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To assess sex-specific differences in coccidioidomycosis, a ret-
rospective analysis of human patients, nonhuman primates, and
veterinary patients (including the neutered status of the animal)
was performed. We found higher rates of infection and severity
in males. This observed increased infection risk suggests deeper
biological underpinnings than solely occupational/exposure
risks.
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Coccidioidomycosis, caused by Coccidioides immitis and C.
posadasii, is transmitted by aerosolization of soil-dwelling
arthroconidia (eg spores) inhaled following soil disruption.
Primary infection often manifests as an acute respiratory illness,
although the spectrum of disease ranges from asymptomatic ex-
posure to severe and life-threatening disseminated disease [1].
The populations at greatest risk include those with heavy
exposure to airborne soil [2], although residence in or travel
to an endemic region may cause infection. Severe and/or dis-
seminated infections are more common in those with under-
lying immunosuppression, cardiopulmonary disease, or in
certain ethnicities [3]. Male sex has also been proposed as a
risk factor both for the acquisition of coccidioidomycosis and
as a risk factor for severe disease [4, 5]. Prior reports have pro-
posed male sex as a potential risk factor; however, some have
argued that human males are disproportionately represented in
construction-related tasks, farm work, and other occupations

Received 26 July 2021; editorial decision 20 October 2021; accepted 22 October 2021; pub-
lished online 16 February 2022.

Correspondence: lan McHardy, PhD, D(ABMM), 9535 Waples St, Suite 200, Scripps Health,
San Diego, 92037 CA (mchardy.ian@scrippshealth.org).

Open Forum Infectious Diseases®2022

© The Author(s) 2022. Published by Oxford University Press on behalf of Infectious Diseases
Society of America. This is an Open Access article distributed under the terms of the Creative
Commons  Attribution-NonCommercial-NoDerivs  licence  (https://creativecommons.org/
licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the
work, inany medium, provided the original work is not altered or transformed in any way, and that
the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
https://doi.org/10.1093/ofid/ofab543

SA

Infectious Diseases Society of America hiv medicine association

OXFORD

with extensive soil exposure [6, 7]. Similarly, behavioral differ-
ences between sexes in nonhuman primates and canines (eg,
digging behavior) have been postulated to convey additional
risk in males.

We performed the largest survey to date, using existing data-
bases of human patients, nonhuman primates, and veterinary
patients to ascertain if a difference in male:female sex is seen in
the acquisition of coccidioidomycosis.

METHODS

Patient Consent

This study was approved by the Institutional Review Board of
the University of California — Davis with a waiver of patient
consent given the retrospective nature of the study.

Data Collection and Analysis

Laboratory records from human coccidioidomycosis patients
at the UC-Davis Coccidioidomycosis Serology Laboratory were
reviewed for a new diagnosis of coccidioidomycosis (2009-
2020), defined as the first positive result for a unique patient.
Patient age, sex, and titer data were abstracted from the Orchard
Harvest Laboratory Information System (Carmel, IN, USA)
using laboratory reports.

To calculate incidence by sex and age at diagnosis, sero-
logic data were first binned by unique patient/date (of sample
blood draw)/age/gender for each uninfected and infected pa-
tient. Relative risk ratios were calculated by comparing ratios of
infected:uninfected at each age for both males and females. The
mean maximum titer by age and gender was calculated among
infected patients by identifying the maximum log -transformed
titer for each infected patient in either serum or, when appli-
cable, cerebrospinal fluid (CSF) and then calculating the mean
maximum titer by each age and gender. To calculate the inci-
dence of coccidioidal meningitis by age and gender, data were
additionally binned by the age of initial CSF serology, with only
positive results included.

To assess whether environmental differences might impact
infection risk, data from outdoor nonhuman primate colo-
nies were also accessed. This primate colony (Born Free USA
Primate Sanctuary) includes numerous primate species on a
175-acre sanctuary. Populations tested were selected to exclude
primates included in experimental/investigational studies.
Cases were reviewed for the diagnosis of coccidioidomycosis,
and primate sex was abstracted.

Additional assessment was performed using medical records
from the UC-Davis Veterinary Hospital/Clinics. Electronic
& Administrative

medical records (Veterinary Medical

Computer System [VMACS]) was queried for all dogs with
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coccidioidomycosis serology performed, and these cases were
reviewed for new coccidioidomycosis cases between 2000 and
2020. Sex and castration/spayed status were recorded for each
patient.

The literature was also reviewed to determine the male:female
ratio noted in past studies. Studies performed within veterans’
hospitals or military bases were excluded given the male:female
differences in these populations.

Pvalues were calculated using the Fisher exact test or Student
t test and, where appropriate, adjusted for multiple comparison
using Bonferroni correction. All analyses were performed in R,
version 3.6.1, using custom scripts (R Core Team).

RESULTS

We found 220 240 distinct human patients with coccidioido-
mycosis diagnostic data over the reviewed time period. In the
cohort, 21 435/123 743 male patients (17.3%) and 9950/96 497
female patients (10.3%) were diagnosed with coccidioido-
mycosis (Supplementary Table 1). The proportion of infected
males was significantly higher than for females (odds ratio
[OR], 1.8; P < 2.2'107%). Demographic information is available
in Supplementary Table 1. The incidence of coccidioidomycosis
by age and gender is shown in Figure 1A. While the incidence
for females began to drop proportionally compared with males
at around age 12-15, differences only became significant fol-
lowing Bonferroni correction at age 19 (P = .02). The odds ratio
for infection among males relative to females maximized at
age 35, with an odds ratio of 2.9 (P = 2.9°10™"), and continued
throughout adulthood (Figure 1B). However, after age 80 the
increased odds ratio for males became nonsignificant.

The average maximum serum complement fixation titers
were found to be significantly (Student ¢ test P = 5.6'10™)
higher among human males (1:3.3) than females (1:2.5). When
comparing by age, significant differences between males and fe-
males were observed in few age brackets following Bonferroni
adjustment due to higher titer variability (Figure 1C). The rate
of coccidioidal meningitis was found to be significantly (OR,
1.35; P = 5'10™*) higher among infected males (2.4%) than in-
fected females (1.8%). Similarly, the average maximum CSF
complement fixation titer was higher (P = .03) in males (1:24.5)
with coccidioidal meningitis compared with females (1:17.5).

In the evaluation of primate colony and canine data, at least
1 serum specimen was received for 57 nonhuman primates
(male 40, female 17). Twenty-two males had been diagnosed
with coccidioidomycosis (55%), while only 1 female had been
diagnosed (5.9%; OR, 18.7; P = .00042). Similarly, data from
the UC-Davis Veterinary Clinic included a total dog population
of 163 351 (82 961 male, 80 390 female). A disproportionate
number of male dogs were newly infected compared with fe-
males (99 vs 60; OR, 1.6; P = .0041). These results remained
significant when comparing unaltered (noncastrated) males

with unaltered (nonspayed) females (OR, 1.98; P = .046) and
unaltered males with all females (OR, 2.2; P = .00052) (data not
shown). Castration was protective when comparing castrated
males with uncastrated males (OR, 1.56; P = .043) and led to
a similar risk to that of females (castrated males vs all females:
OR, 1.41; P = .06). Spaying of females did not have an effect on
risk (OR, 1.14; P = .617).

DISCUSSION

The male sex has been recognized to have a significantly in-
creased risk for coccidioidomycosis, and the estimated in-
creased relative risk of infection has ranged from 1.1 to 5.6 in
prior studies (Table 1) [8-10]. Some studies have conversely
reported an increased relative risk for infection in females, al-
though these were either geographically limited or did not
capture all cases with coccidioidomycosis. For example, a man-
uscript by Smith et al. from 1940 revealed a M:F ratio of 0.44
[11]; however, this study only focused on patients presenting
with erythema nodosum, which occurs more commonly in fe-
male patients [12].

Severity of disease has also been correlated with male sex.
Among 128 cases of coccidioidomycosis that occurred in 1991,
male sex was associated with a higher rate of hospitalization for
severe disease [4]. Disseminated disease is also more frequent
in male patients (3.5-5-fold increase) [8, 9]. In a longitudinal
study conducted in the 1940s among military personnel, the
frequency of dissemination in women was noted to be one-
fifth of the rate found in men [13]. Others have subsequently
noted this association with males disproportionally represented
among cases of disseminated coccidioidomycosis [14, 15]. In
our study, more males (human patients) were tested for coccid-
ioidomycosis than females. This difference in testing practice
may have potentially introduced bias to the study results.

Sex differences in outdoor activity and employment have
been postulated to underly coccidioidomycosis risk differ-
ences, though no study to our knowledge has quantified ex-
posure differences in an attempt to explain observed variance.
The difference in sex as an independent risk factor for coccid-
ioidomycosis is furthered by the nonhuman primate and vet-
erinary data we present and is additionally correlated with the
neutered status of the veterinary patients. Nonhuman primate
behavior such as digging might explain increase in exposure to
soil-dwelling pathogens, although differences in this behavior
have not been noted in nonhuman primates. And similarly, ac-
tivities are not likely to differ between male and female dogs
[16]. Therefore, the overrepresentation of males, castrated and
intact, is not likely to be explained by behavioral or environ-
mental differences.

The findings of the current study expand our understanding
of gender differences in coccidioidomycosis incidence/severity
and hint at deeper biological underpinnings of risk. For example,
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A, Human observations: incidence of coccidioidomycosis by age and gender. B, Odds ratios for coccidioidomycosis acquisition in human males compared with

females. C, coccidioidal complement fixation titers by gender (human). Disease incidence and average maximum titers are similar across genders until early adulthood. A,
Incidence of disease between age 0 and age 90. B, Odds ratios for infection among males. Numbers >1 indicate increased risk of males relative to females. Shaded areas
represent 95% confidence Cls. C, Maximum serum complement fixation titers plotted by age of disease onset for males and females.

if gender disparity of disease risk were fully explained by differ-
ences in exposure, then no significant differences would be ex-
pected for maximum serum titers, meningitis risk, or maximum
CSF titer, as observed here. The impact of repeated exposure
(which theoretically may be more common in men) on coccid-
ioidomycosis severity or serology results is currently unknown.
Instead, the gender ratio observed in the present study is sim-
ilar to that of Paracoccidioides, a pathogenic dimorphic fungus
found primarily in South America and a close phylogenetic rel-
ative of Coccidioides with a similar though more pronounced

predilection for causing disease in males compared with fe-
males [17-19]. Evaluation of Paracoccidioides isolates has found
that estrogen inhibits the transition of Paracoccidioides myce-
lium to the yeast form; the authors of this study hypothesized
that these in vitro findings would explain the reduced frequency
of disease in adult women [20]. Mouse models have confirmed
these in vitro findings, with fewer foci of Paracoccidioides infec-
tion in female mice compared with their male counterparts and
castrated male mice exhibiting fewer colony-forming units than
mice in control groups [17].
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Table 1. Distribution of Coccidioidomycosis by Patient Sex in Past Reports

Author Location; Year of Report Total No. of Patients Ratio of Males to Females
Reference Males Females

CDPH [21] CA Dept of Public Health; 1936 326 58 5.62%
Durry [4] Tulare County, CA; 1991 74 54 1.37
CDC [22] ADHS; 1990-1995 1731 1031 1.68
Leake[23] Arizona; 1996-1997 66 23 2.87
Rosenstein [24] Kern County, CA; 1996 507 398 1.27
Tsang [25] ADHS; 2007-2008 3003 2661 113
Sondemeyer [7] CA Dept of Public Health; 2000-2011 10 876 4870 2.23
Benedict [11] CDC, 2011-2017 49 823 45 059 11

Abbreviations: ADHS, Arizona Department of Health Services; CDPH, California Department of Public Health.

“This report may have included a disproportionate number of males due to military involvement.

The effects of sex hormones on Coccidioides are less well de-
fined [19]. Although 17f-estradiol, progesterone, and testos-
terone are highly stimulatory for the growth of Coccidioides in
vitro, the most striking effects of estrogen occur only at concen-
trations present during advanced pregnancy. Theses differences
in sex hormone concentrations and their effects on Coccidioides
growth in vivo have yet to be fully examined.

We observed no differences in coccidioidomycosis incidence
in humans until the age of 19. After this age, disease incidence
for males does not appear to increase. Instead, incidence for fe-
males appears to decrease, findings consistent with the protec-
tive effects of estrogen as noted in paracoccidioidomycosis [17].
These effects may be amplified by differences in occupational
exposure; however, it is difficult to explain a decrease in the risk
to women if work-related factors are the sole factor responsible.
This confounder led us to focus on nonhuman primate colonies
and veterinary animals in order to further strengthen our hy-
pothesis of sex as an independent risk factor.

In summary, we observed an increase in rates of coccidioi-
domycosis in all male mammalian species examined. Future
studies focused on host hormonal differences and their direct
effects on Coccidioides growth, the potential for blockade of
these targets, and the specific immunologic effects should be
performed.
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