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Abstract
Background: Cryptococcus neoformans, the causative agent of cryptococcosis, causes ~ 181,000 deaths annually, with
males having a higher incidence of disease than females (7M:3F). The reason for this sex bias remains unclear. We
hypothesized that this disparity was due to biological differences between the male and female immune response.
Methods: Peripheral blood mononuclear cells (PBMCs) from healthy donors were isolated and infected with C.
neoformans ± exogenous testosterone or 17-β-estradiol. C. neoformans, B, T, and NK cell proliferation was quantified by
flow cytometry. Cytokine analysis was conducted via protein array or ELISA. Serological testing was conducted to
determine previous exposure to C. neoformans.
Results: C. neoformans proliferated more in male PBMCs. T cell percentages in both sexes were lower in infected versus
uninfected cells. Male PBMCs had lower CD3+, CD4+, and CD8+ T cells percentages during infection compared to
females. Cytokine profiles showed differences in uninfected male and female PBMCs, which subsided during infection.
Only one donor was sero-negative for prior C. neoformans exposure. There was an effect of estrogen in one dataset.
Conclusions: These results suggest that males show an inherent deficit in T cell response during infection, which may
contribute to the increased incidence of disease in males.
Keywords: Cryptococcus neoformans, Cryptococcosis, Immune response, Sex bias in infection, T cells, B cells, Natural killer
cells, Estrogen, Testosterone

Background
Cryptococcus neoformans is responsible for an estimated
220,000 cases of cryptococcosis, resulting in more than
181,000 deaths each year worldwide [1, 2]. An opportunistic fungal pathogen, C. neoformans typically presents as
pneumonia or meningitis, the latter of which is considered an AIDS-defining illness [3]. Interestingly, prevalence of this disease is skewed between males and
females. Numerous studies show differences in C.
neoformans infection rates, with males having a higher
incidence of disease and greater symptom severity in
both HIV-positive patients (8M:1F) and HIV-negative
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patients (2–3M:1F) [4–7]. Given that females are more
prevalently infected by HIV [8], which significantly increases the susceptibility to C. neoformans, this suggests
that there is a strong imbalance of C. neoformans disease
in males. Sexual dimorphism in invasive fungal infections
is not uncommon. In fact, many fungal infections occur
more frequently in males. For example, males are 11 to 30
times more likely to suffer from paracoccidioidomycosis, a
chronic infectious disease caused by Paracoccidioides
brasilienis, despite similar rates of exposure to the fungus
[9]. However, the opposite is true of Candida albicans infections, which occur more frequently in women with an
estimated 2F:1M split [10, 11]. The differences in infection
from these pathogens have been linked to sex hormones,
specifically 17-β-estradiol [9, 12, 13].
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Male sex is considered an independent risk factor for
developing cryptococcosis [5, 14]. In light of this, sexual
dimorphism in C. neoformans infections has been the
focus of a few studies, including one that examined both
host and pathogen features of HIV-infected patients
from Botswana. Results showed that despite having
increased numbers of CD4+ T cells, males from this patient cohort also had a higher likelihood of mortality
from C. neoformans [6]. When incubated with testosterone, clinical strains showed an increased release of
glucuronoxylomannan (GXM), the primary component
of the C. neoformans capsule, suggesting that exposure
to a male hormonal environment may increase the
virulence of a C. neoformans infection [6]. Clinicians in a
French medical study reported more severe cryptococcosis in men, including higher antigen titers and greater
disseminated disease [14]. Tamoxifen, an estrogen receptor antagonist, binds directly to the C. neoformans protein, calmodulin, blocking calcineurin activation, which
results in anti-cryptococcal properties [15, 16]. In vivo
experiments using outbred mice reported higher levels
of the Th1 cytokines interferon-gamma (IFN-γ) and
tumor necrosis factor-alpha (TNF-α), in females compared to their male counterparts [5]. Also, despite their
widespread exposure to C. neoformans and being an
immune-compromised population, cryptococcosis in
children under age 16 is rare and under the age of 12
(pre-pubescent) is very uncommon [4, 17]. This body of
research, albeit small, suggests a relationship between C.
neoformans pathogenesis and the hormonal environment
of its host. This potential interplay necessitates further
research in the context of C. neoformans infections and
host sex.
Another variable in the pathogenesis of a C. neoformans
infection is the host immune response, which can vary
widely between individuals. Cell-mediated immunity by
CD4+ Th1-type cells characterized by the production of
IL-2, IL-6, IL-12, IFN-γ, and TNF-α is associated with the
induction of protective immune responses [3, 18–21]. In
contrast, CD4+ Th2-type cell-mediated responses characterized by the secretion of IL-4, IL-5, IL-10, and IL-13 is
associated with exacerbation of disease. CD4+ Th1-type
responses induce classical macrophage activation and
efficient phagocytosis and killing of Cryptococcus yeast
[22, 23] and strong antibody-mediated immunity. The B
cell response has been linked to both resistance of cryptococcosis and control of pulmonary inflammation in mice
infected with C. neoformans [24, 25]. Historically, CD4+ T
cells have been shown to mediate fungal clearance and
offer protection to the host, but recent studies describe a
more complex picture implicating these T cells in advanced disease severity and higher mortality rates in both
mice and HIV+/cryptococcosis+ patients [26]. CD8+ T
cells mediate direct killing of C. neoformans and activate
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macrophage responses to limit pathogen growth and
survival inside macrophages [19, 22, 27]. Due to the
combined nature of C. neoformans as a potent immunomodulator and its ability to cause illness in the immunecompromised population, robust immune responses are
not commonly seen [28]. Given this, further investigation
is needed to understand the healthy immune response to
a C. neoformans infection, without other comorbidities affecting the outcome.
In an effort to better understand the early typical response of men and women to a C. neoformans infection,
the present study utilized peripheral blood mononuclear
cells (PBMCs) from healthy donors to correlate the
immune response to a C. neoformans infection with host
sex, providing insight into how it may affect outcome.
The aim of this study was to begin to unravel the
complexity of sex-specific, host-pathogen interactions by
examining the effect of host sex and sex hormones on
host immunity to C. neoformans. We hypothesized that
males have an increased incidence of disease due, at least
in part, to differences in the immune response during a
C. neoformans infection.

Methods
Volunteers

This study was carried out in the Biology Department of
Middle Tennessee State University in Murfreesboro, TN.
For the first dataset, 43 healthy volunteers (22 male:21
female) aged ≥ 18 years were prospectively enrolled. Of
those 43, 40 (21 male:19 female) samples were utilized.
For the second set of experiments, 40 volunteers (19 male:
21 female) ≥ 18 years were prospectively enrolled. Of
those 40, 28 (14 male:14 female) samples were utilized.
Subjects were excluded if they yielded < 15 mL of blood
due to the number of cells needed for these experiments.
Peripheral blood mononuclear cell isolation

Peripheral blood samples were obtained from volunteers
by a licensed phlebotomist via venipuncture. Approximately 25 mL of blood per person was collected in
EDTA collection tubes (BD Biosciences, Franklin Lakes,
NJ) and labeled with a unique identifier. Heparinized
blood was overlayed onto room temperature Ficoll
(Sigma Aldrich, St. Louis, MO) in a 1:1 ratio in a sterile
50 mL conical tube. Samples were centrifuged at 400×g
for 30 min at ambient lab temperature (~ 21 °C) with
the brake off to ensure that deceleration did not disrupt
the density gradient. Two milliliters of sera from each
subject’s sample was stored at − 80 °C for subsequent
antibody-reactivity testing. The buffy coat, containing
the mononuclear cell layer, was extracted using a transfer pipette and washed three times with lipopolysaccharide (LPS)-free phosphate-buffered saline (PBS). Cells
were resuspended in RPMI 1640 medium (Sigma, St
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Louis, MO) plus 10% human serum (50:50 male:female,
Innovative Research, Novi, MI) and counted on a
hemocytometer using a 1:1 Trypan blue (Sigma Aldrich,
St. Louis, MO) exclusion (0.4% solution). Aliquots of 2 ×
108 viable cells/2 mL were cryopreserved using a method
described previously [29] and infected at a later date.
MOI determination

To establish the appropriate multiplicity of infection
(MOI), preliminary experiments were conducted using
peripheral blood mononuclear cells (PBMCs) infected
with C. neoformans using a variety of MOIs: 1:1, 1:10, 1:
50, 1:100, and 1:1,000. The cells were incubated in a 37
°C CO2 incubator and assessed via flow cytometry after
7 days [30]. The 1:100 MOI was determined to be the
most beneficial ratio as it stimulated proliferation but
did not cause significant death of the PBMCs (< 15%)
(data not shown).
PBMC infection

Cryopreserved PBMCs were removed from liquid nitrogen
and thawed in a 37 °C water bath. After thawing, cells
were added to 10 mL warm RPMI 1640 medium (Sigma
Aldrich, St. Louis, MO) plus 10% human serum (50:50
male:female, Innovative Research, Novi, MI) and centrifuged at 400×g to pellet PBMCs. Cells were resuspended
in 500 μL warm RPMI and counted on a hemocytometer
using a 1:1 Trypan blue exclusion. One hundred microliters of 5 × 106 viable cells/mL PBMCs were seeded in 96well round-bottomed plates and infected with the wildtype C. neoformans strain, H99S (Dr. John Perfect, Duke
University, [31]) at a concentration of 5 × 104 cells/mL in
100 μL RPMI (1:100 MOI) and allowed to incubate for 7
days in a 37 °C CO2 incubator.
In an effort to determine whether the addition of exogenously added sex hormones would affect the immune
response, physiological levels of testosterone (10 ng/mL,
Sigma Aldrich, St. Louis, MO) or 17 β-estradiol (400 pg/
mL, Sigma Aldrich, St. Louis, MO) were added to subsets
of infected and uninfected PBMCs on day 1 of incubation.
Separate PBMC and C. neoformans negative controls were
incubated with RPMI only. All samples were set up in
triplicate. One hundred microliters of warm RPMI was
added to each well on day 4 of incubation to refresh nutrients. After 7 days, PBMC culture supernatants were
harvested, frozen, and stored at − 80 °C for subsequent
cytokine testing. PBMCs were resuspended in LPS-free
PBS and incubated with fluorescent antibodies (Tables 1
and 2) for 20 min at approximately 21 °C (lab
temperature), in the dark. After incubation, PBMCs +
antibodies were centrifuged at 400 × g for 5 min, the
supernatant discarded, and the cells resuspended in 300
μL PBS for flow cytometry acquisition (Fig. 1).
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Flow cytometry acquisition and analysis

A Guava® easyCyte 8HT was used for flow cytometry. A
forward scatter threshold of 800 was used to avoid most
debris in counting; 30,000 events/well were collected in
all wells with the exception of C. neoformans only controls where 5000 events/well were collected. For the first
dataset, due to the flow cytometer being shared between
labs and the settings being changed without our knowledge, a subset of samples had 100,000 events collected,
which unfortunately skewed the cell counts for this dataset (Additional file 1: Table S1). The cell counts for the
second dataset are depicted in Additional file 2: Table
S2. Compensation was performed using single-color
controls of uninfected PBMCs. Analytic gating of flow
cytometry data was analyzed using InCyte version 3.1.
For multi-color analysis, lymphocytes were identified in
the same manner, and standard elliptic gates were applied to all samples. B (CD19+) and T (CD3+, CD4+,
CD8+) cell proliferation as well as dead cells were measured in both uninfected and infected PBMCs for the
first dataset. Due to the limitations of how many
markers our flow cytometer could measure at once, we
repeated the experiment with different donors and measured T cell (CD3+), natural killer (NK) cell (CD56+),
and C. neoformans proliferation (mAb 18B7+), as well as
dead cells in both uninfected and infected PBMCs. We
averaged the counts of C. neoformans in each of the
treatments, calculated the percent C. neoformans/treatment and subtracted that percentage from the total cell
counts from the first dataset to determine total lymphocyte counts. Representative dot plots for a male and female donor are illustrated in Figs. 2 and 3, respectively.
In situ cytokine analysis

Cytokine profiles were analyzed using cell supernatants
after 7 days of incubation. Supernatants from PBMC incubations from the first dataset with or without C.
neoformans were thawed and assayed for the presence of
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, granulocytemacrophage colony-stimulating factor (GM-CSF), TNFα, and IFN-γ. All cytokines with the exception of IL-12
were analyzed using the Bio-Plex protein array system
(Luminex-based technology; Bio-Rad Laboratories,
Hercules, CA). The human IL-12p70 BD-OptEA kit (BD
Biosciences) was used to measure the production of IL12 as per the manufacturer’s instructions. The detection
limit of the assay was 7.8 pg/mL as stated by the manufacturer. Because there were no significant differences
noted, cytokine analysis was not conducted on the cell
supernatants from the second dataset.
C. neoformans serology testing

The serology status of donors was assessed using the YA
Crypto Antibody Tube Agglutination System (Immy,
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Table 1 Flow cytometry reagent list for the first dataset
Antibody/Probe

Cell expression

Fluorochrome

Emission spectra (nm)

Vendor

Anti-human CD3

Pan expression T cell surface marker

APC

650/660

BD Biosciences (Franklin Lakes, NJ)

Anti-human CD4

Helper T cell surface marker

PE

496/578

BD Biosciences

Anti-human CD8

Cytotoxic T cell surface marker

FITC

494/520

BD Biosciences

Anti-human CD19

Pan expression B cell surface marker

PC7

496/785

Beckman Coulter (Brea, CA)

Live-dead discriminator

Compromised cell membrane marker

7AAD

546/647

Thermo Fisher (Waltham, MA)

CD cluster of differentiation, APC allophycocyanin, PE phycoerythrin, FITC fluorescein isothiocyanate, PC7 phycoerythrin cyanine 7, 7AAD 7-aminoactinomycin D

Results

Norman, OK), which detects C. neoformans antibodies
in human serum [32]. To further confirm serology results, all negative agglutination samples were tested
against immunoblots of H99S cell lysate [31]. Each lane
contained a 1:100 dilution of donor sera. A positive
donor was used as a positive control and Tris-buffered
saline alone was used as a negative control on each
membrane. A 1:2000 dilution of goat anti-human IgGHRP (ThermoFisher) was added as the secondary antibody. The blot was visualized using chemiluminescence.
Any lane that had < 2 bands was scored negative and > 2
bands was scored positive as done in Chen et al. [33]
(data not shown). Sera from 68 of the 74 donors were
tested. Due to equipment failure, the sera of six donors
were compromised and unable to be assessed.

In situ cytokine analysis and CD25+ cells: male PBMCs are
proliferating

The first step was to determine if infected PBMCs
were actually proliferating in response to infection
with C. neoformans. Thus, we compared cytokine
levels at day 7 between uninfected and infected
PBMCs. In infected male PBMCs, we saw significant
increases in the levels of the cytokines IL-2, IL-4, IL-6,
IFN-γ, and TNF-α (p < 0.05 for all cytokines), suggesting that the PBMCs were proliferating (Fig. 4a). However, there was no difference in cytokine levels
between uninfected and infected female PBMCs (data
not shown). We also measured CD25 levels, an activation marker for CD4+ T cells [34], for a small subset
of donors in the first dataset (Fig. 4b). While the data
were not significant, likely due to the small sample
size, the number of CD25+ cells in infected male and
female PBMCs increased compared to uninfected
PBMCs. Taken together, the data strongly suggest that
male PBMCs were proliferating in response to infection, while the data for proliferation in infected female
PBMCs were less clear.

Statistical analysis

C. neoformans, B, T, and NK cell, and dead cell data
were analyzed using JMP, version 14 (SAS Institute).
Variables were compared across groups, using multivariate analysis of variance (MANOVA). Because a
MANOVA controls for an increase in type I error, this
was followed by simple contrasts to determine which
cell marker was responsible for the effect. Cytokine
data was analyzed using a two-way analysis of variance
(ANOVA) and Bonferroni correction to correct for
multiple comparisons. Categorical variables were analyzed using a χ2 test. Fold changes were calculated by
dividing the mean percentage of infected cells for each
marker by the mean percentage of uninfected cells
using the corresponding marker. Statistical significance
was defined as p - value of < 0.05.

Immune cell response in uninfected cells: lower percentages
of CD3+ and CD4+ T cells in men

We next wanted to establish any differences in uninfected male and female immune cells to ensure that
changes seen during infection were due to C. neoformans and not variations caused by sex alone. Due to the
limitations of how many markers our flow cytometer
could measure at once, we conducted two independent

Table 2 Flow cytometry reagent list for the second dataset
Antibody/Probe

Cell expression

Fluorochrome

Emission spectra (nm)

Vendor

Anti-human CD3

Pan expression T cell surface marker

PC7

496/785

BD Biosciences (Franklin Lakes, NJ)

Anti-human CD56

Natural killer cell surface marker

PE

496/578

BD Biosciences

C. neoformans antibody 18B7

IgG to C. neoformans capsule

AF488

490/525

A kind gift of Dr. Arturo Casadevall

Live-dead discriminator

Compromised cell membrane marker

PI

493/636

Molecular Probes

CD cluster of differentiation, PC7 phycoerythrin cyanine 7PE, PE phycoerythrin, AF488 AlexaFluor 488, PI propidium iodide
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Fig. 1 Experiment and workflow schematic. Whole blood was extracted by venipuncture and separated using a density gradient. Isolated PBMCs
were incubated for 7 days either alone or in the presence of C. neoformans. Subsets of both uninfected and infected groups were incubated with
testosterone or 17 β-estradiol. All samples were setup in triplicate and the B and T cell response was determined via flow cytometry in the first
dataset. The T cell and natural killer cell response was determined in the second dataset. Dead cells were identified in both datasets using dead
cell stain. Because no differences were observed in cells incubated with sex hormones, only cell supernatants of uninfected and infected PBMCs
(without hormones), from the first dataset, were used for cytokine analysis via Luminex assay

experiments. The first experiment measured B (CD19+)
and T (CD3+, CD4+, CD8+) cell proliferation as well as
dead cells in both uninfected and infected PBMCs. The
second experiment measured T cell (CD3+), natural
killer (NK) cell (CD56+), and C. neoformans proliferation
(mAb 18B7+), as well as dead cells in both uninfected
and infected PBMCs. In the first dataset, males had a
lower percentage of CD3+ cells, a surface marker
expressed on all T cells, compared to females (53.4% vs.
60.9%, F = 8.17, df = 1770, p = 0.004). However, this difference is typical of healthy men and women according
to previously published reference ranges [35–37]. Males
also had lower percentages of CD4+ helper T cells
compared to females (34.8% vs. 41.6%, F = 6.76, df =
1770, p = 0.009). Amounts of CD8+ cytotoxic T cells,
and B cells, as measured by CD19, a marker expressed
on the surface of all B cells, were all approximately the
same in uninfected control cultures from men and
women (p > 0.05). Numbers of dead immune cells after
7 days of culture were also similar between sexes (Fig.
5). The second dataset showed the same pattern in
CD3+ expression between men and women, with men
having lower percentages of CD3+ cells (69.9% vs. 81.6%,
F = 17.90, df = 738, p < 0.0001). The numbers of NK
cells and dead immune cells after 7 days of culture were
similar between sexes (Fig. 6). There were no differences

in immune cell numbers in either sex in subsets of cells
with exogenously added hormones (data not shown).

C. neoformans proliferation during infection: increased
proliferation in male vs. female PBMCs, except with the
addition of 17-β-estradiol

To discern any differences in C. neoformans proliferation in the presence of immune cells from healthy men
and women, we quantified yeast numbers via flow cytometry after seven days incubation with PBMCs.
While there was no difference in proliferation in male
or female PBMCs with a specific hormone treatment,
when C. neoformans counts were compared between
men and women, C. neoformans generally proliferated
better in PBMCs from men compared to women, except when exogenous 17-β-estradiol was added. Male
PBMCs had significantly higher cell counts in treatments without hormone (F = 6.20, df = 246, p = 0.013)
and with the addition of exogenous testosterone (F =
4.53, df = 246, p = 0.034), but there was no difference
in cell counts between males and females when exogenous 17 β-estradiol was added (Fig. 7). These data suggest that C. neoformans replicates more readily in a
male environment and that 17 β-estradiol may inhibit
proliferation in male PBMCs.
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Fig. 2 Male T cell dot plots. Dot plots from a representative male donor (2017-45), in the first dataset, of CD3+/CD4+ and CD3+/CD8+ T cells in
both uninfected and infected treatment groups

Effect of C. neoformans on the immune response:
decreased cell percentages after infection

C. neoformans is a known immunomodulator [38, 39].
Thus, we wanted to understand if any immune cells
were depressed during infection. To do this, we calculated the fold change between uninfected and infected
PBMCs in all markers and both sexes (Tables 3 and 4).
In the first dataset, compared to uninfected cells, PBMCs
infected with C. neoformans showed significantly decreased percentages of all three measured T cell markers
in both male (CD3+: 53.4% vs. 16.9% F = 320.6, CD4+:
34.8% vs. 9.8%, F = 151.3, CD8+: 16.1% vs. 4.7%, F =
31.5, p < 0.0001 and df = 3540 for all markers) and female cell populations (CD3+: 60.9% vs. 28.5%, F = 229,
CD4+: 41.6% vs. 17.2%, F = 130.5, and CD8+: 19.7% vs.
9.4%, F = 23.1, p < 0.0001 and df = 3540 for all markers).
Like T cells, B cell percentages declined in male
(CD19+: 14.6% vs. 5.4%, F = 25.6, df = 3540, p < 0.0001)
and female (CD19+: 14.2% vs. 6.4%, F = 9.55, df = 3540,
p = 0.002) samples. Interestingly, compared to uninfected cells, the percentages of dead PBMCs decreased
during infection in males (10.0% vs. 4.4%, F = 7.67, df =
3540, p = 0.005) but not females (7AAD+: 8.7% vs.
6.0%, F = 1.57, df = 3540, p > 0.05).

Similar to the first dataset, the second dataset showed a
depression of T cells measured during infection in samples from men (CD3: 69.8% vs. 58.6%, F = 17.9, df = 1476,
p < 0.0001) and samples from women (CD3: 81.6% vs.
64.8%, F = 39.8, df = 1476, p < 0.0001). Compared to uninfected PBMCs, the NK cell percentage remained the same
in samples from men (CD56: 11.4% vs. 7.3%, F = 2.28, df =
1476, p > 0.05) and in samples from women (CD56: 6.3%
vs. 8.6%, F = 0.73, df = 1476, p > 0.05) in the presence of
C. neoformans. Percentages of dead cells also remained
the same in men (2.6% vs. 2.7%, F = , df = 1476, p > 0.05)
and women (3.8% vs. 2.9%, F = 0.12, df = 1476, p > 0.05).
These results confirm that, overall, C. neoformans
depresses the immune response, even in proliferating cells
from healthy individuals. Similar results were seen in
subsets of cells incubated with exogenous sex hormones
(data not shown).
Differences in the male and female immune cell response
to C. neoformans infection: males have lower percentages
of all T cell markers compared to females

After establishing baseline differences in immune cells,
C. neoformans proliferation, and C. neoformans effects
on the immune response, we were now ready to
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Fig. 3 Female T Cell Dot Plots. Dot plots from a representative female donor (2017-14), in the first dataset, of CD3+/CD4+ and CD3+/CD8+ T cells
in both uninfected and infected treatment groups

determine whether features of the adaptive immune response to C. neoformans differed between healthy males
and females, given that males have a higher incidence of
both disease and death from cryptococcosis [6, 40–44].
In the first dataset, men had strikingly lower percentages
of all T cell markers measured compared to women at 7
days post C. neoformans infection (CD3+: 16.9% vs.
28.5%, F = 30.7; CD4+: 9.8% vs. 17.2%, F = 12.6; and
CD8+: 4.7% vs. 9.4%, F = 5.22, p < 0.02 and df = 3540,
for all markers). The original differences between CD3+
and CD4+ observed in PBMCs from males and females
grew significantly during infection (p = 0.0002, p <
0.0001, respectively). There was no significant difference
between male and female B cell percentages in the presence of C. neoformans (5.5% vs. 6.3%, F = 0.14, df =
3540 p > 0.05) (Fig. 8). Further, there were no differences in dead cell percentages (4.4% vs. 6.0%, F = 0.63,
df = 3540, p > 0.05) or in the immune response in cell
subsets with exogenously added testosterone or 17 βestradiol (data not shown). Like the first dataset, the second dataset showed significantly lower percentages of T
cells in infected male compared to infected female
samples (CD3+: 58.6% vs. 64.8%, F = 5.83, df = 738, p <
0.016). In this dataset as well, original differences

between the percentages of CD3+ T cells observed in
PBMCs from males and females grew significantly during
infection (p < 0.0001). There were no differences in NK
cells (CD56+: 7.3% vs. 8.6%, F = 0.24, df = 738, p > 0.05)
(Fig. 9) or dead cells (2.7% vs. 2.9%, F = 0.005, p > 0.05)
between sexes (data not shown). This data reveals lower
percentages of T cells in healthy male PBMCs during a C.
neoformans infection.
Correlation of the immune response and estrogen:
females with increased circulating estrogen had increased
CD3+ T cells and CD56+ NK cells during infection

Interestingly, there was a significant effect of estrogen
between infected cell percentages for males and females
(F = 21.05, df = 738, p < 0.0001) in the second dataset.
To determine if this was due to circulating levels of
estrogen in the female donors, we tested whether there
was a difference depending on the week of the menstrual
cycle the donors were in when they donated blood. Of
the 14 women volunteers in the second dataset, six of
them were in the second week of their cycle, which is
known to have higher levels of circulating estrogen [45].
Female donors in week 2 of their cycle had significantly
higher percentages of CD3+ (F = 7.44, df = 342, p =
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Fig. 4 In situ cytokine analysis and CD25 levels. a Cytokine levels from infected male PBMCs: IL-2, IL-4, IL-6, IFN-γ, and TNF-α compared to
uninfected PBMCs. N = 40 (21 males and 19 females). Cytokine analysis was done on the first data set using one well of the triplicate samples set
up (no additional hormones) and measured using the Bio-Plex protein array or ELISA, and the data was analyzed using a two-way ANOVA and
Bonferroni Correction. Error bars are SE. Statistical significance is indicated as follows: *p < 0.05. b Levels of CD25+ cells between male and female
uninfected and infected PBMCS after 7 days of infection as measured by cytometric analysis. The total percentage given represents the total
percentage of cells expressing CD25+. N = 5 (three males and two females). This experiment was done in triplicate and the results averaged to
create each data point. Data was analyzed using MANOVA with simple contrasts. Error bars are SE; n.s. not significant

0.0067) and CD56+ (F = 12.6, df = 342, p = 0.0004) cells
compared to donors that were in weeks 1, 3, and 4 of
their cycle. When we looked for differences in cell percentages in uninfected female samples based on the
week of their menstrual cycle, the pattern was different.
Uninfected PBMCs from female donors in week 3 of
their cycle had significantly higher percentages of CD3+
(F = 11.8, df = 342, p = 0.0007) and CD56+ (F = 5.40, df
= 342, p = 0.02) cells compared to donors that were in
week 0 of their cycle (data not shown). These data suggest that circulating levels of estrogen can affect immune
cell proliferation.
Cytokine profiles induced by C. neoformans infection of
PBMCs: lower Th1 cytokines in males before infection; no
difference between the sexes after infection

During a C. neoformans infection, the expression of Th1
rather than Th2 cytokines is instrumental in mounting
an effective response against the pathogen [19]. To
determine whether production of these molecules were
different between men and women, cytokine expression
was measured in uninfected and infected cell supernatants from the first dataset at day 7. Cytokines measured
include IL-2, IL-6, IL-12, IFN-γ, TNF-α, and GM-CSF,

which are indicative of a Th1 response. Expression of
IL-4, IL-5, and IL-10 was also measured and are seen
during a Th2 cytokine response (Fig. 10). In uninfected
supernatants, male donors had significantly lower levels
of IL-2, IL-4, IL-6, IFN-γ, and TNF-α compared to their
female counterparts (p < 0.05 for all markers). There
were no differences in IL-8, IL-12, and GM-CSF levels
between uninfected cell supernatants in males and females, nor were there any differences in cytokine levels
in males and females in infected cell supernatants. Comparing cytokine profiles between uninfected and infected
groups (both males and females combined), we saw significant increases in the Th1 cytokines IL-2, GM-CSF,
IFN-γ, and TNF-α (p = 0.021, 0.011, 0.004, 0.016, respectively), and IL-4 (p = 0.047), a Th2 cytokine, during
a C. neoformans infection. There were no differences in
IL-6, IL-12, and IL-10 levels between uninfected and infected cells (Fig. 11). Given that there were no differences in the measured immune response of cells treated
with sex hormones, supernatants from these groups
were not analyzed. Further, the cytokine expression from
the second dataset was not analyzed as there were no
differences in cytokine expression in infected cells from
the first dataset.
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Fig. 5 Differences in immune response between sexes in uninfected PBMCs (first dataset). Mean cell percentages for the T cell markers, a CD3+, b
CD4+, c CD8+, and d the B cell marker, CD19+, in PBMCs from healthy men and women after a 7-day incubation as measured by cytometric
analysis. The total percentage given for each marker represents the total percentage of cells expressing the antigen indicated. N = 40 (21 males
and 19 females). This experiment was done in triplicate and the results averaged to create each data point. Data was analyzed using MANOVA
with simple contrasts. Error bars are SE; n.s. not significant

Fig. 6. Differences in immune response between sexes in uninfected PBMCs (second dataset). Mean cell percentages for the T cell marker, a
CD3+ and the natural killer cell marker, b CD56+, in PBMCs from healthy men and women after a 7 day C. neoformans incubation as measured by
flow cytometric analysis. The total percentage given for each marker represents the total percentage of cells expressing the antigen indicated. N
= 28 (14 males and 14 females). This experiment was done in triplicate and the results averaged to create each data point. Data was analyzed
using MANOVA with simple contrasts. Error bars are SE; n.s. not significant
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Fig. 7 C. neoformans proliferation at 7 days post-infection. Mean cell counts of C. neoformans as measured by flow cytometry after 7 days incubation
with peripheral blood mononuclear cells isolated from healthy men or women in the presence of a no additional hormones, b physiological levels of
testosterone, or c physiological levels of estrogen. N = 28 (14 males and 14 females). Error bars are standard error; n.s. not significant

C. neoformans antigenic testing: males and females have
equal exposure

There was a significantly higher percentage of CD3+/
CD4+ T cells in the sero-negative donor compared to
the sero-positive donors (58.3% vs. 26.0%, F = 15.5, df
= 1770, p < 0.0001). There were no differences in
CD3+/CD8+ T cell percentages, B cell percentages, or
cytokine response (data not shown). As there was only
one donor without previous exposure to C. neoformans, this data should be interpreted with caution.

Historically, it has been postulated that males suffered
greater incidences of cryptococcosis, due to more
frequent environmental exposure of C. neoformans compared to females, particularly in rural areas (46). However, recent studies have shown relatively equal exposure
rates between men and women [47, 48]. To better
understand our donor cohort, C. neoformans antigenic
testing was performed on sera collected from subjects in
both datasets to determine serology status of each, using
an agglutination test (Immy) and confirmed by immunoblot. Only one donor had a history of working with C.
neoformans. Of the 62 apparently healthy subjects tested
(40 from the first dataset and 22 from the second), 35
were male (56.4%), and the mean age was 24.7 years.
Only one sample was confirmed as sero-negative (1.61%)
through immunoblotting. The sero-negative donor was a
healthy female. Since previous C. neoformans exposure
should generate an enhanced memory response, the
immune response was correlated to serology status.

Discussion
This is the first study to look at the adaptive immune
responses of healthy male and female PBMCs when
exposed to C. neoformans in the absence or presence of
testosterone or 17 β-estradiol. The goal was to understand the differences in the host immune response
between males and females to determine if those differences could contribute to the observed differences in
cryptococcosis between the sexes. Our cohort of subjects
is unique, in that, they are healthy and not typical candidates for cryptococcal disease. Given the nature of
cryptococcosis, it is accepted that patients suffering from

Table 3 Fold changes of cell proliferation in the first dataset during
a C. neoformans infection. PBMCs from healthy men and women
were incubated for 7 days with or without C. neoformans and cell
numbers were measured via flow cytometry. Fold changes were
calculated by dividing the mean percentage of infected cells for
each marker by the mean percentage of uninfected cells using the
corresponding marker, p < 0.05*, p < 0.01**, p < 0.001***

Table 4 Fold changes of cell proliferation in the second dataset
during a C. neoformans infection. PBMCs from healthy men and
women were incubated for 7 days with or without C. neoformans
and cell numbers were measured via flow cytometry. Fold changes
were calculated by dividing the mean percentage of infected cells
for each marker by the mean percentage of uninfected cells using
the corresponding marker p < 0.05*, p< 0.01**, p < 0.001***

CD3

CD4

CD8

CD19

Dead cell stain

Men

− 3.16***

− 3.57***

− 3.43***

− 2.87***

− 2.27**

Women

− 2.14***

− 2.42***

− 2.10***

− 2.05**

− 1.45

CD3

CD56

Dead cell stain

Men

− 1.19***

− 1.55

+ 1.04

Women

− 1.26***

+ 1.36

− 1.33
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Fig. 8 Differences in immune response between sexes in infected PBMCs (first dataset). Mean cell percentages for the T cell markers, a CD3+, b
CD4+, c CD8+, and d the B cell marker, CD19+, in PBMCs from healthy men and women after a 7 day C. neoformans infection as measured by
cytometric analysis. The total percentage given for each marker represents the total percentage of cells expressing the antigen indicated. N = 40
(21 males and 19 females). This experiment was done in triplicate and the results averaged to create each data point. Data was analyzed using
MANOVA with simple contrasts. Error bars are SE; n.s. non-significant

the disease have multiple comorbidities, or at the very
least, a compromised immune system, making it difficult
for researchers to discern how C. neoformans acts on the
host devoid of other variables. Keeping this in mind,
these experiments were designed with the aim of teasing
apart differences that may be masked or accentuated
when studying typical C. neoformans patients.
The in situ cytokine levels and amounts of the activation marker CD25 between uninfected and infected male
and female PBMCs were measured to determine if the
PBMCs were proliferating in response to infection with
C. neoformans. The cytokine data clearly suggest that
male PBMCs, but not female PBMCs, were proliferating
in response to infection. Additionally, levels of CD25+
cells increased in infected male and female PBMCs, but
the increases were not significant, likely due to the small
sample size. It is interesting that the cytokine data suggest that male PBMCs, but not female PBMCs, were
proliferating, especially since we saw significantly lower

percentages of all tested T cells in male PBMCs compared
to female PBMCs after infection. We hypothesize that
since females naturally have higher levels of CD3+ and
CD4+ T cells [35–37], perhaps there were enough circulating T cells in the PBMCs to control the infection.
Notably, C. neoformans proliferated better in PBMCs
isolated from males compared to females, both without
additional hormone and in the presence of testosterone.
Interestingly, there was no difference in C. neoformans
cell counts between males and females in the presence
of added 17 β-estradiol, suggesting that 17 β-estradiol
may either inhibit proliferation or boost the immune response, as observed by Mohr et al [49]. Given our
previous data showing increased proliferation of C.
neoformans in male macrophages ex vivo [6], we
hypothesize that male immune cells cannot efficiently
contain fungal proliferation, hence the increased proliferation in ethanol and testosterone. However, with the
addition of 17 β-estradiol and its known stimulation of
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Fig. 9 Differences in immune response between sexes in infected PBMCs (second dataset). Mean cell percentages for the T cell marker. a CD3+
and the natural killer cell marker. b CD56+, in PBMCs from healthy men and women after a 7 day C. neoformans infection as measured by flow
cytometric analysis. The total percentage given for each marker represents the total percentage of cells expressing the antigen indicated. N = 28
(14 males and 14 females). This experiment was done in triplicate and the results averaged to create each data point. Data was analyzed using
MANOVA with simple contrasts. Error bars are SE; n.s. non-significant

Fig. 10 Cytokine analysis of male and female PBMCs supernatants (pg/mL) at 7 days post-incubation. a Th1 cytokine expression and b Th2
cytokine expression N = 40 (21 males and 19 females). Cytokine analysis was done on the first data set using one well of the triplicate samples
set up (no additional hormones) and measured using the Bio-Plex protein array or ELISA, and the data was analyzed using a two-way ANOVA
and Bonferroni Correction. Error bars are SE. Statistical significance is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 11 Cytokine analysis of uninfected and infected cell supernatants (pg/mL) at 7 days post-incubation. a Th1 cytokines. b Th2 Cytokines. N = 40 (21
males and 19 females). Cytokine analysis was done on the first data set using one well of the triplicate samples set up (no additional hormones) and
measured using the Bio-Plex protein array or ELISA, and the data was analyzed using a two-way ANOVA and Bonferroni Correction. Error bars are SE.
Statistical significance is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001

the immune system [50–52], we hypothesize that 17 βestradiol is having a larger impact on the efficiency of
male immune cells, since they are not normally exposed
to high levels of 17 β-estradiol, and thus C. neoformans
proliferation in males is decreased in the presence of 17 βestradiol. Since 70% of patients with cryptococcal disease
are male [5, 14, 53], this data suggests that the male immune response is less efficient than the immune response
of females at controlling a C. neoformans infection.
This idea was reinforced by the T cell data in males.
Reference ranges for healthy adults in the USA show
that CD3+ and CD4+ counts are typically higher in
females [36, 37]. Uninfected PBMCs served as the negative control in this study and reflected those differences
in the CD3+ and CD4+ population. During infection, T
cell percentages in both males and females dropped
significantly compared to uninfected controls. This is
unsurprising given C. neoformans known immunomodulatory effects [28, 54–56]. However, even though male
PBMCs were proliferating in response to infection, all
measured T cell markers were significantly lower in
males than females in infected groups, suggesting a
weakened T cell response in males in the presence of C.
neoformans. This finding could also be due to differences
in the phosphorylation state of SAMHD1 during C.
neoformans infection, as the authors found that sex influenced the phosphorylation state of SAMHD1 during

HIV-1 infection, which translated into decreased macrophage susceptibility in females [57].
A robust cytotoxic T cell (CD8+) response is needed
to successfully mediate the immune response to a
cryptococcal infection and has been shown to directly
inhibit the growth of C. neoformans [58, 59]. The helper
T cell (CD4+) response is more complex. Despite their
ability to decrease fungal burden in the host, CD4+ cells
have recently been linked to advanced clinical symptoms
and mortality [26, 60]. One such study examined HIV+/
cryptococcal meningitis+ patients and found that despite
having higher CD4+ T cells, males had higher risk of
death [6]. In HIV+ patients, T cell depletion is the
primary predisposing cause for development of cryptococcal meningitis [61]. Given this, our results suggest an
inherent T cell deficit in the male immune response
when confronted with C. neoformans. This may begin to
explain why males experience higher rates of disease and
death from cryptococcosis.
While T cells represent one arm of the adaptive
immune response, B cells represent the other. During infection, B cell (CD19+) percentages fell significantly in
cell populations from both men and women, but there
was no difference between the two groups in the presence of C. neoformans, suggesting that the significant
drop in T cells observed in men may be more important
than B cells in an immune response to C. neoformans.
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The role B cells play in a C. neoformans infection have
not been as well elucidated as those of T cells, but multiple studies report the necessity of B cells, often serving
as a first line of defense during C. neoformans infections
and a correlation between increased levels of B cells
(IgM+) and a decreased likelihood of immunocompromised patients developing cryptococcosis [25, 62, 63]. It
should be noted, however, that most of these studies
have taken place with HIV+ subjects that already have T
cell deficiencies and therefore may rely more heavily on
an effective B cell response.
To further understand the immune response to C.
neoformans in healthy cell populations, cytokine analysis
was conducted using supernatants from the first dataset.
Interestingly, uninfected cell supernatants from males
showed lower levels of both the Th1 cytokines IL-2,
IFN-γ, TNF-α, and the Th2 cytokines IL-4, and IL-6
compared to uninfected female supernatants. During infection, however, the differences in cytokine expression
between males and females disappeared, which corresponds to another recent study that quantified the
healthy host response to C. neoformans [64]. There were
increases in IL-2, IL-4, GM-CSF, IFN-γ, and TNF-α in
infected supernatants as a whole (males and females
combined) compared to uninfected samples, which is indicative of a healthy response consisting of mostly Th1
cytokines [18, 65, 66]. Given that IL-2 is synthesized by
activated T cells [67], it is perplexing that during infection, IL-2 levels were the same between the sexes even
though male PBMCs were clearly proliferating. This
could be due to the lack of proliferation of female
PBMCs. It is also possible that male cell populations included higher numbers of NK cells, which are activated
in the presence of IL-2 and have limited anticryptococcal properties [59, 68]. Because of this possibility, we measured amounts of NK cells during infection
in the second dataset. While uninfected male PBMCs
had higher percentages of NK cells compared to females,
there was no difference during infection, perhaps due to
the similar levels of IL-2 between the sexes. The lower
levels of cytokine expression in uninfected male supernatants, but the ability to overcome those deficits during
infection, paints a complex picture and does not point to
a definitive cytokine profile between the sexes. This is a
healthy cohort, however, and may be more suggestive of
an ideal immune response to C. neoformans than
anything else.
Prior to the HIV epidemic, it was postulated that
males had a higher incidence of cryptococcosis due to
higher exposure rates, particularly in rural areas [46, 69].
More recent studies show that not to be the case, with
similar exposure rates for males and females, suggesting
biological reasons for the sex bias in C. neoformans infections [47, 70]. To better understand the donor
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population in this study, antigenic testing was conducted
to determine serological status. Of the 62 subjects tested,
61 (98.4%) demonstrated immune reactivity to cryptococcal antigens indicating previous exposure, 28 males and
33 females. This study was performed in Murfreesboro,
TN, a city with approximately 130,000 residents [71].
Many factors are thought to influence the differences
between male and female immune responses. Environmental stimuli, microRNAs, and X-linked immunoregulatory genes are all evidenced to contribute to what is
commonly considered the female immune advantage
[72–74]. The majority of research in sexual dimorphism
between males and females during an immune challenge, however, is focused on sex hormones [50–52, 72,
75, 76]. Testosterone has anti-inflammatory properties,
whereas estrogen exhibits pro-inflammatory properties
[50–52]. Therefore, when designing this study, we
hypothesized that overlaying exogenous levels of sex
hormones onto PBMCs would exaggerate the immune
response. For the purposes of this study, we chose normal/high-range hormone concentrations to overlay
onto PBMCs given that the range of sex hormone levels
considered normal is vast. For healthy males, age 20–
29, testosterone levels vary between 0.8 and 11 ng/mL,
and in females, 17 β-estradiol falls between 20 and 430
pg/mL with the levels fluctuating widely throughout
the menstrual cycle [35, 77]. Thus, we expected that
added levels of 17 β-estradiol would increase B and T
cell proliferation, and added levels of testosterone
would show a corresponding decrease. There was, however, no change in B and T cell reactions in the presence of added sex hormones in both the infected and
uninfected groups for the first dataset. There was a significant difference of cell percentages between males
and females with added 17 β-estradiol in the second
study, likely due to the number of female donors that
had higher levels of circulating estrogen when they donated blood. This data, in combination with the increased C. neoformans proliferation in male PBMCs
suggests two possibilities: (1) that levels of circulating
sex hormones can actively affect an immune response,
and (2) higher levels of 17 β-estradiol may boost the
immune response. The known pro-inflammatory effects
of 17 β-estradiol may explain both this data and the
data of Mohr et al. [49, 69].
The key strength of our study is the large number of
healthy donors (68 in total). To our knowledge, this
study is the largest reported to date evaluating the
healthy immune response to C. neoformans in men and
women, thus increasing the reliability of our findings.
There are limitations in this study worth noting. First,
these experiments were done in healthy individuals who
normally do not develop cryptococcal disease. Thus, in
order for the observed differences in the male and
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female immune response to contribute to the future understanding of cryptococcal disease, the differences
would have to result in important changes in immune
function that would persist in relevant ‘at risk’ populations. Future studies will examine this hypothesis.
Second, since these studies were conducted on ex vivo
cells, they may not have contained the full cellular milieu
found within an intact organism, which possibly limited
the effect. However, the fact that we saw differences
between the T cell responses in PBMCs from males vs.
females ex vivo indicates that enough of the cellular
milieu remained to have an effect. In addition, the cells
were grown in media and FBS that did not have estrogens removed [78, 79]. Thus, the cells were likely exposed to higher baseline levels of hormones, which may
have limited the effects of the added exogenous
hormones. Third, equipment availability forced us to
split our analysis into two datasets, which allowed for
only a partial immune cell analysis in each set of experiments. Ideally, this work would be repeated analyzing
the response of all immune cells in the presence of C.
neoformans, simultaneously. Fourth, we consistently saw
a decrease in the percentages of the immune cells
measured in the presence of C. neoformans. This is unsurprising given the immunomodulatory effects of C.
neoformans; however, we did not see a corresponding increase in any of the cell markers measured. This is
possibly due to a proliferation in unmeasured immune
cells (macrophages, neutrophils, eosinophils, basophils);
PBMCs damaged due to infection such that the flow
cytometer was unable to properly detect them; or most
likely, a combination of both. However, when quantifying B cells, T cells, NK cells, and C. neoformans during
infection, we were able to account for approximately
88–95% of the total cell population collected, suggesting
that any remaining unmeasured immune cells are a
small percentage of the population. Finally, the age of
our donor population was relatively young (24.7 years).
We know that age plays an important role in the
immune response of both men and women; therefore,
results of similar testing may be different in both prepubescent and post-menopausal populations. Future
studies should include immune cell analysis of different
age groups as well as samples from immune compromised individuals and diseased in vivo models.

intracellular fungal proliferation in macrophages as
observed in another study [64], between the sexes points
to an inherent deficiency of male T cells to effectively
combat a C. neoformans infection. Looking at the immune response of healthy individuals reveals differences
that may otherwise be overlooked. At present, it is not
clear what role testosterone and 17 β-estradiol play in
the immune response to C. neoformans, but the data
suggest that they do play a role. In total, these results indicate that the difference in outcomes of cryptococcosis
between men and women is biologic, can be at least partially explained by levels of circulating sex hormones
and the adaptive immune response, and cannot simply
be chalked up to differences in exposure rates. These experiments are an important first step in elucidating the
biological sex differences seen in response to a C. neoformans infection and hopefully lay the groundwork for
future research that uncovers the mechanisms behind
these differences.

Perspectives and significance
During a C. neoformans infection of healthy male and
female PBMCs, all percentages of measured T cell
markers were significantly lower, and C. neoformans
proliferated in greater numbers in the presence of male
immune cells compared to female immune cells. These
results, in combination with the similar response of B
cell and NK cell proliferation in this study and in
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