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Abstract

The World Health Organization, in response to the growing burden of fungal disease, established a process to develop a fungal pathogen
priority list. This systematic review aimed to evaluate the epidemiology and impact of infections caused by Talaromyces marneffei, Coccidioides
species, and Paracoccidioides species. PubMed and Web of Sciences databases were searched to identify studies published between 1 January
2011 and 23 February 2021 reporting on mortality, complications and sequelae, antifungal susceptibility, preventability, annual incidence, and
trends. Overall, 25, 17, and 6 articles were included for T. marneffei, Coccidioides spp. and Paracoccidioides spp., respectively. Mortality rates
were high in those with invasive talaromycosis and paracoccidioidomycosis (up to 21% and 22.7%, respectively). Hospitalization was frequent
in those with coccidioidomycosis (up to 84%), and while the duration was short (mean/median 3-7 days), readmission was common (38%).
Reduced susceptibility to fluconazole and echinocandins was observed for T marneffei and Coccidioides spp., whereas >88% of T marneffei
isolates had minimum inhibitory concentration values <0.015 pg/ml for itraconazole, posaconazole, and voriconazole. Risk factors for mortality in
those with talaromycosis included low CD4 counts (odds ratio 2.90 when CD4 count <200 cells/ul compared with 24.26 when CD4 count <50
cells/ul). Outbreaks of coccidioidomycosis and paracoccidioidomycosis were associated with construction work (relative risk 4.4-210.6 and 5.7-
times increase, respectively). In the United States of America, cases of coccidioidomycosis increased between 2014 and 2017 (from 8232 to
14 364/year). National and global surveillance as well as more detailed studies to better define sequelae, risk factors, outcomes, global distribution,
and trends are required.

Key words: Talaromyces marneffei, Penicillium marneffei, Coccidioides, Paracoccidioides, talaromycosis, penicilliosis, coccidioidomycosis, paracoccid-

ioidomycosis, invasive fungal disease, mortality, epidemiology, antifungal resistance.

Introduction

Talaromyces marneffei, Coccidioides species (spp.), and Para-
coccidioides spp. are endemic fungi. While having distinct
characteristics, they also have commonalities, including the
ability to cause disease in both healthy and immunocom-
promised hosts, increasing incidence, geographical expansion,
and significant morbidity and/or mortality.!»?

Talaromyces marneffei (formerly Penicillium marneffei) is
a thermally dimorphic fungus endemic to northern Thailand,
Vietnam, Myanmar, Hong Kong, Taiwan, southern China, and
north-eastern India. The bamboo rat (Rhizomys sinensis) is
the natural reservoir; however, human infection is not linked
to its direct exposure or consumption. Occupational exposure
to crops and livestock is a risk factor, and talaromycosis inci-
dence increases 30%—-50% in the rainy season.>® The lungs
are the primary portal of entry. It is likely that the humid-
ity in the rainy season creates favorable conditions for fungal
growth, and aerosolized particles are inhaled when the ecolog-
ical niche is disturbed. Talaromyces marneffei can disseminate
to other organs via lymphatic and hematogenous spread.”””
Pulmonary and localized disease occur in immunocompetent
patients, and disseminated disease occurs most commonly in
those who are immunocompromised. Human immunodefi-
ciency virus (HIV) is a major risk factor for talaromycosis
accounting for up to 16% of all HIV-associated hospital ad-
missions in Southeast Asia.'»*>1%-11 More recently, talaromyco-
sis has been increasingly described in non-HIV patients (those
with primary immunodeficiencies, auto-immune diseases, or
hematological malignancies) who reside in or have previously
traveled to Southeast Asia.!

Coccidioides spp. are dimorphic fungi found in the soil of
arid and semi-arid regions in the southwest of the USA, Mex-
ico, and parts of South and Central America (Argentina, Bo-
livia, Brazil, Colombia, Paraguay, Venezuela, Guatemala, and
Honduras).!>!3 Coccidioidomycosis, caused by Coccidioides
immitis and Coccidioides posadasii, is now a notifiable (vol-
untary) disease to the National Notifiable Disease Surveillance
System of the Centers for Disease Control. In addition, it is a
requirement to report it to the public health departments of
27 jurisdictions in the USA.'* In Arizona, the incidence has
increased from 84.4/100 000 population to 144.1/100 000 be-
tween 2014 and 2019.'* While mandatory reporting has con-
tributed to the increasing numbers, other factors such as envi-
ronmental changes, population growth, and increased aware-

ness have also contributed. Several outbreaks in California
and Utah point to an extension of northward and with whole
genome sequencing, local acquisition has been identified as
far north as Washington State.'>!” The reasons for the geo-
graphical expansion are largely unknown, but climate change
may play a role.'® Risk factors for coccidioidomycosis in-
clude being an African American prison inmate and failure to
screen prior to transplantation or commencing tumor necro-
sis factor-o (TNF-«) inhibitors. Occupational dust exposure
while constructing solar farms has more recently been rec-
ognized as a risk factor. Inhalation is the primary mode of
acquisition. Symptoms only occur in 40% of those infected
and are indistinguishable from those of other respiratory in-
fections (cough, fever, dyspnea, and fatigue). As a result, misdi-
agnosis is common resulting in delays in appropriate therapy.
Infection is mostly self-limiting, but some people can develop
pneumonia lasting up to 6 weeks, requiring antifungal ther-
apy. Importantly, a small proportion develops life-threatening
pulmonary or disseminated diseases.!*!® Mortality rates of
30% in those with coccidioidal meningitis are still reported
despite antifungal treatment.?”

Paracoccidioides spp. are thermally dimorphic fungi, en-
demic to Central and South America, and composed of at
least five species; P. brasiliensis sensu stricto, P. americana, P.
restrepiensis, P. venezuelensis, and P. lutzii>'=** While there
is clear geographical overlap, Paracoccidioides spp. show lit-
tle genetic exchange.??23:2%:2¢ Brazil has the highest num-
ber of cases of paracoccidioidomycosis (80%).2” The ma-
jor risk is occupational exposure to soil.?” With increasing
deforestation of land for agriculture in northern and cen-
tral parts of Brazil, the incidence of paracoccidioidomycosis
has increased, whereas with increased mechanization of agri-
culture in southern Brazil, the numbers have decreased.?’-32
Other risk factors, particularly for the chronic form, in-
clude smoking (14-fold higher risk than non-smokers) and
alcohol (3.5-fold), while estrogen may have a protective ef-
fect.2”,33Paracoccidioidomycosis is also primarily acquired
by inhalation. Only 1%-2% will develop symptomatic infec-
tion.>* Of those that develop clinical manifestations, 10%—
25% will present as the acute/subacute form, character-
ized by rapid progression of skin lesions, lymphadenopa-
thy, hepatosplenomegaly, and then fevers, suppuration, and
anorexia,>=37 while the remaining cases (75%-95%) will de-
velop chronic disease many years later, usually after the third
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decade of life. Chronic paracoccidioidomycosis mainly af-
fects the lungs (65%-90%), mucous membranes, skin, and
eventually the adrenal glands and the central nervous sys-
tem.?”3%38-40 Cough, dyspnea, and sputum are the most
common manifestations of chronic paracoccidioidomyco-
sis, although granulomatous oral ulceration occurs in up
to 59.6%.*! Paracoccidioidomycosis is uncommon in the
immunocompromised. However, when it occurs, it is usu-
ally as mixed forms, and it rarely causes significant im-
pairment. Mortality is low, but morbidity, secondary fibro-
sis, and organ dysfunction can occur in up to 50% despite
treatment.>

Given their emerging importance, this systematic review
aims to evaluate infections due to T. marneffei, Coccidioides
spp., and Paracoccidioides spp. against a set of criteria; mor-
tality, inpatient care, complications and sequelae, antifungal
susceptibility, preventability, annual incidence, global distri-
bution, and emergence in the 10 years from 1 January 2011
to 23 February 2021. The generated data identified knowledge
gaps for T. marneffei, Coccidioides spp., and Paracoccidioides
spp., informing the fungal pathogen priority list of the World
Health Organization (WHO).*

Methods
Study design
A systematic review was performed using the Preferred Re-

porting Items for Systematic Review and Meta-Analyses
(PRISMA) Guidelines.*?

Inclusion and exclusion criteria

Studies were included if they reported data on: (a) adults
and/or pediatric populations; (b) T. marneffei, Coccidioides
spp., or Paracoccidioides spp.; (c) at least one criterion (mor-
tality, inpatient care, complications/sequelae, antifungal sus-
ceptibility, preventability, annual incidence, global distribu-
tion, and emergence) in the previous 10 years; (d) retrospective
or prospective observational studies, randomized controlled
trials (RCTs), epidemiological, or surveillance studies; and (e)
were published between 1 January 2011 and 23 February
2021. Studies were excluded if they reported on/were: (a) ani-
mals or plants only; (b) bacteria, viruses, and/or parasites only;
(c) other fungi or criteria only; (d) co-infection only; (e) novel
antifungals in pre-clinical or early-phase trials or unlicensed
antifungals only; (f) in vitro resistance mechanisms only; (g)
case reports or conference abstracts; (h) not in English; and (i)
outside the study time-frames.

Search strategy

We conducted a comprehensive search for studies published
in English using the PubMed and Web of Science Core Col-
lection databases between 1 January 2011 and 23 February
2021. On PubMed, the search was optimized using medi-
cal subject headings (MeSH) and/or keyword terms in the
title/abstract for T. marneffei, Coccidioides spp., and Para-
coccidioides spp. and each criterion. On the Web of Science,
MeSH terms are not available, and therefore topic, title, or
abstract searches were used. The final searches used can be
found in the supplementary materials.

PubMed and related databases are underpinned by a stan-
dardized taxonomy database. Thus, using a species name as a
search term retrieves articles with obsolete or updated nomen-

clature.** Hence, this search using the Talaromyces term re-
trieved articles utilizing either Talaromyces marneffei or Peni-
cillium marneffei.

Study selection

The final search results from each database were imported
into the reference manager, Endnote™, and the online system-
atic review software, Covidence® (Veritas Health Innovation,
Australia), and duplicates were removed. The remaining arti-
cles underwent title and abstract screening based on the eli-
gibility criteria, and no reasons were provided for excluding
articles at this step. Then, full-text screening was performed
to determine eligibility for inclusion and the reasons for ex-
cluding any articles recorded. The title/abstract screening and
full-text screenings were performed independently by J.B. and
A.D. (T. marneffei), H.Y.K. and A.D. (Coccidioides spp.), and
H.Y.K. and B.N. (Paracoccidioides spp.) in Covidence®. Dis-
crepancies were resolved by a third reviewer (J.W.A.). Any ad-
ditional articles identified from the references of the included
articles were added.

Data extraction

Data from the final set of eligible articles were extracted
for each relevant criterion by one of the screening review-
ers (H.Y.K.) and were independently checked for accuracy by
other reviewers (A.D., J.B., A.M., and B.Mc.M.).

Risk of bias assessment

Risk of bias assessment was independently performed by two
reviewers (H.Y.K. and C.O.M.) for the included studies. Risk
of bias tool for randomized trials (ROB version 2) and risk of
bias tool for non-randomized studies (RoOBANS) were used in
this assessment.*>*¢ For the overall risk, using ROB 2 tool,
the studies were rated low, high, or some concerns. Using
RoBANS tool, the studies were rated as low, high, or unclear
risk.

This systematic review was intended to inform specific cri-
teria; therefore, we used each criterion as an outcome of the
study and assessed if any bias was expected based on the study
design, data collection, or analysis in that particular study.
With this approach, studies classified as unclear or high over-
all risk were still considered for analysis.

Data synthesis

The extracted data on the outcome criteria were quantitatively
(proportions [ %], mean, median, range) or qualitatively ana-
lyzed depending on the amount and nature of the data.

Results

Study selection

Between 1 January 2011 and 23 February 2021, the PubMed
and Web of Science databases yielded 64 and 116 articles on
T. marneffei (Fig. 1a), 162 and 184 articles on Coccidioides
spp. (Fig. 1b), and 137 and 199 articles on Paracoccidioides
spp. (Fig. 1c), respectively. After excluding the duplicated and
non-relevant articles, 34, 22, and 11 articles underwent full-
text screening, of which 25, 17, and 6 articles on T. marn-
effei, Coccidioides spp., and Paracoccidioides spp., respec-
tively, were deemed eligible for inclusion in the final analysis
(Fig. 1la—c).
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(A)

Figure 1. (a) Flow diagram for selection of studies included in the systematic review of Talaromyces marneffei based on: Preferred Reporting ltems for
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Systematic review and Meta-Analyses: The PRISMA Statement. (b) Flow diagram for selection of studies included in the systematic review of
Coccidioides species based on: Preferred Reporting Items for Systematic review and Meta-Analyses: The PRISMA Statement. (c) Flow diagram for
selection of studies included in the systematic review of Paracoccidioides species based on: Preferred Reporting Items for Systematic review and
Meta-Analyses: The PRISMA Statement.
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Table 1. Overall risk of bias for the included studies for Talaromyces marn-
effei, Coccidioides species, and Paracoccidioides species.

Author Year Risk Reference
Talaromyces marneffei
Chayakulkeeree et al. 2017 Unclear 73
Chen et al. 2017 Low 47
Dong et al. 2019 Unclear 89
Fan et al. 2017 Unclear 31
Guo et al. 2019 Unclear 52
Jiang et al. 2019 Low 48
Jiang et al. 2019 Low 10
Lao et al. 2019 Low 90
Lau et al. 2017 Unclear 62
Le et al. 2019 Low 68
Le et al. 2017 Low 49
Lei et al. 2018 Unclear 63
Lietal. 2021 Low 76
Ouyang et al. 2017 Unclear 64
Pang et al. 2018 Low o1
Qietal. 2016 Low 92
Qiu et al. 2019 Low 93
Qiu et al. 2015 Low o4
Roohani et al. 2018 Unclear 93
Sun et al. 2021 Low 88
Sun et al. 2020 Low 96
Wang et al. 2015 Low 69
Xiao et al. 2013 Low 7
Ying et al. 2020 Low 30
Zhang et al. 2021 Unclear 63
Coccidioides species
Benedict et al. 2019 Low 77
Blair et al. 2014 Unclear 8
Charalambous et al. 2018 Low 60
Choi et al. 2019 Low 70
Gaona-Flores et al. 2016 Low 99
Keckich et al. 2011 Unclear 84
Laws et al. 2018 Low 71
Lee et al. 2017 Unclear 54
Luo et al. 2017 Low 53
Mendoza et al. 2015 Unclear 57
Naeem et al. 2019 Low 56
Phonphok et al. 2018 Unclear 78
Sondermeyer et al. 2013 Low ol
Thompson et al. 2017 Unclear 66
Webb et al. 2018 Low 33
Wiederhold et al. 2018 Unclear 67
Wilken et al. 2015 Unclear
Faracoccidioides species
de Almeida et al. 2017 Unclear 58
de Macedo et al. 2017 Low 37
do Valle et al. 2017 Unclear 74
Magalhies et al. 2014 Unclear 73
Marques et al. 2013 Unclear 72
Vieira et al. 2014 High 31
Risk of bias

The overall risk of bias for each study of T. marneffei, Coccid-
ioides spp., and Paracoccidioides spp. is presented in Table 1.
Most (16/25 [64%]) studies examining T. marneffei were clas-
sified as low risk of bias in the domains used for classification
(study design, data collection, or data analysis). Nine stud-
ies on T. marneffei (36%) were classified as unclear risk of
bias, mostly due to unclear confirmation/consideration of con-
founding variables (8/9 [88.9%]) (Supplementary Table 1).
Nine (52.9%) of the studies examining Coccidioides spp. were
classified as low risk of bias in the domains used for classi-

fication. The remainder of the studies on Coccidioides spp.
(47.1%) were classified as unclear risk of bias, mainly due
to unclear confirmation/consideration of confounding vari-
ables (6/8 [75%]) (Supplementary Table 1). Only one (16.7%)
of the included studies on Paracoccidioides spp. was classi-
fied as low risk of bias in the domains used for classification,
and four (66.7%) were classified as unclear risk of bias; most
commonly due to unclear confirmation/consideration of con-
founding variables (2/4 [50%]) (Supplementary Table 1).

Analysis of the criteria
Mortality

Mortality rates due to talaromycosis in adults with HIV
infection ranged from 6.5% to 21%; although measured
at different time points (from hospital admission, at 2 and
24 weeks from commencement of antifungal therapy) (Ta-
ble 2).#77%In the Itraconazole versus amphotericin B for
penicilliosis (IVAP), RCT performed in Vietham of adult
HIV-infected patients with talaromycosis, the 24-week mor-
tality rate was significantly greater in the itraconazole-treated
group compared with the amphotericin B deoxycholate-
treated group (21% vs. 11.3%, P = .006), but not at 2 weeks
(7.4% vs. 6.5%) (Table 2).%°

Two studies showed high rates of mortality (36.36%—
80.0%) but in small numbers of HIV-negative pediatric pa-
tients (z = 11 and 10, respectively) (Table 2).>'-°2 Jiang et al.
reported a mortality rate of 17.5% in 1093 patients who had
HIV/AIDS and talaromycosis, which was 1.8-4.5-fold higher
than in HIV/AIDS patients without talaromycosis (Table 2).*8

A multicenter study from the USA reported a Day 42 and
1-year all-cause mortality of 7.4% and 12.8%, respectively,
in 849 adults and children with dimorphic fungal infections.
Most of which were due to Coccidioides spp. (93%) (Ta-
ble 2).3 Other studies in adults reported mortality rates of
2% in prisoners and 2.7% during hospital admission (Ta-
ble 2).5%3% Similarly, mortality rates were low in children
(2%-3.2%), even in those with disseminated disease (3%)
(Table 2).°-°¢ Higher mortality rates (45%) were reported in
patients who had coccidioidomycosis and were also less than
2 years post-allogeneic hematopoietic stem cell transplant
(HSCT), although the patient numbers were low (7 = 11) (Ta-
ble 2).57

In patients with paracoccidioidomycosis, mortality rates
varied widely (2.6%-32.2%) in three Brazilian studies (Ta-
ble 2).31:37:58 Mortality rates were higher (32.2%) in patients
who had paracoccidioidomycosis and HIV than in those with
paracoccidioidomycosis alone (20%) (Table 2).°® de Macedo
et al. reported a mortality rate of 3.4% in patients with acute

juvenile paracoccidioidomycosis (average age, 23 years) (Ta-
ble 2).37

Inpatient care, complications, and sequelae

Two single-center studies from China reported on the length
of stay (LOS) in those with talaromycosis (Supplementary
Table 2).°%31 One reported a median LOS of 27 (interquartile
range [IQR] 17-36) days in 1079 adult patients with HIV.>
The second reported a LOS that ranged from 1 to 67 days in
pediatric, HIV-negative patients, although this study had small
numbers (7 = 10) (Supplementary Table 2).5!

In patients with coccidioidomycosis, hospitalization was
common (20%-84%) (Supplementary Table 2).53:56-9 In
most studies (83.3%), the mean/median LOS was short (3—
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7 days) (Supplementary Table 2).53:%3-5%-61 In 78 children and
adolescents (<21 years of age) with extrapulmonary coccid-
ioidomycosis, a longer median LOS was reported (30 days
[IQR 51-129] days) (Supplementary Table 2).¢ The cumu-
lative LOS in one study of 315 patients, 1 year and 5 years af-
ter coccidioidal meningitis diagnosis, was 28.9 and 48.1 days,
respectively.?? Another study of 29 584 adults and 1286 chil-
dren reported a decrease in cumulative LOS from 49 856 days
in 2006 to 27 895 days in 2012 (Supplementary Table 2).5
No data on hospital LOS stay due to paracoccidioidomycosis
were reported in the studies included in this systematic review.

In the IVAP trial of adults with HIV-associated talaromyco-
sis treated with amphotericin B or itraconazole complications
included relapse of talaromycosis (1.5% vs. 7%, respectively;
P =.005) and immune reconstitution inflammatory syndrome
(0% vs. 6.6%, respectively; P < .001) (Table 3).#

A very high rate of dissemination (81%) was reported
in 78 children and adolescents (<21 years of age) with ex-
trapulmonary coccidioidomycosis; higher than reported for
adults (5%) (Table 3).°%*° Other complications included
reactivation, particularly in solid organ transplant (SOT)
(5/100) and allogeneic HSCT recipients 3/11(27%) (Ta-
ble 3).5” Sondermeyer et al. examined the extent and effect
of coccidioidomycosis-associated hospitalizations and found
that readmission rates were high at 38%, 18 % developed pro-
gressive infection, and 13% developed meningitis (Table 3).6!
Coccidioidomycosis impacts function with one study of con-
struction workers demonstrating that 83% (34/44) missed a
median of 22 days of work, 5% (2/44) missed work for >18
months and 27% (11/44) had reduced work and/or exercise
capacity (Table 3).%%

In a retrospective cohort study of 29 juveniles with acute
paracoccidioidomycosis, the most commonly reported sequela
was low adrenal reserve (13.8% [4/29]), followed by lym-
phedema (6.9% [2/29]) (Table 3).37

Antifungal susceptibilities
Four (16%), two (11.8%), and no studies reported on the an-
tifungal drug susceptibility profiles of T. marneffei, Coccid-
ioides spp., and Paracoccidioides spp., respectively.??%7 The
methods are summarized in Supplementary Table 3. Due to a
lack of established clinical breakpoints, resistance rates are not
reported herein. Susceptibility can only be estimated from the
included minimum inhibitory concentration (MIC) or mini-
mum effective concentration (MEC) values (Tables 4 and 5).
Lei et al. reported that 80.4% of 189 T. marneffei iso-
lates had fluconazole MIC values of <4 ug/ml with a geo-
metric mean (GM) MIC of 4.074 ug/ml (Table 4).9> Other
azoles demonstrated lower MIC values, with 96.3%, 99.5%,
and 88.8% of 189 T. marneffei isolates having MIC val-
ues of <0.015 ug/ml for itraconazole, posaconazole, and
voriconazole, respectively (Table 4).5% Lau et al. reported a
difference in MIC values for mycelial growth forms compared
with yeast growth forms for posaconazole (MICqy: 0.031
wug/ml vs. 0.002 pg/ml), whereas Zhang et al. reported sim-
ilar MIC values between the two growth forms (Table 4).6%:6
Lau et al. reported anidulafungin MICe;yMECy values of
8 and 2 pg/ml for the yeast and mycelial growth forms of 57
T. marneffei isolates, respectively (Table 5).> Zhang et al. re-
ported MECy values of 16 and 4 ug/ml for caspofungin for
the yeast forms and mycelial forms of 17 T. marneffei isolates,
respectively (Table 5).%° One study reported that all T. marn-
effei isolates (n = 189) had MIC values of >8 ug/ml for mica-

fungin (Table 5).> Amphotericin B MIC values were low with
all T. marneffei (n = 189) yeast forms having an MIC value
of <1 pg/ml and a GM MIC value of 0.501 pg/ml (Table 5).3
Susceptibility data for other antifungal drugs, including flucy-
tosine, terbinafine and olorofim, were limited (Table §).63-65:68
One study reported GM MIC values of 0.2825, 0.1252, and
0.0007 pg/ml for flucytosine, terbinafine, and olorofim (for-
merly F901318; a new antifungal agent from the orotomide
class), respectively (n = 17 T. marneffei isolates) (Table 5).%°

Fluconazole showed high MIC values in 581 Coccidioides
isolates (MICqp: 16 pg/ml; GM MIC: 7.71 pug/ml) (Table 4).6¢
Of these 581 Coccidioides isolates, 37% and 7.9% had flu-
conazole MIC values >16 and >32 ug/ml, respectively.®®
In this study, MIC values were lower for the other azoles:
itraconazole (MICgp: 0.5 pug/ml; GM MIC: 0.245 pg/ml),
posaconazole (MICgg: 0.25 pg/ml; GM MIC: 0.141 pg/ml),
and voriconazole (MICgg: 0.25 mg/l; GM MIC: 0.107 pug/ml)
(Table 4).5¢ Less than 1% of the 581 Coccidioides isolates
showed MIC values >2 ug/ml for itraconazole, posaconazole,
and voriconazole.®®

Susceptibility of Coccidioides isolates to amphotericin B
(MICgy: 0.5 png/ml, GM MIC: 0.247 pg/ml) was similar to the
mould-active triazoles, and only 2.8% of isolates had MIC
values >2 1g/ml.°® A large variability in echinocandin MIC
values was observed (range <0.015 to >8 ug/ml) (Table 5).¢
Olorofim showed low MIC values for 59 Coccidioides isolates
(MICgp: 0.015 pg/ml, GM MIC: 0.011 pug/ml) with all isolates
showing MIC values of <0.06 pg/ml.®”

Risk factors

A multicenter sero-surveillance study of HIV-infected patients
showed that a CD4 count of <200 cells/ul was a risk factor for
developing talaromycosis (odds ratio [OR] 2.90; 95% confi-
dence interval [CI]: 1.10-7.66; P = .032) (Table 6).%° The risk
increased even further when the CD4 count was <50 cells/ul
(OR 24.26; 95% CI: 10.63-55.36; P < .001) (Table 6).° A
diagnosis of extrapulmonary tuberculosis in the previous 3
months was noted by Jiang et al. to be a risk for develop-
ing talaromycosis (adjusted hazard ratio [aHR] 1.56; 95%
CI: 1.02-2.40; P = .04); but also found that cotrimoxazole
prophylaxis was protective (aHR 0.50; 95% CI: 0.35-0.73;
P < .001) (Table 6 and Supplementary Table 4).10-48

Risk factors for coccidioidomycosis in prison inmates in-
cluded being an African American (adjusted odds ratio [aOR]
1.9; P < .05) and age >41 years (aOR 1.5; P < .05)
(Table 6).°* Increased rates of initial hospitalization were
observed in African Americans (relative risk [RR] 2.09;
P < .0001), those with increasing age (especially >60 years
old [RR 9.50; P < .0001]), men (RR: 2.48; P < .0001), and
Hispanics (RR 1.31; P < .0001) (Table 6).5

Unscreened patients taking TNF-« inhibitors were more
likely than screened patients to develop symptomatic coc-
cidioidomycosis (35/1025 vs. 11/861; P < .01) (Table 6).”7°
Occupational dust exposure, including from the construc-
tion of solar farms, has been associated with increased
coccidioidomycosis incidence. Compared with other regions
surrounding construction worksites, the incidence rate ratios
were 4.4-210.6 higher (Table 6).”!

In children and adolescents with extrapulmonary coccid-
ioidomycosis, non-Hispanic patients were more likely to expe-
rience severe disease, require more than one drug for therapy
(85% vs. 70%; P = .04), and have Coccidioides complement
fixation titers >1:32 (89% vs. 72%; P = .04) compared with
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their Hispanic counterparts.*® Children >10 years old were
more likely to have more than one site of involvement (47%
vs. 25%; P = .06) and higher rate of relapse, disease progres-
sion, and/or fatal disease (21% vs. 5%; P = .06) compared
with those <10 years of age.>

A higher prevalence of paracoccidioidomycosis was ob-
served in patients >40 years old compared with patients <40
years old (adjusted prevalence ratio 1.71; 95% CI: 1.33-2.21)
(Table 6).7> Magalhies et al. reported that being of male gen-
der was a risk factor for paracoccidioidomycosis (OR 2.16;
95% CI: 1.53-3.05; P < .0001) (Table 6).73 In a single-center
study by do Valle et al., an increase in paracoccidioidomycosis
cases was observed during highway construction, resulting in
5.7 times increase in the incidence rate from 1.4 to 8 cases/year

(Table 6).74

Annual incidence

The annual incidence of talaromycosis in Thailand was esti-
mated at 0.3/100 000 in 2013 (Supplementary Table 5).”> Two
other single-center studies conducted in China reported inci-
dence rates of 15.14/1000 person-year in HIV/AIDS patients
and 0.17/1000-1.97/1000 patients during the years of 2013—
2019 (Supplementary Table 5).1%7¢ The incidence was lower
in HIV-infected patients on co-trimoxazole as compared with
those not on it (12.63 vs. 29.59/1000 person-year; P < .001)
(Supplementary Table §).*

In the USA, the annual incidence rates of coccidioidomyco-
sis were variable depending on the state and were generally
higher in the south-west. In Arizona and California, incidence
rates between 2011 and 2017 were 85.8-260.5/100 000 and
6.0-18.2/100 000 populations, respectively (Supplementary
Table 5).”7 The rates were higher in sites constructing solar
farms compared with the surrounding counties (1095/100 000
vs. 5.2-251.7/100 000 persons) (Supplementary Table 5).”!

An average annual incidence of paracoccidioidomycosis
cases in the State of Rondonia in the north-west part of Brazil
was 94/100 000 people during the study period of 1997-2012,
but was highly variable between the state’s municipalities,
ranging from 16 to 391/1000 000 (Supplementary Table 5).3!
The reported incidence rates for Rio de Janeiro (south-east
area of Brazil) were variable and affected by a paracoccid-
ioidomycosis outbreak during the construction of a highway.
The annual incidence of acute paracoccidioidomycosis was
1.29/1 million persons (95% CI: 0.74-4.03) before the high-
way construction years (before 2008) and 8.25/1 million per-
sons (95% CI: 4.18-16.3) during the outbreak after the high-
way construction (2015-2016) (Supplementary Table 5).74

Prevalence, global distribution, and trends
Talaromycosis was frequently reported in China (7 = 12 stud-
ies) (Supplementary Table 6). It is most prevalent in southern
China (9%-16.1% of HIV-infected patients) (Supplementary
Table 6).#8-50-69 [n Thailand, also being an endemic area for ta-
laromycosis, the northern part of the country was reported to
have the highest prevalence (0.3/100 000 per year) especially
in HIV/AIDS patients (2.6% of all new AIDS cases) (Supple-
mentary Table 6).75

Coccidioidomycosis was highly distributed in certain parts
of the USA, especially the south-western region. Greater than
95% of coccidioidomycosis cases were reported from Arizona
and California (Supplementary Table 6).”” In particular, the
southern California Central Valley area (Kern, Kings, Tulare,
and Fresno counties) and San Luis Obispo County were con-
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sidered highly endemic or as having established endemicity
(Supplementary Table 6).”8

Using positive skin tests, the prevalence of paracoccid-
ioidomycosis in the rural areas of the central-west and
south-east parts of Brazil was reported as 45.8%-46.67%
(Supplementary Table 6).”3 Vieira et al. reported a prevalence
of 53.6% (n=1161) and 46.4% (n = 1002) in the urban and
rural areas, respectively, of the State of Rondonia (north-west
area of Brazil).3!

In the last 10 years, an increasing trend in talaromycosis
cases was reported from China. Li et al. observed a 16%
(P < .001) year-on-year increase in talaromycosis incidence
between 2013 and 2019.7®¢ Wang et al. noted that the in-
creasing trend of talaromycosis prevalence up until 2011 was
strongly associated with progression of HIV infection to AIDS
(OR 4.66; 95% CI: 3.94-5.51; P < .001).°

Trends for coccidioidomycosis in the last 10 years were as-
sessed based on two studies from the USA.>377 A population-
based surveillance study reported that the number of coccid-
ioidomycosis cases decreased from 2011 to 2014 (from 22 634
to 8232), followed by an increase from 2014 to 2017 (from
8232 to 14 364), although variability was observed between
states (Supplementary Table 7).””

In the State of Ronddnia, Brazil, 44 paracoccidioidomyco-
sis cases were reported in 2011 and 38 cases in 2012. Based on
population numbers for these years, this represented approxi-
mately an 11% decrease in paracoccidioidomycosis incidence
from 2.7/100 000 to 2.4/100 000; but contemporary data are
lacking.?! Data on trends in other countries or regions are also
lacking.

Discussion

This systematic review examined the epidemiology, impact,
and outcomes of fungal infection due to T. marneffei, Coc-
cidioides spp., and Paracoccidioides spp. Due to the pre-
determined inclusion/exclusion criteria, only a small number
of studies were included, and many (36%-66.7%) were asso-
ciated with an unclear risk of bias. Despite this, we found that
mortality rates were substantial, inpatient stays and compli-
cations were common, classical endemic areas were changing,
and many of these fungi were increasing in incidence.
Mortality rates due to talaromycosis in HIV-infected pa-
tients ranged from 6.5% to 21%.475° However, these were
measured at different time points, making it difficult to com-
pare between studies. The 2- and 24-week mortality rates
were used in the IVAP RCT to determine the comparative
efficacy of itraconazole and amphotericin B deoxycholate in
the treatment of HIV-associated talaromycosis.** Treatment
of talaromycosis usually consists of induction therapy for 2
weeks, followed by consolidation therapy for 10 weeks, and
then chronic maintenance therapy/secondary prophylaxis un-
til CD4 count are >100 cell/mm? for >6 months in a patient
with HIV.#7 As 2-week mortality rates coincide with the
time point at which induction therapy ends and step-down
consolidation therapy begins, this was used as the primary
endpoint in the IVAP trial. However, mortality continued to
rise over the 24 weeks of follow-up in both treatment groups,
indicating that the 24-week follow-up window allows ade-
quate time for the detection of significant long-term or down-
stream effects of therapy (e.g., relapse, immune reconstitu-
tion inflammatory syndrome, hospital readmission, treatment-
emergent adverse events). Given this, we recommend that the
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24-week time point is used in addition to the 2-week time
point in future studies of the treatment of talaromycosis to al-
low for the comparison of antifungal agents, studies, groups,
and regions and determine trends over time. Other studies not
eligible for inclusion in this systematic review reported higher
mortality rates: 20.7%-33% in HIV-infected patients and
29.4% in HIV-negative patients likely reflecting the challenges
of diagnosis and consequences of diagnostic delay.!8%-81 Small
studies of HIV-negative pediatric patients showed very high
mortality rates, which may be due to non-specific presenta-
tions resulting in delayed or missed diagnosis, as reported in
one study (9/11 [82%]).*8-51-52 While this needs to be con-
firmed in larger studies, it indicates that education and clinical
practice guidelines are needed to increase awareness and the
early diagnosis of talaromycosis.

Mortality rates in patients with coccidioidomycosis were
low (2%-12.8%) except for immunosuppressed patients.’3=3¢
Patients who developed coccidioidomycosis within 2 years
of allogeneic HSCT had a mortality rate of 45%.%7 Allo-
geneic HSCT recipients still have appreciable levels of im-
munodeficiency 2 years on, which may have contributed to
the reported high mortality rates.$?>%3 Antifungal prophy-
laxis may be needed in allogeneic HSCT recipients from en-
demic areas, especially if there is a previous history of coccid-
ioidomycosis.’”78-84 Mendoza et al. showed that 9/11 (82%)
of those who developed coccidioidomycosis were not on an-
tifungal prophylaxis (Supplementary Table 4).” The clini-
cal implications of these data are that screening of patients
prior to transplant (both allogeneic HSCT and SOT) or re-
ceiving immunosuppressive drugs (e.g., TNF-a inhibitors)
should be performed and antifungal prophylaxis considered
(Supplementary Table 4).57-79:78:84 Similarly, with paracoccid-
ioidomycosis, mortality rates were higher in those with an un-
derlying immunosuppressive state compared with those with-
out (32.2% HIV-infected vs. 20% HIV-negative).’8

Hospitalization with coccidioidomycosis was common (up
to 84% of cases).*3*%? In most studies, hospitalizations
were short (mean/median LOS 3-7 days).*3-3%°°-¢1 Cumula-
tive LOS was noted to be high 1 and 5 years (28.9 and 48.1
days, respectively) after a diagnosis of coccidioidal meningi-
tis.®® Sondermeyer et al. reported a readmission rate of 38%.°!
This reflects a chronic disease that slowly improves over time
and requires long durations of treatment. Coccidioidomyco-
sis severely impacts function and quality of life with 83% of
affected construction workers missing a median of 22 days of
work and 27% having reduced work and/or exercise capac-
ity.>® Given the association of outbreaks of coccidioidomy-
cosis with construction work, preventative measures such as
workplace dust control, respiratory protection, high-efficiency
particulate absorbing filtration in trucks, and detailed report-
ing and tracking of infections have been developed.*”>"! These
measures should be implemented at the start of any construc-
tion in endemic areas.

Most patients with paracoccidioidomycosis report current
or past contact with rural environments related to either their
profession and/or residence. do Valle et al. reported an in-
crease in paracoccidioidomycosis cases associated with high-
way construction.”* Vieira et al. reported a mortality rate that
varied widely (2.6%-22.7%) over the time of construction,
with the highest rates occurring at the time of that the para-
coccidioidomycosis public health program restricted treat-
ment availability.3' This further emphasizes the importance
of preventative measures for these fungi. Paracoccidioidomy-
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cosis may be complicated by a chronic inflammatory pro-
cess that results in fibrosis in organs and impairment of func-
tion.27-34,38-40

No studies on the antifungal susceptibility of Paracoccid-
ioides spp. were identified as part of this systematic review.
Most of the studies examining Paracoccidioides spp. anti-
fungal susceptibility come from before 2011 and indicate
that they are sensitive to most of the commonly used an-
tifungal agents (amphotericin B, fluconazole, itraconazole,
voriconazole, posaconazole, and terbinafine) and also to sul-
fonamides.®* More recently, Paracoccidioides spp. have also
been shown to be susceptible to the newer azole, isavucona-
zole.3¢ There are no established breakpoints for T. marnef-
fei, Coccidioides spp., and Paracoccidioides spp. Thus, it is
currently not possible to define antifungal resistance rates or
trends over time. The fluconazole MIC values were higher
than the other triazoles for T. marneffei. Similarly, fluconazole
showed higher MIC values for Coccidioides spp. as compared
with the other triazoles.®® Of note, Coccidioides spp. had very
low MIC values to the new antifungal agent olorofim with all
isolates showing MIC values of <0.06 pug/ml.®” Olorofim is
the first antifungal in a new class of antifungal agents that in-
hibit dihydroorotate dehydrogenase and consequently, pyrim-
idine synthesis. It has been shown to have superior in vitro and
in vivo activity against Coccidioides spp. compared with flu-
conazole and may prove to be a highly effective agent in the
treatment of coccidioidomycosis.®”>8”

Risk factors for developing talaromycosis include a low
CD4 count, with decreasing CD4 counts associated with an
increasing risk.®” The administration of co-trimoxazole as
prophylaxis was reported to decrease the risk of developing
talaromycosis. This is more likely to be a confounder or surro-
gate for comprehensive and early HIV care, but it indicates the
clinical importance of screening for HIV infection in high-risk
areas and managing all aspects, including prophylaxis. African
American prison inmates are at increased risk of developing
coccidioidomycosis as compared with other inmates.’* Again,
this may be a surrogate marker for the disproportionate num-
bers and time spent in prison. However, it provides good data
for developing targeted preventative strategies.

Talaromycosis was frequently reported in China and was
most prevalent in the south of the country.*$:5%:¢% A few stud-
ies reported increasing rates over the years that correlated with
HIV infection’?:%® providing further evidence for the need
to develop effective strategies for the early identification and
management of cases of HIV infection. A population-based
study in the USA identified that coccidioidomycosis cases in-
creased between 2014 and 2017 from 8.232 to 14 364/year.”’
However, more contemporary data are required to determine
current trends. Cases of paracoccidioidomycosis decreased by
11% between 2011 and 2012 in Rondénia State, Brazil.3!
No current data are available, and data from other regions
or other countries were not identified as part of this system-
atic review. This underscores the need for robust surveillance
to accurately determine trends over time.

This systematic review has several limitations. The inclu-
sion/exclusion criteria may have resulted in several impor-
tant studies being excluded. This may have affected the find-
ings of this systematic review. The failure to include studies
in languages other than English, conference abstracts, and
pre-prints may have biased the findings. This is likely very
relevant for T. marneffei, Coccidioides spp., and Paracoccid-
ioides spp. given they occur more commonly in non-English-
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speaking countries. The heterogeneity of the studies and the
paucity of the included data limit our ability to draw any firm
conclusions regarding the epidemiology, impact, and outcome
of infections due to T. marneffei, Coccidioides spp., and Para-
coccidioides spp.

Talaromyces marneffei, Coccidioides spp., and Paracoccid-
ioides spp. are associated with significant morbidity and mor-
tality. Thus, screening and prophylaxis to prevent reactivation
are critical. Morbidity can be significant in those with coc-
cidioidal meningitis and in those who develop fibrosis related
to paracoccidioidomycosis, impacting ability to work. While
some public health interventions have been implemented,
evaluation of their efficacy is required. Clinical breakpoints
need to be determined for these fungi so clinicians can develop
effective treatment strategies. This requires the efforts of my-
cologists, globally. Future research in this area should include
the performance of more comprehensive systematic reviews of
T. marneffei, Coccidioides spp., and Paracoccidioides spp. re-
moving the language and study period restrictions. In this set-
ting, it is likely that formal meta-analyses (using generalized
linear mixed models) could be performed. Narrative reviews,
systematic reviews, meta-analyses, or network analyses should
also be performed on the treatment of these pathogens. Such
comprehensive reviews will result in more robust data. This, in
turn, will allow for the improved identification of priorities for
public health interventions and research and development for
T. marneffei, Coccidioides spp., and Paracoccidioides spp. at a
regional and local level. Most importantly, global surveillance
studies are required to better determine the burden, annual
incidence, global distribution, and trends of these important
fungi.
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