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ARTICLE INFO ABSTRACT

Keywords: Candida species are the 4th leading cause of nosocomial infections in the US affecting both men and women. Since
Immunology males of many species can be more susceptible to infections than females, we investigated whether male mice
Microbiology

were more susceptible to systemic Candida albicans (C. albicans) infection and if sex hormones were responsible
for sex-dependent susceptibility to this infection. Non-gonadectomized or gonadectomized mice were supple-
mented with sustained release 5a-dihydrotestosterone (5aDHT) or 17-f-estradiol (E2) using subcutaneous pellet
implantation. Mice were challenged intravenously with 5 x 10° C. albicans/mouse seven days after pellet im-
plantation and monitored for survival and weight change. We observed that male mice were more susceptible to
systemic C. albicans infection than female mice while gonadectomized male mice were as resistant to the
C. albicans infection as female mice. 5aDHT supplementation of gonadectomized female or male mice increased
their susceptibility to the yeast infection while E2 supplementation of gonadectomized male mice did not increase
their resistance to the infection. Overall, our results strongly suggest that testosterone plays an important role in
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decreasing resistance to systemic C. albicans infection.

1. Introduction

The yeast Candida albicans (C. albicans) is an opportunistic pathogen
residing in the gastrointestinal and reproductive tracts and may cause
two major types of infections in humans: superficial infections, such as
oral or vaginal candidiasis, and life-threatening systemic infections [1].
Resistance to infection with C. albicans requires efficient innate and
adaptive immune responses [2, 3]. When there is a marked decrease in
host immune responses, C. albicans causes a more severe systemic
infection [4].

It is widely recognized that females are generally more resistant than
males to certain microbial infections [5, 6] and sex hormones (testos-
terone, estrogen, progesterone) are thought to be largely responsible for
the differences in immune responses between males and females [7, 8].
Immune cells express estrogen and androgen receptors and thus, sex
hormones can play an important role in regulating immune function [9,
10, 11, 12].

In our studies, we used a C. albicans systemic infection as a model
system to study sex differences in susceptibility to Candida infection in
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male and female mice. Although there are several studies investigating
the role of estrogen in infections, few have studied the effects of testos-
terone on infection and no one has investigated the role of testosterone
supplementation in gonadectomized male and female mice infected with
C. albicans. Our studies have used this approach to help elucidate
whether the sex specific hormonal environment plays a role in deter-
mining susceptibility to systemic candidiasis.

2. Methods and materials
2.1. Animals

C57BL/6 female and male mice (7-8 weeks of age) were purchased
from The Jackson Laboratory (Bar Harbor, ME) or ENVIGO (Indianapolis,
IN). C57BL/6 ovariectomized female and orchiectomized male mice (7-8
weeks of age) were purchased from The Jackson Laboratory and are
referred to as gonadectomized animals throughout these studies. The
animals were housed in the AALAC certified animal housing facility at
California State Polytechnic University, Pomona. They were maintained
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at room temperature with a 12-hour light/dark cycle and given food and
water ad libitum. Mice were used according to guidelines established by
the California State Polytechnic University, Pomona's Animal Care and
Use Committee (ACUC). ACUC approved the procedures carried out for
this project under Animal Protocol Number 13.015.

2.2. Sex hormone treatment

To investigate the role of sex hormones on the resistance of female
and male mice to the systemic C. albicans infection, mice were supple-
mented with 5a-dihydrotestosterone (5aDHT) or 17-B-estradiol (E2)
pellets. The 5aDHT, E2 or placebo control pellets were purchased from
Innovative Research of America (Sarasota, FL). Pellets were surgically
implanted subcutaneously (s.c.) in mice sedated with16 mg/kg of Xyla-
zine, 80 mg/kg of Ketamine in 1X PBS, 200 puL/20 g mouse, intraperi-
toneally (i.p.). In experiments in which 50DHT was tested,
gonadectomized male or female mice were supplemented with 5, 10 or
15 mg 5aDHT/21 day release pellets. The 5a-DHT dose (5 mg/21 day
release pellets) that we used is comparable to 5a-DHT doses used by
others [13, 14]. The physiological level of 5a-DHT in intact adult male
mice is about 2 ng/ml [15]. In our experiments, similar to others, we
supplemented mice with 150-450 ng/ml 5a-DHT. This accounts for the
metabolism of 5a-DHT by 3a-hydroxysteroid dehydrogenase [16]. In
experiments in which E2 was tested, gonadectomized male mice were
supplemented with 0.09, 0.18, 0.36 or 0.72 mg E2/21 day release pellets.
The E2 pellet doses from Innovative Research of America that we used
are comparable to E2 pellet doses (0.01-0.5 mg/21 day release pellets)
used by others [13, 14, 17, 18]. According to Relloso et al., supple-
menting mice with 2 pg/mL per day yielded physiological circulating E2
levels in the serum (~256 + 75 pg/mL) [17]. In all supplementation
experiments, groups of male or female mice were implanted with placebo
pellets as controls. After the surgery, mice were given acetaminophen
(1.3 mg/mL) in the drinking water for 5 days to alleviate pain due to
surgery. Mice were monitored daily for signs of distress as described
below and all mice recovered without signs of distress the day after the
surgery. Figure 1 shows the mouse treatment regimen.

2.3. Candia albicans preparation and mouse yeast challenge

Candida albicans was prepared as previously described [19, 20]. Mice
were challenged with 5 x 10® C. albicans/mL (100 pL/mouse, intrave-
nously (i.v.)) seven days after pellet implantation (2 days after we ceased
acetaminophen treatment).

To evaluate the effect of sex hormone pellet implantation on survival
and weight loss, mice were observed daily for up to 2-3 weeks after the
yeast infection. Weight loss was determined by averaging the weight
from all mice (n = 7) within each group and then using the following
equation: ((average weight on day post-infection — average weight on day
0)/average weight on day 0)X100. If mice within a group died or had to
be euthanized before the conclusion of the study, the weight at the time
of death was considered for the remaining days of the study.

All mice were observed daily for symptoms of distress including
weight loss (>20%), ability to get up and down, activity level, and hair
coat appearance using a scale of 0 (no symptoms) to 3 (severe symptoms)
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for each parameter. If the mouse had a score of 3 for any symptom or the
sum of the highest 3 scores was over 6, the mouse was euthanized by CO5
inhalation followed by cervical dislocation. This work focused on
investigating the effects of sex hormones on mouse resistance to systemic
C. albicans infection, thus, the disease signs of fungal infection had to be
measurable (i.e. weight loss, activity level and mortality).

2.4. Statistical analysis

Statistical analysis was performed using GraphPad Prism Version 8.
Statistical significance for survival studies was done using the Log-rank
(Mantel-Cox) test. Correlation analysis for weight loss was done and re-
ported as a two-tailed p-value. The mouse number/experiment was at
least 10 mice per group. We limited the numbers to the least number of
mice that would still result in statistical significance. The statistical
analysis used is specified in each figure legend. In all cases, p < 0.05 was
considered statistically significant.

3. Results

To determine the effect of sex on the susceptibility to systemic
C. albicans infection, male and female C57BL/6 mice were challenged i.v.
with 5 x 10° C. albicans/mouse, a yeast dose that had been successfully
used previously in inducing systemic C. albicans infection in female
C57BL/6 mice [20]. As shown in Figure 2A, survival of female mice was
significantly greater than that of male mice (86 % survival vs 14% sur-
vival, respectively). When comparing mouse weights, male mice lost
weight much more readily than females (Figure 2B).

To determine if the level of mouse organ infection was responsible for
the decreased survival of males compared to females, we investigated the
number of C. albicans colony forming units (CFU) one, four and seven
days after the infection in several organs (kidney, liver, brain) of male
and female mice. We did not see a difference in fungal burden in any of
these organs between the sexes (data not shown). Therefore, we hy-
pothesize that the higher susceptibility of male mice to the infection is
not due to tissue fungal load.

Since others have reported that sex hormones play a significant role in
the susceptibility to infections [8, 9], we investigated whether testos-
terone was responsible for the poor disease outcome in the
non-gonadectomized male mice. Testosterone is an intermediate and is
converted to E2 by aromatase and to 5aDHT by 5a-reductase [21]. Thus,
50DHT is the active compound in males. For these studies we first tested
the effect of 5aDHT supplementation in gonadectomized female mice.
We then examined the effect of 5aDHT supplementation in gonadecto-
mized male mice.

In the first study, gonadectomized female mice were supplemented
with 5, 10 or 15 mg/21 day release pellets of 5aDHT. Compared to
placebo, gonadectomized female mice supplemented with 10 or 15 mg
5aDHT, but not 5 mg 5aDHT, were more susceptible to the systemic C.
albicans infection as assessed by survival (Figure 3A). Survival of
gonadectomized females supplemented with 10 or 15 mg 5aDHT was
similar to those of non-gonadectomized males (Figure 3A). When
comparing mouse weight data, gonadectomized females supplemented
with placebo or only 5 mg 5aDHT lost about the same amount of weight
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Figure 1. Experimental procedures for mice implanted with pellets. Seven days before the yeast infection (D -7), mice were implanted subcutaneously (s.c) with
sex hormone or placebo pellets. Mice were given acetaminophen (1.3 mg/mL) in the drinking water for 5 days to alleviate pain due to surgery. All mice were
challenged with 5 x 10° C. albicans cells/mouse (i.v.) on day 0 (DO) and monitored for up to 21 days after the infection for weight and survival.
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Figure 2. Effect of sex on mouse resistance to systemic C. albicans infec-
tion. ¢57BL/6 female and male mice were challenged with 5 x 10° C. albicans
cells/mouse intravenously (i.v.). The mice (n = 7/group) were observed daily
for (A) survival and (B) weight for up to thirteen days. (A) p < 0.02 comparing
the survival between female and male mice according to Log-rank (Mantel-Cox)
test. (B) p < 0.04 comparing the weight between female and male mice, two-
tailed p-value. These results are representative of at least 2 replica experiments.

(15-18%) by the end of the study (Figure 3C). In comparison, non-
gonadectomized males and gonadectomized females supplemented
with 10 or 15 mg 5aDHT pellets lost about 24-25% of their initial weight
by the end of the study (Figure 3C), indicating that these mice were sicker
than gonadectomized female mice supplemented with placebo or only 5
mg SaDHT.

In the second study using 5aDHT, gonadectomized male mice were
supplemented with 10 or 15 mg 5aDHT/21 day release pellets. In addi-
tion, some non-gonadectomized males were supplemented with 15 mg
5aDHT/21 day release pellets to increase their androgen levels. Gonad-
ectomized male mice supplemented with placebo were as resistant to the
yeast infection as females supplemented with placebo in terms of survival
(Figure 3B). Compared to these two groups, non-gonadectomized males
with or without 5aDHT supplementation were significantly more sus-
ceptible to the infection as assessed by survival (Figure 3B). There was
also no significant difference in survival between non-gonadectomized
males supplemented with placebo or 5aDHT. Gonadectomized male
mice supplemented with 5aDHT trended to be more susceptible to the
yeast infection compared to gonadectomized males and females supple-
mented with placebo, but the difference was not statistically significant
(Figure 3B). When comparing mouse weights amongst all treatment
groups, non-gonadectomized female mice supplemented with placebo
lost about 10% of their body weight, gonadectomized males supple-
mented with placebo lost about 14%, gonadectomized male mice sup-
plemented with 10 or 15 mg 5oDHT lost about 19% and non-
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gonadectomized males with or without 15 mg 5aDHT supplementation
lost about 23% of their body weight (Figure 3D). This weight data
correlated with the survival outcomes.

To investigate whether female mice were more resistant than male
mice to the C. albicans systemic infection because of the female hormone
estrogen, we supplemented gonadectomized male mice with E2
(0.09-0.72 mg/21 day release pellets). The non-gonadectomized female
and male mouse groups in this experiment were not supplemented with
E2 and were only given the placebo pellets. In this E2 supplementation
study, gonadectomized male mice supplemented with placebo were as
resistant to the yeast infection as female mice given placebo as assessed
by survival (Figure 4A) and weight loss (Figure 4B). In comparison, E2
supplementation, at all doses used, worsened the survival of the gonad-
ectomized male mice when compared to females supplemented with
placebo (Figure 4A). Non-gonadectomized male mice receiving placebo
and gonadectomized male mice supplemented with E2 lost significantly
more weight compared to that of gonadectomized male mice and female
mice receiving placebo (Figure 4B). A similar result has been previously
reported by Relloso et al (2012) in ovariectomized BALB/c female mice
given E2 supplementation. In their study, they found that female mice
supplemented with E2 had decreased survival and increased tissue fungal
load when challenged systemically with C. albicans [17]. Table 1 sum-
marizes the results.

It has been reported that C. albicans has an estrogen binding protein
which is involved in increasing C. albicans’ virulence because it drives the
yeast into a hyphal more virulent state [22, 23]. It is possible that in mice
given E2, the virulence of C. albicans increases by driving the yeast to
become the more invasive hyphae form. It is not known what effect
Testosterone has on C. albicans morphology. We carried out in vitro
studies in which we exposed the yeast to different concentrations of E2 or
Testosterone for 4h at 37 °C. We found that, compared to non-sex hor-
mone treated yeast, yeast cell number did not change due to sex hormone
treatment. We also found that, compared to non-sex hormone treated
yeast, cell morphology did not change upon sex hormone treatment. This
was not surprising given that C. albicans is known to exhibit a hyphal
morphology at temperatures above 35 °C [24].

4. Discussion

C. albicans is one of the leading causes of invasive candidiasis. A
longitudinal study based on data obtained from 2012 to 2016 from 22
counties in 4 states within the United States (Georgia, Maryland, Oregon
and Tennessee), showed that candidemia is one of the most common
types of bloodstream infections in the United States [25]. In this popu-
lation, 3,492 cases of candidemia were identified. Candidemia occurred
in patients who had undergone surgical procedures, patients who had
received systemic antibiotics, patients who had a central venous catheter
and in individuals who had used injection drugs [25]. C. albicans
accounted for 39% of the cases whereas C. glabrata caused 28% and
C. parapsilosis 15% of the candidemia [25]. About one in four cases of
candidemia result in death [25]. People 65 years of age and older had the
highest crude annual incidence followed by infants less than 1 year old.
Black people had a higher incidence than non-black people and males
had a higher incidence than females [25]. Across species, it is widely
recognized that males are less resistant to infections than females, and it
has been postulated that sex hormones are largely responsible for this [8,
9].

In our study, we investigated the effect of sex hormone supplemen-
tation on the resistance to C. albicans infection in male and female mice.
To our knowledge, this is the first study to investigate the effect of E2 and
50DHT supplementation in male mice infected with C. albicans.

Disparity in male and female mouse resistance to C. albicans infection
has been noted previously. In 1972, Rifkind and Frey infected CFW mice
with heat-killed C. albicans and measured their agglutinating antibody
response. They found that antibody titers of unilateral gonadectomized
control females were higher than those of unilateral gonadectomized
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Figure 3. Effect of Testosterone supplemen-
tation on gonadectomized female and male
mouse resistance to systemic C. albicans

infection. Seven days before the yeast infection,
gonadectomized ¢57BL/6 female (A,C) and male
(B,D) mice (n = 7/group) were implanted (s.c)
xm15  With 5a-DHT (5-15mg/21 day release pellets) or
placebo pellets; female and male mice were

FP
XMP

r
o

¢ W x e

XM10

implanted (s.c.) with placebo pellets. All mice
L were challenged with 5 x 10° C. albicans cells/
M15

mouse (i.v.) on day 0. The mice were observed

5x10° Ca/ms 5x10° Ca/ms
100 L l l 100
— 751 L_e'e' XFP
g < XF5 &y
2 s
5w ol
2
= | - VP
25 25+
-4 XF10
0 > XF15
(1] 5 10 15 20 25 0 5

daily for (A,B) survival and (C,D) weight for up to
21 days after the yeast infection. (A,C) XFP =
Days gonadectomized female mice implanted with
placebo; MP = male mice implanted with pla-
cebo; XF5-XF15 = gonadectomized female mice
implanted with the different doses of 5a-DHT.
(B,D) FP = female mice implanted with placebo;
MP = male mice implanted with placebo; M15 =
FP male mice implanted with 15 mg 5a-DHT pellets;
XMP  XMP = gonadectomized male mice implanted
XM15 Wwith placebo; XM10-XM15 = gonadectomized
XM10  male mice implanted with the different doses of
MP 5a-DHT. (A) p = 0.05 comparing the survival
M15 between XFP and XF10; p = 0.01 comparing the

10 15 20 25

()
[=2)
c
©
£
o
z XF5
2 XFP
;° MP
= XF15
XF10
1 -30 T
25 0 5

control males. Bilateral gonadectomy resulted in a significant increase in
the antibody titer in males, but did not affect the mean titer in the
gonadectomized females [26]. In another study, Rifkind and Frey re-
ported that intraperitoneal injection of viable C. albicans appeared in the
urine of about 80% of CFW male and female mice within 2 weeks of
inoculation. After 10 weeks, C. albicans persisted in the urine of 37% of
males compared to 16% of females. Kidney yeast cultures were present in
53% of males and 25% of females. Gonadectomy prior to infection in
both sexes increased the resistance to the infection [27]. In our studies,
we also showed that male mice were significantly more susceptible than
female mice to a systemic C. albicans infection and that gonadectomy
improved the disease outcome of males.

Differences between the sexes include the sex hormones, estrogen and
testosterone. To determine if these hormones play a critical role in con-
trolling susceptibility to C. albicans infection, we supplemented gonad-
ectomized mice with sex hormones. We showed that supplementation of
mice with 10 or 15mg 5aDHT, but not 5 mg 5aDHT, worsened the disease
outcome in gonadectomized female mice, and less so in gonadectomized
male mice. It is possible that the 5aDHT supplemental dose given to the
gonadectomized male mice was lower than the amount of testosterone
normally present in non-gonadectomized mice.

To our knowledge, there is only one other study in which the in-
vestigators examined the effect of testosterone supplementation on the
resistance to yeast infections. In that study, Paracoccidioides brasiliensis, a
pathogen that causes a pulmonary infection endemic in Latin America,
was used. The infection caused by this fungus is much more prevalent in
men than in women. In that study, they found that BALB/c male mice
were much more susceptible to P. brasiliensis infections than female mice.
They showed that testosterone propionate supplementation of

survival between XFP and XF15. All other com-
parisons with XFP were not statistically signifi-
cantly different. (C) p < 0.0001 comparing XFP to
XF10, XF15 and MP; there were no statistical
differences between XFP and XF5. (B) p < 0.02
comparing the survival between FP and MP and p
< 0.007 comparing the survival between XMP
and M15. All other survival comparisons were not
statistically significantly different. The statistical
values for survival were obtained according to
the Log-rank (Mantel-Cox) test. The statistical
values for weight were obtained by two-tailed p-
value. These results are representative of at least
2 replica experiments.

gonadectomized female mice increased susceptibility to P. brasiliensis
infection, and that E2 supplementation of castrated males initially
restricted yeast proliferation, but that the infection later progressed [28].

In the present study, we showed that E2 worsened the disease
outcome in gonadectomized male mice as assessed by survival and
weight loss. A possible explanation for this is that relatively high physi-
ological estrogen levels are known to bias the immune response from a
Th1 (IFNy) to a Th2 (IL-4) cell response, and more recently, estrogen has
been shown to alter the activity of Th17 and Treg cells. Th17 cells have
been shown to be essential in the resistance against C. albicans infection
[29]. In some studies, estrogen was shown to enhance Th17 regulated
inflammation. In some other studies, estrogen was shown to increase the
number of Treg cells, cells that are crucial in downregulating the immune
response (reviewed in [30]). As mentioned previously, Relloso et al
(2012) found that E2 supplementation of ovariectomized BALB/c female
mice impaired their response to a systemic C. albicans infection as
assessed by decreased mouse survival and increased tissue fungal load
[17]. In their study, they went on to show that E2 treatment diminished
the Th17 immune response to C. albicans antigens. Furthermore, Relloso
et al (2012) found that E2 impaired dendritic cells’ ability to present
C. albicans antigens to T cells thereby reducing polarization of T cells
toward a Th17 phenotype. Although we did not test E2 supplementation
in our ovariectomized c57BL/6 female mice, this could be investigated in
the future to determine if it would decrease the resistance to C. albicans
infection in these mice.

Although our studies strongly suggest that 5aDHT suppresses mouse
resistance to systemic C. albicans infections, we cannot negate the po-
tential effect of genes present in the X and Y chromosomes. The X
chromosome expresses several genes implicated in immunological
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Figure 4. Effect of Estradiol supplementation on
gonadectomized male mouse resistance to sys-
temic C. albicans infection. Seven days before the
yeast infection, gonadectomized c¢57BL/6 male mice
(n = 7/group) were implanted (s.c.) with 17p-estra-
diol (E2) 0.09-0.72mg/21 day release pellets. All
mice were challenged with 5 x 10° C. albicans cells/
mouse (i.v.) on day 0. The mice were observed daily
for (A) survival and (B) weight for up to 15 days after
the yeast infection. FP = female mice implanted with
placebo; MP = male mice implanted with placebo;
XMP = gonadectomized male mice implanted with
placebo; XM0.09-XMO0.72 = gonadectomized male
mice implanted with the different doses of E2. (A) p <
0.007 comparing the survival between FP and MP; p <
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20 x\0.09, XMO0.18 and XMO0.36; p — 0.02 comparing
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values for survival were obtained according to the
Log-rank (Mantel-Cox) test. (B) There was no statis-
tical significant difference weight loss between FP and
any of the other treatments. These results are repre-
sentative of at least 2 replica experiments.

0 Seecsceceesesssecsesenssessttcesetstteensessttestseerssassaann

N—4

-

¥ XMPO0.72
A XMP0.09
& > XMP 0.36

50 C O 0 C O 00 O XMP0.18

- FP
8- XMP

MP

T T
15

o
Q1 =

1
20

Table 1. Results summary.
Figure #  Observation Statistical Significance of difference
2A Male mouse survival to systemic C. albicans infection was lower than that of female P < 0.02
mouse survival
2B Male mouse weight loss due to systemic C. albicans infection was greater than that of P < 0.04
female mouse weight loss
2,3 Survival and weight loss of orchiectomized male mice was comparable to that of ns
female mouse controls.
3A Survival of ovariectomized mice supplemented with 5aDHT (10, 15mg/21 days p = 0.05 comparing the survival between XFP and XF10; p = 0.01 comparing the
pellets) tended to be lower than that of ovariectomized mouse controls. survival between XFP and XF15. All other comparisons with XFP were not statistically
significantly different.
3B Survival of orchiectomized mice supplemented with 5aDHT (10, 15mg/21 days p < 0.02 comparing the survival between FP and MP and p < 0.007 comparing the
pellets) tended to be lower than that of ovariectomized mouse controls. survival between XMP and M15. All other survival comparisons were not statistically
significantly different.
3C Weight loss of ovariectomized mice supplemented with 5aDHT (10, 15mg/21 days p < 0.0001 comparing XFP to XF10, XF15 and MP; there were no statistical differences
pellets) tended to be lower than that of ovariectomized mouse controls. between XFP and XF5.
3D Weight loss of orchiectomized mice supplemented with 5aDHT (10, 15mg/21 days ns
pellets) tended to be lower than that of ovariectomized controls, but was not
statistically different.
4A Survival of orchiectomized mice supplemented with E2 (0.09-0.72mg/21 days pellets) p < 0.007 comparing the survival between FP and MP; p < 0.0005 comparing the
was lower than that of female mouse controls. survival between FP and XM0.09, XM0.18 and XM0.36; p = 0.02 comparing the
survival between FP and XM0.72.
4B Weight loss of orchiectomized mice supplemented with E2 (0.09-0.72mg/21 days ns

pellets) tended to be lower than that of female mouse controls.

ns = not significant.
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processes, such as toll-like receptors, multiple cytokine receptors, genes
involved in T cell and B cell activity and transcriptional and translational
regulatory factors [5]. The Y chromosome also encodes a number of
genes involved in inflammatory pathways [5, 9, 31]. Therefore, although
sex hormones have an effect on the susceptibility to systemic C. albicans
infection, the products of other genes in the sex chromosomes may also
be involved.

Future studies should be directed at determining what type of effect
50DHT has on various immune cells, including dendritic cells, macro-
phages and neutrophils, as these are key cells in the immune resistance to
C. albicans infections [32, 33, 34]. Discerning the differences in immune
responses between females and males is needed as current treatments
including drug and vaccination treatments do not generally consider
sex-differences [35].
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