males and females. Age-matched male and female BALB/c or C57BL/6
mice were inoculated intravenously with 1 x 107 Leishmania infantum promastigotes and used for experiments A-D. (A) At the indicated time
points, BALB/c mice were euthanized and their livers used to determine parasite load by microscopic examination. Shown are the means + SE
of five mice per group of three repeat experiments. *P < 0.05, **P < 0.01, two-way analysis of variance (ANOVA) with Sidak’s multiple
comparison test. (B) Parasite loads were measured in C57BL/6 mice by in vivo imaging of mice infected with luciferase-expressing L. infantum
and quantified in photons/second. Data represent the mean + SE of two experiments with five mice per group. ***P < 0.0002, two-way ANOVA
with Sidak’s multiple comparison test. (C) After 8 weeks of infection, blood samples were obtained from C57BL/6 mice and serum concen-
trations of interleukin (IL)-12, IL-10, and tumor necrosis factor (TNF) (ng/mL) measured using Bioplex. Data represent the mean + SD of five
mice per group. **P < 0.01, unpaired, two-tailed t test with Welch’s correction. (D) C57BL/6 mice were euthanized and their splenocytes
stimulated for 48 hours with soluble L. infantum antigen (5 ug/mL). Supernatants were collected and the concentrations of interferon-y, IL-6, IL-
4,IL-1B, IL-17,and TNF measured using Bioplex. Data represent the mean + SD of four mice per group (“P < 0.05 paired t test). (E) Bone marrow
macrophages from either male or female C57BL/6 mice were infected at a 1:10ratio with Lcd promastigotes, a partly attenuated clonal line of L.
infantum. One hour after infection, the samples were fixed, stained with Wright Giemsa, and examined by light microscopy. (F) Bone marrow
macrophages derived from either male or female C57BL/6 mice were infected at a 1:10 ratio with wild type L. infantum promastigotes. At the
indicated times, samples were fixed, stained with Wright Giemsa, and examined by light microscopy. For both panels (E) and (F), percent of
infected macrophages and parasite load are shown in left and right panels, respectively. Data represent the mean + SE of three (E) or two (F)
experiments, each with triplicate conditions. For (E), **P < 0.01, two-tailed unpaired t test with Welch’s correction. For (F), *P < 0.05, two-way
ANOVA with Sidak’s multiple comparison test.

particular combination of parasite and host determine equivalent steps in disease pathogenesis, it is reasonable
whether there is a sex bias and which sex has higher to use mouse models to dissect immune pathways underlying
morbidity. the sex bias. Pathways that differentially affect immunity in

Our data document differences in prevalence of VL in male males and females may aid in the design of new therapeutic
versus female Brazilians infected with L. infantum. Parallel targets in the host immune response to better control this
differences have not been reported in India, where most VL is infection.

caused by L. donovani. Different observations between the
countries could be attributed to differences between parasite Received July 14, 2017. Accepted for publication September 25
biological characteristics, human genetics, and/or behavioral 2017.
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or cultural factors. Published online November 20, 2017.
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