1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Med Mycol. Author manuscript; available in PMC 2019 November 01.

-, HHS Public Access
«

Published in final edited form as:
Med Mycol. 2019 February 01; 57(Suppl 1): S30-S40. doi:10.1093/mmy/myy095.

Update on the Epidemiology of coccidioidomycosis in the
United States

Orion Z. McCotterl”, Kaitlin Benedict!, David M. Engelthaler?, Ken Komatsu?, Kimberley D.
Lucas?, Janet C. Mohle-Boetani4, Hanna Oltean®, Duc Vugia®, Tom M. Chiller!, Gail L.
Sondermeyer Cooksey®, Alyssa Nguyen®, Chandler C. Roe2’, Charlotte Wheeler4, Rebecca
Sunenshine8?

IMycotic Diseases Branch, Centers for Disease Control and Prevention, Atlanta, Georgia, USA,

2Translational Genomics Research Institute, Flagstaff, Arizona, USA,

SArizona Department of Health Services, Phoenix, Arizona, USA,

4California Correctional Healthcare Services, Elk Grove, California, USA,

SWashington State Department of Health, Shoreline, Washington, USA,

6California Department of Public Health, Richmond and Sacramento, California, USA,
“Pathogen and Microbiome Institute, Northern Arizona University, Flagstaff, Arizona, USA,
8Maricopa County Department of Public Health, Phoenix, Arizona, USA

90ffice of Public Health Preparedness and Response, Centers for Disease Control and
Prevention, Atlanta, Georgia, USA

Abstract

The incidence of reported coccidioidomycosis in the past two decades has increased greatly;
monitoring its changing epidemiology is essential for understanding its burden on patients and the
healthcare system and for identifying opportunities for prevention and education. We provide an
update on recent coccidioidomycosis trends and public health efforts nationally and in Arizona,
California, and Washington State. In Arizona, enhanced surveillance shows that
coccidioidomycosis continues to be associated with substantial morbidity. California reported its
highest yearly number of cases ever in 2016 and has implemented interventions to reduce
coccidioidomycosis in the prison population by excluding certain inmates from residing in prisons
in high-risk areas. Coccidioidomycosis is emerging in Washington State, where phylogenetic
analyses confirm the existence of a unique Coccidioides clade. Additional studies of the molecular
epidemiology of Coccidioideswill improve understanding its expanding endemic range. Ongoing
public health collaborations and future research priorities are focused on characterizing geographic
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risk, particularly in the context of environmental change; identifying further risk reduction
strategies for high-risk groups; and improving reporting of cases to public health agencies.
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Introduction

The epidemiology of coccidioidomycosis in the United States continues to evolve with
increasing knowledge of the characteristics of at-risk populations, environmental conditions,
changing climate and weather patterns, and other factors. It is essential to monitor the
epidemiology of this disease to understand long- term trends and explore factors that
contribute to environmental and human risk.

Here we describe the national epidemiology of the disease, highlighting findings of
enhanced surveillance in Arizona and the increased incidence in California during 2016. We
describe public health efforts undertaken to reduce the risk of coccidioidomycosis in
vulnerable populations, such as prisoners incarcerated in California’s Central Valley. We
highlighted the contribution of advancements in molecular and genomic methods and their
role in source identification in outbreak investigations and understanding dispersal. These
tools have been used to confirm the identification of newly endemic areas such as
Washington State, which helps us learn about the environmental range of the fungus. This
update of the epidemiology of coccidioidomycosis in the United States offers a foundation
for researchers, clinicians, and public health professionals to better understand the disease
and develop better treatment and prevention strategies.

Public health surveillance of coccidioidomycosis in the United States

Coccidioidomycosis is a disease of increasing public health concern because of challenges
in its diagnosis and treatment, as well as the substantial morbidity and healthcare impact.
Timely information about its national epidemiology is essential for understanding trends,
overall burden, and geographic risk. Strong collaborations between state, local, and federal
public health agencies are required to chart the epidemiology of the disease, and
dissemination of this information to clinicians and researchers can enable them to advance
approaches to treatment and prevention.

In the United States, coccidioidomycosis cases are reported to public health agencies based
on a case definition established by the Council of State and Territorial Epidemiologists
(CSTE).! As of 2017, coccidioidomycosis was reportable in 22 states. Typically, cases are
reported to a local or state health jurisdiction after a positive laboratory test result. The
Centers for Disease Control and Prevention (CDC) receives case counts from states through
the National Notifiable Disease Surveillance System (NNDSS). Approximately 10,000 cases
are reported annually.? The incidence of reported cases of coccidioidomycosis has notably
increased since it became nationally notifiable in 1995, even after adjusting for changes in
population size and characteristics. The number of cases peaked at 22,641 in 2011, declined
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during 2012-2014. and increased again in 2015; in 2016, California reported a record
number of cases* (Fig. 1). Although changes in reporting practices and laboratory testing
likely explain some of the annual variation in case counts, much of the variation likely
reflects true changes in disease incidence, probably related to environmental factors,
including temperature and precipitation.5:6

Most cases (>95%) are reported from Arizona and California, and the highest incidence
areas continue to be California’s Central Valley and southern Arizona. About 1-2% of cases
are reported from Nevada, New Mexico, and Utah, where the disease is endemic, though
with lower incidence than Arizona and California. The remaining cases occur in states with
even lower levels of endemicity or in residents of nonendemic states who have traveled to
endemic areas.

Cases reported to public health represent a small proportion of all infections. First, only
about 40% of coccidioidomycosis infections are symptomatic.’” The true number of cases is
substantially higher because among symptomatic infected persons, some do not seek
medical care, others are misdiagnosed, and some identified cases are not reported.
Preliminary estimates of the annual burden of symptomatic coccidioidomycosis suggest that
the true number of cases is 6 to 14 times greater than that reported to public health.®

Understanding of geographical risk for coccidioidomycosis in the southwestern United
States is largely based on studies of coccidioidin skin test reactors performed in the late
1940s and early 1950s.9 Since then, investigation of coccidioidomycosis outbreaks outside
the traditionally defined range have expanded the recognized endemic areas. These include
several outbreaks among archeologists in Northern California and at Dinosaur National
Monument in Northern Utah.10-13 Additionally, a cluster of cases in south-central
Washington State identified endemic areas much farther north than previously described.
Efforts are underway to improve understanding of the ecological niche of Coccidioides
species in the environment by modeling soil and climatic variables in collaboration with the
United States Department of Agriculture.1®

Efforts to enhance collaboration led to the establishment of a Coccidioidomycosis Public
Health Working Group, which now provides a platform to share information, develop
protocols, and assist in standardizing surveillance methods across the United States. This
Working Group is composed of local, state, and federal public health agencies, working
together to advance epidemiologic knowledge of the disease. Collaborations have also led to
advancements in molecular tools to detect DNA of Coccidioides spp., which have allowed
environmental surveillance to enhance epidemiologic investigations. Additionally, whole-
genome sequencing has provided methods to investigate epidemiologically linked clusters
and determine likely locations of exposure.16-18

Coccidioidomycosis causes substantial morbidity, with a burden that far exceeds the
numbers of reported cases. Increasing clinical awareness is key to improving diagnosis and
identification of coccidioidomycosis. Improving case reporting to public health will add to
our knowledge geographic risk for this disease, which likely extend beyond the historically
defined range. Because many cases occur in travelers to endemic areas who return to states,
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where the disease is uncommon, clinicians in non-endemic areas also need to be aware of
the risk of coccidioidomycosis. Ensuring accurate coccidioidomycosis case reporting to
public health improves our understanding of the disease and can strengthen prevention and
treatment efforts.

The epidemiology of coccidioidomycosis in Arizona

Surveillance—The first cases of coccidioidomycosis in Arizona were reported in the
1930s. In 1994, the Council of State and Territorial Epidemiologists (CSTE) established a
national case definition for surveillance of coccidioidomycosis. Since then, cases reported
from Arizona typically contribute approximately two thirds of the national case count
annually. In 1997, the Arizona Department of Health Services made all positive laboratory
test results for Coccidioides spp. reportable by administrators of clinical laboratories.19
Because of the large number of reported cases, confirmed cases are counted using only
laboratory criteria. These were validated in 2007, and over 95% of patients with positive
laboratory test results had compatible symptoms and met the CSTE case definition.2 Over
the last two decades since instituting mandatory laboratory reporting of coccidioidomycosis,
completeness of reporting in Arizona has increased and incidence has greatly increased.

Demographic characteristics of coccidioidomycosis patients in Arizona—
Incidence of coccidioidomycosis increase steadily with age, with those over age 70
experiencing the highest rate at 209 cases per 100,000 population while the rate for those
between 1 and 4 years of age is 7.7 per 100,000 population. From 1990 to 2008, the percent
of cases in males fluctuated between 51% and 66%, but from 2009 to 2015 the gender of
reported cases showed a slight female predominance.?1-23 In 2016, males again
predominated.?4 Coccidioidomycosis cases are reported among residents of all 15 counties
in Arizona, with 95% of cases reported from the most populous counties of Maricopa, Pima,
and Pinal. Incidence is highest in central and southern counties, varying substantially by
county.22 This pattern has been relatively consistent over time. In 2009, a major commercial
laboratory began reporting all positive Coccidioides enzyme immunosorbant Assay (EIA)
test results in addition to those confirmed by an immunodiffusion test. This resulted in a
large increase in reported EIA-only positive coccidioidomycosis tests. During this time, the
ratio of male to female cases changed to slightly more females than males.22 In 2012, the
same commercial laboratory switched to a different Coccidioides E1A test kit. Reported
EIA-only positive results dropped substantially.23 Although a portion of the 2009-2012
increase might have been attributable to EIA immunoglobulin M (IgM) only tests, this does
not explain the entire increase.

The reason for the increase is unclear and is likely due to multiple causes. Arizona is a
rapidly growing Sun Belt state, with a population increase of 75% from 1990 to 2010.2° The
influx likely includes persons who are immune-naive to coccidioidomycosis. The Phoenix
and Tucson metropolitan areas have experienced suburban expansion concurrent with
population growth. Changes in land use from native desert to developed land may be
associated with increased soil-borne dust exposure. Several studies have also correlated
climate factors with coccidioidomycosis incidence.®26:27 However, climate factors alone are
unlikely to drive the nearly linear increase in incidence. In addition to the reporting changes
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mentioned earlier, public and clinician awareness of coccidioidomycosis in Arizona might
have led to greater care seeking and testing. However, a retrospective cohort study among
two large healthcare systems in metropolitan Phoenix published in 2008 reported that only
2-13% of patients presenting with community acquired pneumonia were tested for
coccidioidomycosis, 28 despite a public health recommendation for testing. Arizona’s
population is, on average, older than the US population, and the proportion of the population
aged over 65 has increased significantly over time.2® Since older populations have a higher
prevalence of chronic disease, immunosuppressive therapy use, and health insurance
coverage, they are at higher risk of severe or symptomatic infection and more likely to seek
care and be diagnosed with the disease.2®

Severity—Hospitalizations with a primary diagnosis of coccidioidomycosis based on
ICD-9 and ICD-10 discharge diagnosis codes likely underestimates the true burden but is
likely indicative of actual disease trends. The increase in coccidioidomycosis incidence
during the laboratory reporting change was also seen in hospitalizations, though the increase
was less dramatic. In 2015, hospitalized patients were mostly male (59%), and the median
age was 51. There were $50 million in charges, and 56% of hospitalizations were paid for by
Medicare or Medicaid.23 A review of coccidioidomycosis cases reported from 2009 to 2013
revealed that 1.5% of cases were hospitalized for disseminated coccidioidomycosis,
compared with 8% and 4% in the 2007 and 2012 patient interviews from enhanced
surveillance, respectively.29 Approximately 89 patients were admitted each year for
coccidioidomycosis meningitis, with highest rates in males and African Americans. From
2009 and 2016, deaths from coccidioidomycosis ranged from 42 to 64 each year; however, a
capture-recapture study of 2008-2013 coccidioidomycosis-associated deaths registered in
the state vital record system compared to a database of hospital discharges estimated that
deaths in Arizona are underestimated sevenfold by underlying cause of death and twofold by
using any form of death certificate data (the current ADHS definition). Coccidioidomycosis
was 2.4 times more likely to be listed as a cause of death if the patient was infected with
human immunodeficiency virus (HIV) and 1.7 times more likely to be listed if they had
disseminated coccidioidomycosis.30

To better understand the health impact of coccidioidomycosis in Arizona, we conducted
population-based enhanced surveillance for reported coccidioidomycosis cases for 2007—
2008.20 A systematic random sample of cases were interviewed with a standardized
questionnaire about the diagnosis, course of illness, healthcare utilization, and the impact of
the disease on their activities of daily living (ADL). In the 2007-2008 survey, 493 patients
were symptomatic for a median of 120 days, 46% visited an emergency department, 41%
were hospitalized for a median of 6 days, 26% saw a provider over 10 times, 75% were
unable to perform their ADL for a median of 47 days, and of those working, 75% missed
work for a median of 2 weeks. The median interval from first healthcare visit to diagnosis of
coccidioidomycosis was 23 days. Patients who were aware of the disease were more likely
to receive an earlier diagnosis and were more likely to ask to be tested for
coccidioidomycosis than those who were not aware of the disease.20 In 2012, a second
standardized questionnaire was used to interview 612 cases. Compared with the 2007-2008
results, 23% fewer respondents (18%) were hospitalized, and 18% fewer cases (28%) visited
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the emergency room. Of the 612 patients interviewed, 28% were diagnosed with pneumonia;
43% were prescribed antibiotics, with 30% having at least two courses; and 39% were
prescribed an antifungal (K. Komatsu, unpublished data).

Awareness—In 2008, we assessed public awareness of coccidioidomycosis using the
Behavioral Risk Factor Surveillance System, a telephone survey on health behavior of a
representative sample of residents across Arizona. Twenty percent of respondents had never
heard of Valley fever, and 33% did not know how it is transmitted. Twenty-five percent had
lived in Arizona for less than 10 years, compared with 40% of the enhanced surveillance
cases.20

In 2007, we conducted a survey of nurse practitioners’ and physicians’ knowledge, attitudes,
and practices related to coccidioidomycosis. In 2007, reported confidence in the ability to
treat coccidioidomycosis was 54%, and 60% had a working knowledge of different
laboratory tests. However, those health-care providers who had received continuing medical
education in the preceding 3 years were more likely to counsel patients about
coccidioidomycosis, test patients with community-acquired pneumonia, offer treatment to
immunosuppressed patients and test asymptomatic patients with underlying conditions.3!

Update on epidemiology of coccidioidomycosis in California, 2016

California’s San Joaquin Valley, from which “Valley Fever” was derived as a synonym of
coccidioidomycosis, remains one of the locations with the highest incidence of the disease in
the United States. In 2016, California reported 5372 cases statewide that involved estimated
illness onset during that year, which was the highest yearly number of cases to date since
California made coccidioidomycosis reportable in 1995 (Fig. 2).4 The incidence per 100,000
population was 13.7, a 71% increase from 2015, when it was 8.0. Cases affected
predominantly males (3382 [63%]) with incidence of 17.3 per 100,000, compared to 1985
(37%) in females for a rate of 10.0. Incidence was highest, 18.8, among people 40-59 years
old; rates by race and ethnicity were not calculated because of a substantial proportion
missing this information (1759 [33%]).* Seventy percent of cases were reported from seven
endemic counties in the California Central Valley and Central Coast, with Kern County
having the highest rate of 251.7 per 100,000 population.

The increase in coccidioidomycosis cases observed in California was not seen elsewhere.
Interestingly, the 2016 incidence Arizona was 89.3/100,000, lower than the 2015 incidence
of 112.8; for other states where coccidioidomycosis is reportable, the combined 2016
incidence rate remained stable at 0.5.4

The reasons for the 2016 increase of coccidioidomycosis cases in California are not well
understood but might include an increase in precipitation in January 2016 after several years
of drought, other climatic and environmental factors favoring Coccidioides proliferation and
airborne release, and dust generating activities. Some also attribute the rise to an increase in
non-immune populations in endemic areas. Looking back to the 1991-1994
coccidioidomycosis epidemic in California, “abundant rain in March 1991 and February—
March 1992 after several years of drought likely contributed to an increase in reported
cases in late 1991 and an even larger increase in late 1992, mostly in Kern and other
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endemic counties.32 The winter of 2016-2017 turned out to be one of the rainiest winter
seasons in California.33 At this time, the effect of this wet winter following a prolonged
drought in California on the number of coccidioidomycosis cases in 2017 will not be fully
known until after 2017 reported cases have been confirmed.

Efforts to reduce risk of coccidioidomycosis among inmates in the California State
Correctional System

The incarcerated population in California (CA) increased from ~ 20,000 in 1980 to
~160,000 in 2000.34:35 This eightfold increase led to construction of new prisons, seven of
which (for men) were built in the coccidioidomycosis endemic area of CA. Because 89% of
inmates are convicted from nonendemic areas of CA, imprisonment in the
coccidioidomycosis endemic area of CA places them at risk for a disease to which they may
not have been previously exposed.

In 2005, an outbreak of coccidioidomycosis including 166 cases and four deaths occurred at
one of the prisons built in the 1990s.36 As a result of this outbreak, and high rates of
coccidioidomycosis among state prison inmates in CA, the California Correctional Health
Care Services (CCHCS) initiated a series of interventions to prevent coccidioidomycosis
among inmates from 2007 through 2017. The interventions included environmental
modifications, as well as exclusion of individuals from prisons with expected highest rates of
coccidioidomycosis based on: (1) inmate clinical and demographic risk factors, and (2)
coccidioidomycosis skin test results of incoming inmates.

In 2007, all immunocompromised inmates were medically restricted from residing in any
prisons in the coccidioidomycosis endemic area. Despite this restriction, from 2007 through
2012, high rates of coccidioidomycosis were identified at two of the prisons (5306 cases/
100,000 population in 2011) and an average of six deaths per year due to
coccidioidomycosis occurred among inmates.

As a result, further environmental interventions were implemented to reduce exposure to
Coccidiodes spp. in the two prisons with the highest coccidioidomycosis rates. Locally
generated dust was reduced by placing either soil sealant or grass on bare areas of dirt. To
reduce Coccidioides exposure indoors, high-grade filters were installed, as recommended by
the National Institute of Occupational Health and Safety (NIOSH). An additional
investigation of risk factors for coccidioidomycosis among male inmates in 2011 identified
diabetes mellitus as a risk factor for severe coccidioidomycosis (with prolonged
hospitalization), and African-American race was a risk factor for disseminated
coccidioidomycosis.3” Subsequently, in 2013, African Americans, Filipinos, and those with
diabetes mellitus were medically restricted from the two prisons with the highest
coccidioidomycosis rates.

In 2014, CDC evaluated strategies using a newly formulated Coccidioides delayed type
hypersensitivity (DTH) skin test, Spherusol ® for risk stratification of inmates. CDC
estimated that a 61% reduction in coccidioidomycosis cases among inmates could be
achieved if prisons were populated with inmates who test positive with the skin test (and
therefore have a lower risk of coccidioidomycosis).38 In contrast, CDC estimated that
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CCHCS’s program of medical restrictions based on medical and demographic criteria would
decrease coccidioidomyecosis rates by only about 10%. Based on these recommendations, in
2015, CCHCS initiated a coccidioidomycosis prevention program with risk stratification
using the coccidioidomycosis DTH skin test. We offered the coccidioidomycosis DTH skin
test to all inmates eligible to reside in the two prisons with the highest rates of
coccidioidomycosis. We defined a positive test as =5 mm of induration. Adverse reactions
were defined as any localized or systemic signs or symptoms reported by the inmate or
observed by the nurse at the time of the test reading. We assessed risk factors for skin test
positivity using logistic regression.

Among the 96,987 inmates offered the test, 38% accepted. Of the 36,789 inmates tested,
1713 (4.7%) had adverse reactions of which nearly all were minor (including itching or rash
at the injection site), and 3169 (8.6%) had a positive test. The mean induration of all positive
tests was 12 mm. The positive skin test rate among inmates who ever resided at either of the
two prisons with the highest coccidioidomycosis rates or other endemic prisons was 17%.
For those inmates who resided at the time of testing at the two prisons with the highest rates,
but not other endemic prisons, the positive skin test rate was 14%. For those inmates who
resided in endemic prisons at the time of testing, excluding the two prisons with the highest
rates, a positive skin test rate of 6% was identified. Finally, inmates of prisons in
nonendemic areas had a positive skin test rate of 3%. Our results indicate the
coccidioidomycosis skin test has a low rate of adverse reactions and performs as expected in
identifying those who were infected with Coccidioides. The independent risk factors for a
positive skin test identified are factors we would expect to find associated with past
Coccidioides infections: residence at the two prisons with the highest rates of
coccidioidomycosis, length of time at those two prisons, residence in an endemic county,
and increasing age.39

Coccidioidomycosis skin tests have been used in past evaluations of Coccidioides exposure
and in the medical management of coccidioidomycosis. This is the first time to our
knowledge that results of coccidioidomycosis skin tests have been used for risk stratification
in a coccidioidomycosis prevention program. We used the results of the coccidioidomycosis
skin test to identify inmates at higher risk of coccidioidomycosis (those with negative
coccidioidomycosis skin tests) and restricted them from residence in two prisons with higher
rates of coccidioidomycosis.

The use of the coccidioidomycosis skin test in risk stratification might benefit other groups
at risk of exposure to Coccidioides. For example, the coccidioidomycosis skin test could be
offered to workers required to perform higher risk occupational activities (e.g., digging in
dirt) in coccidioidomycosis endemic areas, such as archeologists, construction workers, solar
farm workers, and wildland firefighters. Test results would permit risk stratification of these
workers. Workers identified with a higher risk of coccidioidomycosis (those who test
negative) could choose not to work in coccidioidomycosis-endemic areas or could be
provided with personal protective equipment to reduce the risk of Coccidioides spp.
exposure when performing high-risk activities in a coccidioidomycosis endemic area.
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Coccidioidomycosis in Washington State

Coccidioidomycosis is an emerging infection in Washington State (WA). The suspicion of
the first identification of locally acquired coccidioidomycosis in WA occurred in 2010 and
was confirmed with genomic epidemiology (further discussed below in the genomic
epidemiology section).1* Phylogenetic analysis of the initial locally acquired cases and an
isolate grown from WA soil revealed that WA isolates form a distinct clade on the
phylogenetic tree.18 The Washington State Department of Health (WA DOH) implemented
surveillance for coccidioidomycosis statewide in April 2014. Prior to 2014, cases of
coccidioidomycosis were reported sporadically, but no standard reporting procedure was in
place. The historical epidemiology of coccidioidomycosis in WA is therefore poorly
understood.

Since 2014, there has been a steady increase in cases reported to WA DOH, likely due to
increasing awareness of the condition and improved compliance with reporting. The current
WA DOH case reporting form consistently collects travel histories for coccidioidomycosis
cases, as travel outside WA, especially to the American Southwest, remains the biggest risk
factor for WA residents. As of August 2017, 12 confirmed cases with suspected or
confirmed local exposures have been identified, all in four counties in south-central WA.
Case-patients are considered to have acquired coccidioidomycosis locally if they are
associated with a clinical isolate that matches the WA Coccidioides immitis clade or positive
Coccidioides spp. serology results without travel to other endemic areas.

Among these 12 locally acquired cases, two (17%) deaths were reported, and 67% of
patients were hospitalized. Most (75%) cases were in males. While most (75%) reported
locally acquired case-patients presented with pneumonia, rare disease presentations have
also been reported, including two cases of meningitis and one cutaneous wound infection.
The majority of cases report significant soil or dust exposure. Locally acquired cases of
coccidioidomycosis have higher rates of hospitalization and death compared with travel-
associated cases and statistics reported from other endemic regions.*® As the majority of
people infected with Coccidioides are asymptomatic or have only mild illness, and the
majority of illness self-resolves, we believe only the most severe cases of
coccidioidomycosis with exposure in WA are being identified and reported to public health
authorities.

Environmental sampling efforts have identified the fungus in soil from Benton and Yakima
counties; limited sampling has been done in other WA counties, so the geographic range of
the organism is still undefined. Domestic and wild animals can be infected, and dogs and a
horse without travel outside of WA have been diagnosed with coccidioido mycosis.

To improve surveillance for coccidioidomycosis, several projects are underway. These
include analyzing commercial laboratory data to identify gaps in surveillance, establishing
cross-reporting of occupational case notifications with the Department of Labor and
Industries, and implementing a knowledge, attitudes, and practices (KAP) survey to assess
the baseline knowledge of regional providers. Results from these projects will be used to
evaluate and strengthen the surveillance system and prioritize areas for provider education.
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Continuing efforts are needed to improve surveillance of coccidioidomycosis in WA to better
understand the epidemiology of the disease in an emerging region, improve patient
outcomes, and prevent disease.

Genomic epidemiology: Tracking Coccidioides around the hemisphere

Coccidioides posadasiiand C. immitifs are geographically limited primarily to the American
Southwest, with scattered foci in Mexico®142 and in South America.*3 Genomic
epidemiology can help shed light on the distribution of these organisms and areas of
increased disease risk. The organisms are primarily known to inhabit highly thermic soils in
arid regions.*445 While the two species are geographically and genomically distinct (Fig. 3),
they appear to cause identical illness, with no detectable difference in virulence or clinical
manifestation in mouse models or human disease,*8 although /n vitro differences in
halotolerance and thermotolerance have been reported, possibly reflecting environmental
adaptation in differing locales.*” Coccidioides reproduces asexually and, likely, sexually,
providing challenges in understanding its population structure. This has led to several
attempts to develop molecular typing methods that provide both large-scale phylogenetics
and fine scale genotyping for molecular epidemiology.8-51

Microsatellites allowed for the first true Coccidioides population genomics analyses,
including the phylogenetic separation of the two species,>2 and the identification of five sub-
populations of Coccidioides. Central California, Southern California, Arizona, Texas, and
Mexico, with South American isolates belonging to a subpopulation of the Texas group.53
However, microsatellites provided only limited ability to determine local population
structures (e.g., within one of the five regional subpopulations). This, in turn, limited its
utility for molecular epidemiology for studies of outbreaks and emergence in nonendemic
regions.

Genomic epidemiology for Coccidioides—As with other eukaryotic and prokaryotic
microbes, comprehensive whole genome analysis provides the greatest resolution for
genotyping and phylogenetic analysis,>*—7 allowing for the shift from “molecular
epidemiology” to “genomic epidemiology.” Prior to the advent of next generation
sequencing, limited C. immitis and C. posadasii genomes (1= 14) were sequenced using
standard Sanger sequencing®8 in an attempt to obtain geographic, clinical and environmental
diversity.4” This work provided the initial backbone for developing a genomic epidemiology
approach for Coccidioides. Genomic epidemiology was first proven useful as a tool for an
investigation into the suspect Coccidioides outbreak associated with transplant of possibly
infected solid organs.16 Three organ recipients each received solid organs from the same
donor and all went on to develop serious C. immitis infections, two of them fatal. As no
comparative samples were available from the donor, the isolates from the patient were
analyzed by comparative genome analysis and compared to each other and to other genomes
of C. immitis. The analysis showed that no more than two single-nucleotide polymorphisms
(SNPs) occurred between patient strains, where at least 20,000 SNPs separated patient
strains from background.1® This was the first use of genomic epidemiology for a fungal
outbreak, proving its capability to link cases and place them within a population level
context.
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Genomic epidemiology was again employed in the analysis of a Guatemalan patient with
HIV was infected with Coccidioides while traveling to obtain migrant farm work; these
techniques determined that he was infected in Texas rather than in endemic zones in his
home country.1”

Coccidioides dispersal: From Pleistocene to the Pacific Northwest—The current
biogeography of Coccidioides is well established, with the primary populations occurring in
the California Central Valley for C. immitis and central and southern Arizona for C.
posadasii.>® There has been apparent dispersal of both species, with additional endemic
regions of C. immitis occurring in lower California and the Mexican state of Baja California,
and endemic regions of C. posadasii occurring in northern Mexico, Texas, and several
countries in South America.*3:53 Although C. posadasiiis more widespread and apparently
more genomically variable, there is little agreement on whether one strain originated from
the other. It is worthwhile to consider the possible paleo-epidemiology of the organism.
Although the fungus is rarely found beyond the known current endemic region (see previous
section regarding recent WA emergence), there is evidence of ancient fungal infections
outside the current endemic zone, including the prehistoric burial midden from the Holocene
period (8000 years ago) found at Dinosaur National Monument in northern Utah,4>:60.61
This may represent a prehistoric North American endemic zone, as climate in this region
during the Holocene period was more arid and warm than it is today. Conversely, that site
may represent focal deposition of fungus by humans, as positive samples were only found in
burial middens, where fungi may have seeded the environment during decomposition of
human and/or companion animal bodies.

C. posadasii dispersal—Based on data collected by microsatellites, Fisher et al. argued
that the South American populations belong to a distinct subpopulation typified by the Texas
regional population. Using molecular clock calculations, they estimated that the South
American population arrived as little as 8900 years before present (ybp). This roughly
coincides with the expansion of humans from North America to South America. Conversely,
they also suggest that arrival of Coccidioides in South America may have occurred during
the previous 100,000 years along with southward movement of several rodent and small
mammal reservoir species.>3

By employing Baeysian analysis of over 80 genomes, we have recalculated the initial
expansion of C. posadasii out of southern Arizona as occurring roughly 800,000 years ago,
with populations expanding into Texas and Mexico about 675,000 years ago and into South
America no later than 500,000 years ago'’ (Fig. 4). This timing would coincide with, or be
subsequent to, the large-scale movements of mammals during the Great American Biotic
Interchange events between North and South America, following the Panamanian
connection between the continents during the Pleistocene. These data suggest that
Coccidioides likely dispersed from its original endemic loci via animal transport, that is,
infected mammals likely moved from endemic regions and died in previously nonendemic
locales, thereby contaminating soils and establishing new endemic loci, rather than from
anthropogenic causes.1’
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C. immitis dispersal—It is estimated that C. /mmitis as a species diverged about 370,000
years ago in the San Joaquin Valley region of California, perhaps due to other
paleogeographic effects.1” During the shift from the Miocene to the Pleistocene, the Baja
peninsula began to form and much of the western coastline of California surfaced, with the
Central (San Joaquin) Valley still a large inland body of water, which was replaced by fresh
water from the glacial melt of the Sierra Nevada Mountains.®2 The ultimate draining of this
body occurred 700,000 years ago, forming the Central Valley, and subsequently becoming a
fertile ground for C. immitis growth and expansion.1” The Sierra Nevadas therefore may
have acted as both a glacial refuge and as a reproductive barrier to the most western portion
of the paleo-populations of Coccidioides, allowing for divergence into the two species to
occur at this time.

It is now understood that modern dispersal is also occurring with Coccidioides. In 2010,
three separate cases of coccidioidomycosis were identified in southeastern Washington state,
well outside any known endemic zone.53 All three patients had travel to endemic regions
(i.e., California and Arizona) several years prior to onset. In one particular instance,
however, a patient had a knee-wound infection following a crash on an all-terrain vehicle at
an off-road park in southeastern WA. Soils collected from the crash site during the initial
investigation were recently analyzed and found positive by polymerase chain reaction, and
subsequent cultures provided isolates for genomic analysis to compare to the patient’s
isolate and other genomes. The patient and soil isolates were nearly genomically identical
(i.e., no more than 3 SNPs separated clinical and soil isolates), providing a clear link to
autochthonous exposure.18 The WA genomes were clearly C. immitis and fell within a clade
most similar to isolates collected from San Joaquin Valley.18 A follow-up study of the soil
samples from the same region as the original ATV park 4 years later has demonstrated that
C. immitis remains present in the park and the surrounding regions, and additional cases
have since been found providing evidence that Coccidioides is now endemic in this region of
eastern WA. Studies are underway to better explore the habitat niches being exploited by
both new and old populations of Coccidioidesto produce models for areas at risk for
additional expansion of the endemic range.

The epidemiology—both traditional and genomic—of coccidioidomycosis is crucially
important to improve understanding of the disease as it continues to evolve over time.
Accurate and standardized reporting of cases to public health is needed to determine the
burden of morbidity on public health and healthcare systems. The overall trend of reported
cases of coccidioidomycosis had been one of dramatic increase over the past two decades.
We discussed some of the potential reasons for these changes, such as changes in the
susceptible populations and effects of climate, precipitation, and drought. Future directions
for epidemiologic work related to coccidioidomycosis include efforts to improve
understanding of how these factors influence disease incidence.

Enhanced surveillance efforts have identified delays in seeking healthcare, delayed
diagnoses, and extensive treatment with ineffective antibiotics. Efforts to collect enhanced
case investigation of surveillance data beyond capturing case counts, basic demographics
and seasonality have been important to describe disease severity, the burden on the
healthcare system, and the economy. Future improvements in surveillance should include
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standardized collection of key data elements systematically to gain insight into the impact of
the disease across different regions.

Better definition of populations at risk for coccidioidomycosis and those at highest risk for
severe disease are important for targeting prevention efforts. In areas where the disease is
endemic, it is difficult for people to avoid exposure to Coccidioides. One strategy to reduce
risk is to implement population risk stratification as described for inmates in the California
Corrections system. This or other strategies to reduce exposure risk may be used for groups
at increased risk for severe or disseminated disease, or those at increased risk for exposure,
such as workers participating in soil-disturbing activities. Future directions will include the
development of methods to evaluate the implementation and effectiveness of various
prevention strategies.

Genomic epidemiology is rapidly becoming an important tool for next generation public
health science, as a technological approach that provides empirical evidence for outbreak
investigations and new areas of endemicity. This epidemiological approach provides multi-
layered population structure for understanding historic distributions and dispersal, ongoing
dispersal in Washington, and will provide an important tool for determining any future
dispersal events. As these tools are used to better define new areas of coccidioidomycosis
endemicity, it will be critical to focus on standardizing surveillance for coccidioidomycosis,
even in states outside of the historically described endemic areas. The disease is reportable
in 22 states in 2017, but expansion to reporting in all states is key to understanding the
epidemiology and impacts of the disease nationwide.
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Figure 1.
Reported coccidioidomycosis cases in the United States, 1998-2016.
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Number of coccidioidomycosis cases and incidence, by estimated year of illness onset:

California, 1995-2016 (1).
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Figure 3.
Whole genome SNP phylogeny of Coccidioides genus including 59 C. posadasiiand 22 C.

immitfs genomes. This Figure is reproduced in color in the online version of Medlical
Mycology.
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Figure 4.
Dispersal model of C. posadasii out of southern AZ, with (A) northward spread to central

AZ 700 KYA (thousand years ago); (B) southeastern spread to Texas and Mexico 675 KYA
and then to South America 520KYA; and (C) southern spread to Guatemala 190 KYA
(adapted from (21)). This Figure is reproduced in color in the online version of Medical
Mycology.
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