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SUMMARY Talaromycosis is an invasive mycosis endemic in tropical and subtropical
Asia and is caused by the pathogenic fungus Talaromyces marneffei. Approximately Copyright © 2023 American Society for
.. . . Microbiology. All Rights Reserved.

17,300 cases of T. marneffei infection are diagnosed annually, and the reported mor-
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tic approaches for talaromycosis have received far too little attention worldwide. In
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2021, scientists living in countries where talaromycosis is endemic raised a global
demand for it to be recognized as a neglected tropical disease. Therefore, T. marnef-
fei and the infectious disease induced by this fungus must be treated with concern.
T. marneffei is a thermally dimorphic saprophytic fungus with a complicated myco-
logical growth process that may produce various cell types in its life cycle, including
conidia, hyphae, and yeast, all of which are associated with its pathogenicity.
However, understanding of the pathogenic mechanism of T. marneffei has been lim-
ited until recently. To achieve a holistic view of T. marneffei and talaromycosis, the
current knowledge about talaromycosis and research breakthroughs regarding T.
marneffei growth biology are discussed in this review, along with the interaction of
the fungus with environmental stimuli and the host immune response to fungal
infection. Importantly, the future research directions required for understanding this
serious infection and its causative pathogenic fungus are also emphasized to identify
solutions that will alleviate the suffering of susceptible individuals worldwide.

KEYWORDS Talaromyces marneffei, talaromycosis, growth biology, host immune
response, infectious disease, pathogenic mechanism

INTRODUCTION

alaromyces marneffei is a saprophytic fungus with complex mycological growth; it

can form multiple cell types, including conidia, hyphae, and yeast, throughout its
life cycle. T. marneffei infection causes talaromycosis, an endemic invasive mycosis
found primarily in tropical and subtropical Southeast Asia. Travelers who have visited
areas of endemicity are also potentially vulnerable (1-6) (Fig. 1). T. marneffei infection
was first observed in bamboo rats in 1956 (7, 8), and the first reported case of natural
human infection occurred in 1973 (9); in the following 15 years, cases remained spo-
radic in Thailand, Hong Kong, and southern China (10). However, the number of
reported infections subsequently increased with the emergence of the HIV pandemic.
Since the 1990s, talaromycosis has become one of the most common illnesses among per-
sons living with HIV in areas of endemicity (11-13). By mid-2022, over 288,000 talaromyco-
sis cases had been reported in 34 countries (Fig. 1), accounting for a pooled prevalence of
3.6% among people living with HIV (6, 14, 15). Along with advancements in cancer therapy
and organ transplantation (10), an increased number of T. marneffei infections have also
emerged in HIV-uninfected patients, putting people without known immune disorders at
risk for talaromycosis. Notably, although T. marneffei was ranked second among the
world’s 10 most feared fungi in 2018 (16), talaromycosis diagnostic and treatment modal-
ities have received insufficient worldwide attention. To promote research and develop-
ment for talaromycosis, scientists from nations around the world where it is endemic
issued a plea in 2021 (17) to classify talaromycosis as a neglected tropical disease.

AIDS has been linked to numerous fungal diseases, including talaromycosis, candi-
diasis, cryptococcosis, pneumocystosis, histoplasmosis, and aspergillosis (18). High
rates of comorbidities associated with COVID-19 among persons living with HIV have
been reported (19), and individuals with severe viral respiratory tract infections, such
as COVID-19, were shown to have invasive fungal coinfections, putting a larger popula-
tion at risk for fungal infections (20, 21), especially aspergillosis and mucormycosis (20).
Since the global devastation caused by COVID-19, a great deal of attention and financ-
ing have been devoted to COVID-19-related topics, presumably reducing the funding
available for fungal infection research. Simultaneously, as the prevalence of COVID-19
increased worldwide, insufficient diagnostic and control programs for fungal infections
were performed in clinics, resulting in a double-negative effect on coinfected patients
(22). Therefore, how the emerging COVID-19 challenge impacted patients with talaro-
mycosis in countries where it is endemic, especially in poor regions, should be consid-
ered, and a series of cohort studies will likely be required after the pandemic.

The talaromycosis disease-causing pathogen, Penicillium marneffei (later renamed
Talaromyces marneffei; see below), is the only dimorphic Penicillium species capable of
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Reported talaromycosis cases worldwide from 1960s to 2020s
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FIG 1 Talaromycosis cases reported in 34 countries worldwide by the 2020s. The color of the teardrop shape represents
the range of T. marneffei infection case numbers; blue, brown, coral, red, and black indicate <5, 5 to 10, 10 to 20, 20 to
100, and >100 infections, respectively. Red, orange, and green stars represent the primary countries where talaromycosis
is epidemic, the countries where talaromycosis has the potential to become epidemic, and the countries with epidemic
talaromycosis has been imported, respectively. The numbers in parentheses indicate the diagnosed talaromycosis cases
in each country until mid-2022. Adapted using the world map from BioRender.com.

causing systemic mycosis in humans (11). Other members of the Penicillium genus are
rarely reported to infect humans or other animals, although a few cases related to special
working environments or conditions have been reported recently, including infections
with Penicillium chrysogenum (23), Penicillium roqueforti (24), Penicillium cluniae (25),
Penicillium digitatum (26), Penicillium notatum (27), and Penicillium stipitatus (28). T. marneffei
infection was first discovered over 60 years ago (5, 7, 8); however, only ~920 published
articles about T. marneffei were indexed in PubMed as of mid-2022. This low number reflects
the relative lack of research on T. marneffei compared to other pathogenic fungi (29): there
were ~13,300 articles on Aspergillus fumigatus, ~ 4,430 articles on Histoplasma capsulatum,
and ~2,430 articles on Coccidioides immitis/Coccidioides posadasii.

As new methodologies such as molecular genetic technologies and high-through-
put profiling methods have been applied to understand the molecular genetics of T.
marneffei (30), it is necessary to summarize the recent advances in T. marneffei biology
and pathogenicity research and the understanding of talaromycosis. This review dis-
cusses the current knowledge on T. marneffei infection in clinical practice, the drugs
used in patients, and newly characterized potential antifungal agents. Recent advances
in molecular genetics regarding dimorphism regulation, factors affecting 7. marneffei
infection in response to the extracellular and intracellular milieu, and the interplay
between the host immune response and this pathogenic fungus are also discussed.
This inclusive review of T. marneffei research will allow us to comprehensively under-
stand the life-threatening severity of talaromycosis, the morphology and pathogenic
mechanism regulation of T. marneffei, and the host defense response, revealing a new
range of therapeutic targets to combat these life-threatening infections, ultimately
alleviating the impact on patients and susceptible populations worldwide.

TALAROMYCOSIS
Severity and Epidemiology of Talaromycosis

The mortality risk associated with talaromycosis can reach 100% if the pathogen is
left uncontrolled in HIV-infected patients (31). However, if those individuals are treated
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FIG 2 Talaromycosis in susceptible populations. T. marneffei conidia are recognized as infectious propagules, the
transmission of which is reported to be affected by soil exposure and temperature and precipitation parameters
(left panel). The proportions of HIV-positive (~89.9%) and HIV-negative (~10.1%) persons infected with the
pathogenic fungus T. marneffei are illustrated. Talaromycosis is no longer a disease associated solely with AIDS,
although it has a high distribution level in HIV-positive persons (~89.9%). The CD4* T-cell count in patients with
HIV is generally less than 100 cells/ul, whereas the cell count in vulnerable HIV-negative individuals is normal,
with values greater than 200 cells/uL. Genotype TLR2 rs1339 and rs7656411 polymorphisms in patients living
with HIV are more frequently associated with talaromycosis. Primary immunodeficient HIV-negative populations in
Southeast Asia with HLA-DR*15:02/16:02 and HLA-DQ*05:01/05:02 are predisposed to T. marneffei infection, as are

individuals with secondary immunosuppressive deficiency.

promptly with the necessary antifungals, the risk of death is greatly reduced. Multiple
retrospective cohort studies and meta-analyses have been performed in recent decades
in countries where talaromycosis is endemic to systematically understand the overall se-
verity of talaromycosis. Talaromycosis is one of the most common health problems
among HIV-positive persons, and it is estimated that talaromycosis will threaten the lives
of 23,117 individuals by the year 2050 (32). In China (including Hong Kong), Vietnam,
Thailand, and India, the prevalence of talaromycosis in individuals with HIV ranges from
0.1% to 26.7%, with mortality rates ranging from 8% to 40% (14). Approximately 99% of
T. marneffei infections in China were reported in the southern regions: 43% in Guangxi
Province and 41% in Guangdong Province. Of these, 88% were found in persons living
with HIV (33) (Fig. 2). A total of 16.1% of HIV-positive persons in Guangxi were coinfected
with T. marneffei, and these individuals had a substantially higher mortality rate (25.0%)
than those not infected with T. marneffei (13.8%) (34). The proportion of persons with HIV
infected with T. marneffei in Guangdong was 9.5% to 18.8% (35, 36), and the mortality rate
was 14.0% to 25.09% (14, 37). In Vietnam, the proportion of HIV-positive persons infected
with T. marneffei was reported to be 4.9% to 8.2%, and the mortality rate was 28.6% to
33% (38-40). The proportion of talaromycosis patients living with HIV in Thailand was as
high as 12.26%, and the mortality rate was reported to be 20.7%. These reports delineate
that T. marneffei infection is a nonnegligible issue that threatens populations in countries
where talaromycosis is endemic and exhibits geographical variations (14) (Fig. 1).

Areas where talaromycosis is endemic have expanded from southern China,
Southeast Asian countries, and northeast India, the traditional primary regions of ende-
micity, to 34 countries worldwide (6) (Fig. 1). More areas where talaromycosis has the
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potential to become epidemic, including parts of northern China, eastern India, the
Korean Peninsula, Japan, eastern Australia, the central part of the United States, and
western Africa (Fig. 1), have been identified from the Maxent ecology model analysis
(41). The Maxent model is based on different talaromycosis distribution-driving varia-
bles, such as the distribution of Rhizomys (T. marneffei reservoirs; see next section), the
HIV/AIDS epidemic, temperature, and precipitation, among which Rhizomys distribu-
tion is the key driving factor (41). In addition to those potential risk areas, along with
the global travel, other individuals from different countries (i.e., imported epidemic
countries shown in Fig. 1) who have visited these areas of endemicity have been diag-
nosed with T. marneffei infection (6), broadening our understanding of talaromycosis
epidemiology and highlighting the need to be aware of the increased risk of talaromy-
cosis worldwide.

In addition to increasing T. marneffei infection rates among individuals with HIV,
more HIV-uninfected but immunocompromised patients (10.1%) have been infected
since the mid-1990s (6, 10) (Fig. 2). This situation is associated with the expanded utili-
zation of potent immunosuppressive drugs in transplant recipients and autoimmune
disease patients. Primary immunodeficient patients with anti-interferon gamma (anti-
IFN-y) autoantibodies (auto-Abs) and secondary immunosuppressed patients (e.g.,
hematological transplant recipients) who received novel therapies such as anti-CD20
monoclonal antibodies (MAbs) or kinase inhibitors showed a higher incidence of talar-
omycosis (42, 43). Anti-IFN-y auto-Ab-induced immunodeficiency was first described in
Thailand and the Philippines in 2004 (44, 45), although such immunodeficiency has
also been associated with a predisposition to other microorganism infections, such as
melioidosis and salmonellosis (46). Patients with higher-titer serum neutralizing anti-
IFN-y auto-Abs that inhibit STAT1 phosphorylation and interleukin 12 (IL-12) produc-
tion had a severely impaired immune response (47). Moreover, it was later discovered
that Asian ethnicity was linked to T. marneffei infection and anti-IFN-y auto-Ab immu-
nodeficiency (42). The presence of anti-IFN-y auto-Abs is significantly linked to the
HLA-DR*15:02/16:02 and HLA-DQ*05:01/05:02 haplotypes in populations in Southeast
Asia (48, 49) (Fig. 2). This association was recently noted to be especially strong in
Chinese populations (50), indicating that non-HIV-infected populations with this HLA
class haplotype in regions of endemicity may be at higher risk for T. marneffei infection.
In addition, improved and novel immunomodulation methods in organ transplanta-
tion, particularly renal transplantation (10), and hematological malignancy, anti-IFN-y
auto-Ab and anticancer targeted treatment, such as the application of rituximab (51)
and obinutuzumab (52) as anti-CD20 MAbs, were associated with increasing talaromy-
cosis complications (43). Therefore, the dosing regimen and time intervals in immune
modulation therapy should be addressed and evaluated in clinical practice, especially
in countries where talaromycosis is endemic.

Moreover, with advancements in clinical immunological diagnostics, children with
primary immunodeficiency syndromes have also been documented to be vulnerable
to T. marneffei infection (10, 53, 54). Approximately 50 pediatric patient cases from Asia
have been recorded to date. Immunodeficiency, such as CD40L deficiency, autosomal
dominant (AD) hyper-immunoglobulin E (hyper-IgE) syndrome, IL-12/IFN-y axis defi-
ciency, and other unknown specific immune defects, is increasingly being associated
with pediatric talaromycosis in HIV-uninfected patients (54). A substantially higher
mortality rate was discovered among HIV-uninfected individuals due to the disease se-
verity and poor outcomes, especially in those presenting with few typical signs and
symptoms. China has reported death rates of over 32% among HIV-negative patients.
The fatality rate of HIV-uninfected children is much higher, reaching 55% in some cases
(53). The mortality rate of extremely advanced HIV-infected patients appears much
greater in low-income countries than in industrialized countries (55), consistent with
the theory that delayed diagnosis or misdiagnosis may contribute to the elevated mor-
tality rate of HIV-uninfected patients. Tuberculosis is the most common misdiagnosis;
80% of talaromycosis cases are misdiagnosed as tuberculosis (56). Therefore, greater
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caution should be exercised in diagnosing such infectious diseases; rapid and accurate
diagnostic approaches and timely pharmacological interventions are urgently needed.

Reservoirs and Transmission of T. marneffei

Bamboo rats and humans are the most prevalent animal hosts of T. marneffei,
although this fungus has also been identified in canines (57-59). However, the route of
transmission of pathogenic T. marneffei to humans remains unclear. Human inhalation
of airborne conidia from an environmental source, such as soil, followed by distribution
to other body sites is a commonly held belief concerning T. marneffei transmission
(60). Multiple lines of evidence suggest a quick progression from infection to dissemi-
nation in patients. The clinical manifestations of a disseminated infection might arise in
just a few weeks (61, 62), although there have been exceptions in patients with pro-
tracted latent infections (63, 64). T. marneffei was found in 43 captured adult Rhizomys
pruinosus rats in Guangxi, China, with a 100% detection rate, although no obvious
pathological alterations were found in any of the rat organs (65). In addition, no iso-
lates were discovered in the fetuses of pregnant rats, suggesting that no vertical trans-
mission occurs, at least among rats (65). Enzootic infection in bamboo rats occurred in
the same areas as endemic talaromycosis in humans, and rat species known to be
infected include Rhizomys sinensis, R. pruinosus, Rhizomys sumatrensis, and Cannomys
badius (66-69), suggesting that humans are infected by rodents or both are infected
through their common environment.

The pathogen transmission origin of T. marneffei infection is thought to be the soil
in which rodents live, and rodents are natural reservoirs of the fungus (Fig. 2). This
assumption is supported by genome characterization studies that revealed that the ge-
notype of T. marneffei from both bamboo rats and humans corresponds to geographi-
cal regions (65, 70). However, the lack of success in the endeavor to isolate strains from
ambient soil samples, such as bamboo rat burrows and patient residential areas (57),
remains puzzling. T. marneffei has been isolated from only two soil samples out of 29
bamboo rat burrows (57, 71) to date. Additionally, a multilocus microsatellite typing
(MLMT) analysis of 10 bamboo rat isolates collected from Manipur, India, showed that
all 21 microsatellite loci were identical to that of the human T. marneffei isolate CBS
101038, implying that host-to-host transmission is possible (72). Although it is still not
able to discriminate among sources of human contamination, advanced multilocus
sequence typing (MLST) analysis demonstrated that 43 rodent isolates and 40 human
isolates were comparable. It was also revealed that in sensitive populations where
humans more frequently come into contact with bamboo rats, no increase in infection
rate was detected (67), which is consistent with the finding that bamboo rat exposure
or consumption history is not a risk factor for T. marneffei infection (17). However, soil
exposure, especially in rainy seasons, is pivotal for T. marneffei infection (73, 74). In
addition, one interesting study recently conducted in the Guangdong Province of
China suggested that temperature is an environmental factor for talaromycosis in per-
sons with HIV (75) (Fig. 2). Importantly, a high percentage of populations in regions of
endemicity are in low-income areas; for example, over half of the populations in
Vietnam and Guangxi, China, live in the countryside (17). Farmers are at a much greater
risk of developing talaromycosis (i.e., 70 to 90%) than nonfarmers (17, 73), highlighting
the severity of talaromycosis among impoverished people.

In addition to spontaneous talaromycosis cases, laboratory-acquired T. marneffei
infections have been reported. Thus, talaromycosis has been identified as a cause of
laboratory-acquired infection. The first documented human infection case (8), detected
before the first natural infection case report in 1973 (9), was a laboratory infection pro-
duced by direct inoculation of the fungus into the skin in 1959. Since then, a physician
who was unknowingly HIV positive was diagnosed with another laboratory infection in
1994 after visiting a laboratory and occasionally being exposed to a T. marneffei culture
(76). These incidents not only support the widely held belief that conidium inhalation
is the pathogen’s primary mode of transmission but also emphasize the importance of
biosafety in laboratory work with pathogenic T. marneffei.
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TABLE 1 Comparison of the clinical manifestations of talaromycosis in HIV-positive and HIV-negative patients

Clinical Microbiology Reviews

Data by group and reference no.

HIV positive (78% male)

HIV negative (65% male)

Parameter 77 60 12 63 72 36 82 83 84 77 10 56
No. of cases 116 160 155 21 36 1,079 343 87 15 34 119 162
% males 68.10 ~a ~ 90.40 91.40 79.80 70.80 93.00 80.00 50.00 55.00 74.00
% with clinical manifestation
Weight loss ~ ~ 71.60 81.00 100.00 49.80 73.80 ~ 46.70 ~ 28.60 29.01
Fever 87.10 95.30 98.00 95.20 97.00 85.60 87.50 93.10 66.70 64.70 74.80 82.72
Cutaneous lesions 40.50 60.00 69.70 76.20 81.00 44.50 46.30 35.60 46.70 41.20 44.50 53.09
Umbilicated lesions 38.79 ~ ~ ~ ~ ~ ~ ~ 0.00 14.70 ~ ~
Sweet’s syndrome 0.00 ~ ~ ~ ~ ~ ~ ~ 40.00 14.70 ~ ~
Cough 27.60 44,50 49.70 5240 ~ 68.00 43.40 ~ 80.00 23.50 42.00 85.19
Anemia 6.90 81.00 74.80 85.70 86.00 95.60 ~ ~ 0.00 0.00 39.50 4444
Diarrhea 12.90 22.67 23.20 19.00 22.00 44.30 ~ ~ 0.00 5.90 12.60 ~
Hepatomegaly 36.20 38.30 43.90 42.90 39.00 51.70 44.00 ~ 0.00 17.60 19.30 37.65
Splenomegaly 21.60 15.50 13.50 476 ~ 54.60 39.70 ~ 0.00 5.90 16.00 37.65
Lymphadenopathy 31.90 51.00 52.30 42.90 33.00 ~ 80.20 28.70 66.70 38.20 42.00 66.05
Arthritis/osteolytic lesions 0.00 0.00 7.80 0.00 0.00 46.70 0.00 0.00 46.70 14.70 34.40 24.69

a~, no corresponding clinical record.

Clinical Manifestations of Talaromycosis

Talaromycosis demonstrates typical clinical manifestations in patients with HIV, and
similar features have been reported in different case series (12, 60, 77) (Table 1).
Comparative clinical characteristics of cases in different countries where talaromycosis is
endemic over time are analyzed and summarized here (Table 1), including the Thai
patients reviewed in the 1990s (78, 79). For example, fever (97%), weight loss (100%),
weakness (86%), anemia (86%), and distinctive skin lesions were found among the 36
patients studied between 1998 and 1999 at J. N. Medical Hospital in Manipur, India
(81%) (72). In the clinical reports collected from 47 case series from 1994 to 2004 in
Hong Kong with a mean patient age of 43 years, fever (96%), anemia (79%), and lymph-
adenopathy (62%) were the most common clinical manifestations (80). Furthermore,
common clinical features with slight differences were revealed in HIV-positive persons
with talaromycosis (~78% male) in Vietnam (81), Thailand (77), and China (36, 82, 83)
from 2005 until 2018. Typical skin lesions, fever, and weight loss syndromes were
observed in the majority of clinical HIV-positive persons. Anemia and diarrhea were also
common in approximately half of the infected populations, as were hepatomegaly,
lymphadenopathy, splenomegaly, and cough (Table 1). T. marneffei infection has been
classified as one of the leading AIDS-defining illnesses in various regions, such as
Thailand and Hong Kong, China (11, 80), and talaromycosis is anticipated to become an
indicator of AIDS in Southeast Asia.

Importantly, depleted CD4* T lymphocyte number is the most visible clinical char-
acteristic in persons living with HIV. The median CD4™ T-cell counts of HIV-positive
persons with talaromycosis are commonly less than 100 cells/uL (36, 77, 78, 80-83)
(Fig. 2). In contrast to the depleted numbers in HIV-positive persons, the CD4* cell
count in HIV-negative talaromycosis patients is generally normal, at more than 200
cells/uL (Fig. 2), such as the recorded 640 cells/uL among the 34 patients in Thailand
(77). These results are consistent with the premise that the immunological deficit in
HIV-negative patients, unlike in those with HIV, is not due to CD4* lymphocytopenia
(77). Intermittent fever, skin lesions, and widespread lymphadenopathy have also been
documented in HIV-uninfected patients, among whom 65% are male (Table 1),
although the clinical manifestations are not identical. Regarding clinical characteristics,
HIV-negative individuals were more likely to develop bone and joint infections, such as
arthritis and osteomyelitis (10, 56, 77, 84) (Table 1). However, because comparable
lesions have been reported for other systemic infectious diseases, such as cryptococco-
sis, blastomycosis, African histoplasmosis, and tuberculosis, it is difficult to utilize these
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syndromes as common criteria for clinical talaromycosis diagnosis. In addition to the
nontypical clinical features, the low percentage of T. marneffei infections in HIV-nega-
tive patients frequently leads to significant infections being neglected or missed dur-
ing clinical diagnosis (77), and the lack of attention paid to T. marneffei infection can
result in high severity at diagnosis and poor treatment outcomes for T. marneffei-
infected HIV-negative patients.

Clinical Pathology of Talaromycosis

Talaromycosis pathology differs among organs and is typically dependent on the
host immunological state. AIDS patients with a diffuse infiltrate of lung-laden macro-
phages and lymphoid depletion frequently exhibit anergic and necrotizing tissue reac-
tions. The liver, lungs, and skin, as well as lymph nodes, bone marrow, and intestines,
are often affected (12, 60). Liver biopsy revealed equal proportions of three histological
patterns of hepatic lesions, which are diffuse, granulomatous, and mixed types, in 30
HIV-infected patients with disseminated T. marneffei infection in northern Thailand
from 1998 to 1999 (85). Abnormal liver function with increased albumin and aspartate
aminotransferase (AST) levels and AST/alanine aminotransferase (ALT) ratios are com-
monly found in talaromycosis patients (86, 87). In the alveolar space of the lungs, ag-
gregate macrophages with localized fibrinous exudate are observed. Typical skin
lesions consisting of papules with core necrotic umbilication have historically been
considered as a significant clinical diagnostic sign of T. marneffei infection in AIDS
patients (88). Both granuloma formation and widespread pathology contribute to the
pathogen'’s ability to locate and infect HIV-positive persons.

Clinical Diagnosis of Talaromycosis

T. marneffei infection is potentially curable if a clinical diagnosis is made promptly
and accurately during the early stages of infection. Most existing procedures for diag-
nosing T. marneffei infection are pathogen based, such as microscopy and laboratory
cultures, serological antigen or antibody detection, and molecular PCR testing. A host-
based detection approach based on immune response factors such as antibody testing
and IFN-y release level detection (17) was also developed. The majority of the T. mar-
neffei-infected hosts evaluated by the former detection technique were AIDS patients
with characteristic clinical symptoms. Therefore, this pathogen-based diagnostic tech-
nigue can nearly completely cover clinical talaromycosis diagnosis in HIV-positive indi-
viduals, especially in areas of endemicity. However, several documented patients
developed talaromycosis years after T. marneffei exposure (2, 89-91), suggesting that
T. marneffei can remain latent inside the host and can be reactivated later (64),
although there remains a lack of clinical evidence or animal experiments to show the
existence of T. marneffei latent infection. The clinically reported latent talaromycosis
cases include HIV-positive (2) and HIV-negative individuals, such as organ transplant
immunodeficient patients (89, 91) and patients with pulmonary disease (90). All of
these patients were found to have positive T. marneffei growth from lung or blood
specimens months or years later after their travel to an area where talaromycosis was
epidemic, suggesting that T. marneffei can evade the host immune system and persist
intracellularly for long periods of time (2, 89-91). Therefore, finding a prediction or
quick-detection tool based on the host response is extremely important.

Diagnosis based on pathogen detection. The gold standard for clinical T. marneffei
infection diagnosis is microscopic proof of the presence of the pathogen in tissues, the
effective isolation of the fungus from patient specimens, or both. Several microscopy
detection methods are available, including laboratory staining of histological structures
or the detection of acquired cytology specimens. Grocott methenamine silver or peri-
odic acid-Schiff staining of histopathological sections reveals characteristic round to
oval T. marneffei yeast cells that divide by cross-wall formation inside macrophages.
Wright's staining of specimens obtained by fine-needle aspiration, such as lymph node
specimens, bone marrow aspiration, touch smears of skin, or lymph node biopsy,
shows clear basophilic, spherical, oval, and elliptical yeast cells with distinctively central
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septation formation characteristics that are diagnostic for T. marneffei (62, 79, 92).
Notably, T. marneffei mycological culture is the definitive diagnostic method for patho-
gen identification in the clinic. This fungus has discriminative culture visualization char-
acteristics due to its distinctive dimorphic growth. The mold-to-yeast form conversion
is induced by incubating the growth on brain heart infusion agar at 37°C after growing
the mycelia at 25°C on Sabouraud dextrose agar, where it shows a greenish yellow
color and a characteristic red diffusible pigment (93). According to the data from differ-
ent specimens, such as sputum (34%), blood (76%), skin biopsy (90%), bone marrow
(100%), and lymph node biopsy (100%), the detection accuracy for laboratory culture
can be as high as 100% (11). However, because of the slow growth of T. marneffei,
mycological cultivation is classically time-consuming (i.e., at least 6 days for growth)
and frequently falls short of the needs of clinical diagnosis, resulting in delayed clinical
antifungal therapy. Therefore, more efficient diagnostic methods should be developed
to support the auxiliary diagnosis of talaromycosis in the clinic.

A variety of antigen or antibody detection approaches have been used to diagnose T.
marneffei infection, such as the immunohistochemical detection of the early-produced
monoclonal antibody EB-A1 to galactomannan (GM) predominantly found in Aspergillus
spp. and T. marneffei (94, 95). Although the GM assay displayed a cross-reactivity for
other fungal species (e.g., Cryptococcus neoformans), a significantly higher GM assay opti-
cal density (OD) index was detected for talaromycosis (95), facilitating earlier diagnosis of
T. marneffei infection. The B-p-glucan assay is a classically used serodiagnosis method
for invasive fungal infections, such as aspergillosis and candidiasis (96). An elevated B-o-
glucan serum level was also observed in 82% (9/11) of talaromycosis patients in Japan
who had histories of travel to countries where talaromycosis is endemic (97), suggesting
that it is a candidate clinical diagnosis method for those settings. Antiglobulins (e.g., rab-
bit antiglobulins) (98) and murine immunoglobulin M (IgM) monoclonal antibodies (99)
were generated through T. marneffei yeast or mycelial cell immunological reactions in
various hosts. Antigens from T. marneffei, such as immunogenic yeast proteins (200, 88,
54, and 50 kDa) (100), 38-kDa mycelial protein(s) (101), and cytoplasmic yeast proteins
(61, 54, and 50 kDa) (102), can elicit human responses. These are some of the candidates
for the development of specific antibodies to identify disseminated T. marneffei infection.
When utilizing T. marneffei germinating conidia and yeast for the reaction test, it has
been found that the induced immunoglobulin G (IgG) level in infected patients is greater
than 1:160, while the level in noninfected patients is less than 1:40. Hence, the proposed
approach for identifying IgG antibodies in T. marneffei-infected individuals was evaluated
(103). Antibodies with beneficial properties and good prospects for clinical use,
monoclonal antibody (MAb) 4D1 (104, 105) and anti-Mp1p (106) MAb, both with high
sensitivity (86%) and specificity (100%), were developed in Thailand and Hong Kong,
respectively. A rapid lateral-flow immunochromatographic test system (104) and immu-
nochromatographic strip test approach (107) were further developed for talaromycosis
diagnosis, with low limits of detection and cross-reactivity and high sensitivity and accu-
racy in urine specimens, providing a rapid but inexpensive diagnostic method for clinical
use. Mp1p antigen testing using matched plasma and urine specimens has been shown
to have the highest detection sensitivity, significantly better than blood mycological cul-
ture in terms of both sensitivity (88.8% versus 72.8% [P < 0.001, McNemar test]) and
diagnosis time (6 h versus 6.6 = 3.0 days) (106), and the detection results are superior to
those of the GM assay, especially for patients with low CD4* T-cell counts (<50 cells/uL)
(108). It is noteworthy that anti-Mp1p MADb is being investigated as a quick diagnostic
and screening tool for talaromycosis in a multicenter prospective research project
(ClinicalTrials.gov no. NCT04033120) (109), and a commercial antibody version for clinical
usage was introduced in China in 2019 (17). As a result, as more translational scientists
and firms become involved and more potential diagnostic applications are becoming
available, more nonculture-based diagnostics for talaromycosis development can be
achieved, thus speeding up the clinical diagnosis process and reducing the damage
caused by T. marneffei infection.
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Furthermore, molecular approaches based on PCR methodology have been developed
for quick diagnosis. The process involves the creation of oligonucleotide primers based on
species-specific DNA sequences, such as the commonly used internally transcribed spacer
of the 5.85 rRNA gene (ITS1-5.85-ITS2) (110) and the 18S rRNA (111) and MP1 (112) genes.
For pathogen detection, various amplification methods have been developed, including
single PCR, nested PCR, one-tube seminested PCR, and rolling-circle amplification (17).
However, because large clinical studies are required to determine the efficiency and sensi-
tivity of pathogen detection and prediction, these expensive molecular assays have not
yet been widely utilized. Nevertheless, due to the high sensitivity (range from 10% to
100%) and specificity (>95%) of molecular methods in rapid diagnostics, much focus has
been placed on them recently (113). Furthermore, next-generation sequencing (NGS) has
been developed and increasingly applied in clinical diagnosis, including for fungal infec-
tions (114). A total of 11 NGS-diagnosed T. marneffei infection cases have been reported,
among which 7 cases were in unexpectedly HIV-negative individuals (114), providing a val-
uable exploration of the potential application of NGS in the rapid clinical diagnosis of talar-
omycosis, especially among HIV-uninfected individuals.

Diagnosis or prediction based on the host response. Talaromycosis patients pres-
ent with certain syndromes or cytokine secretion disorders, thus providing multiple
clinical diagnostic criteria for T. marneffei infection. Stepwise flow cytometric evalua-
tion was used to suggest a pipeline for diagnosing T. marneffei infection in HIV-unin-
fected pediatric patients based on genetic defect traits or primary immunodeficiency
syndromes in the IFN-y/STAT1 signaling pathway (54). Patterns of high IgM levels but
low 1gG and immunoglobulin (IgA) levels or very high IgE levels may suggest CD40L
deficiency or STAT3 gene mutation. Gain-of-function STAT1 disease is diagnosed by
STAT1 hyperphosphorylation in response to IFN-« or IFN-y and delayed dephosphoryl-
ation, whereas IFN-y receptor deficiency is suggested by STAT1 phosphorylation in
response to IFN-y but a normal response to IFN-a (54). The level of serum anti-IFN-y
auto-Abs is a major detection criterion in adults. Accordingly, the diagnostic pipeline
offers a simple and quick diagnostic algorithm for HIV-negative patients and can
potentially be employed in the clinic, speeding up the clinical diagnosis of talaromyco-
sis in HIV-uninfected patients.

Recently, a new T. marneffei infection prediction model was developed. In a large-
scale cohort study, machine learning was used to produce accurate risk and clinical
outcome assessments based on an association analysis between T. marneffei infection
and the clinical features presented by HIV-infected patients. Skin lesions, the AST level,
the ALT ratio index (AARI), peripheral or abdominal lymphadenopathy (POAL), and
CD4* T-cell number are all good candidate classifiers according to different prediction
models. For the early diagnosis of T. marneffei infection, the existing random forest (RF)
model combining the patient AST level and the AARI has high classification power (82).
The use of prediction models shows that frequently collected data in clinical practice
will be usable in the future for accurate and quick diagnostic prediction.

Clinical Treatment of Talaromycosis

Antifungal drugs utilized in clinics. Amphotericin B (AmB) is the first-line antifungal
medicine used for severe talaromycosis (115), followed by weeks to months of azoles
such as itraconazole and voriconazole (115) and posaconazole (116). For AIDS patients,
international recommendations include intravenous AmB at 0.6 to 0.7 mg/kg of body
weight or, where available, 3 to 5 mg/kg of liposomal AmB daily for 2 weeks (115).
However, the high cost and difficulties in gaining access to AmB for many Asian
patients and the limited supply of the lower-toxicity liposomal AmB formulation have
restricted its use in clinical regimens and exacerbated the severity of T. marneffei infec-
tion in poor countries where talaromycosis is endemic. Recent clinical investigations
revealed that AmB was not superior to itraconazole in terms of mortality or fungicidal
activity in the initial clinical treatment (33, 38, 72, 74, 81, 117), although some analyses
demonstrated that itraconazole alone is less effective than AmB (118). In addition,
there were few differences in medication efficacy between voriconazole and AmB
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(119), showing that the two are similar as clinical therapy options. Therefore, itracona-
zole has become a popular choice for treating talaromycosis in countries where talaro-
mycosis is endemic, such as China, Vietnam, and India (120). Since AmB is costly and
can cause serious side effects in patients, including renal failure, electrolyte abnormal-
ities, vasculitis, and bone marrow suppression (121), azoles are administered with close
clinical monitoring when AmB is unavailable.

Due to the current limitations of fungicides such as azoles and AmB, alternative anti-
fungal targets have been found for potential use in treating T. marneffei infection. These
expanded pop genes, for example, encode aspartyl proteases and have been linked to T.
marneffei intracellular proliferation after infection (122). The pop genes are orthologs of
pep genes, which are associated with the virulence of Candida species (123) and A. fumi-
gatus (124). Notably, clinical antiretroviral medications that target HIV aspartyl protease
have an inhibitory effect on Candida albicans (125), suggesting that antiretroviral drugs
could potentially be utilized to suppress T. marneffei growth in the host. Furthermore,
the growth inhibitory effect of galactose on clinical T. marneffei isolates was discovered
by the Yuen group (126). Unlike the usual morphology of elongated hyphae following
1% glucose cultivation at 37°C, the injected conidia cultivated at 1% galactose only
barely germinated into ballooning forms within 72 h. Because galactose metabolites are
harmful, elucidating the metabolic process could lead to the creation of avirulent 7. mar-
neffei mutants and hence to the development of new vaccines.

Many strategies for screening antifungal agents against T. marneffei have been
implemented recently (127-131), and such screens have identified the novel fungicidal
drug olorofim, which is in the phase Ilb clinical trial stage for fungal infection treatment
(129), and the traditional Chinese medicine osthole, which exhibits antifungal activity
against the yeast form of T. marneffei (130). The screening of antifungal agents against
T. marneffei from marine-derived actinomycete extracts revealed one hexane extract,
AMAS50CH, with effective fungal killing activity in vitro and survival-prolonging activity
in a Caenorhabditis elegans infection model (128). In addition, purified proteins derived
from the Thai medicinal plants Andrographis paniculata and Rhinacanthus nasutus also
exhibited substantial fungal killing capability against T. marneffei (127, 131). These find-
ings not only indicate the potential of these candidates in clinical application but also
suggest that additional agents in nature should be identified or tested in talaromycosis
therapy in the future.

Clinical drug resistance. Recurrence or relapse frequently occurs in T. marneffei-
infected patients (132) after clinical treatment. Therefore, consolidation treatment and
long-term secondary prophylaxis with oral itraconazole are routinely required to pre-
vent the recurrence of this illness after the induction therapy of talaromycosis is com-
pleted successfully (133). Since prophylaxis and therapy might continue anywhere
from a few weeks to months, the long-term exposure of fungal isolates to azole drugs
provides opportunities for the development of drug resistance (134).

Systematic drug susceptibility testing of T. marneffei isolates demonstrated high
sensitivity of all isolates to the antifungal drugs AmB, itraconazole, voriconazole, posa-
conazole, ketoconazole, flucytosine, and terbinafine, while the minimal inhibitory
concentration (MIC) values of the drugs fluconazole, anidulafungin, micafungin and
caspofungin against T. marneffei were relatively high and exhibited with heterogeneity
among isolates (129, 135-137). The drug susceptibility of T. marneffei is consistent with
the classical clinically utilized drugs prescribed to talaromycosis patients, and fortu-
nately, no clinical drug-resistant T. marneffei isolates have been discovered yet. In case
of future treatment failure, efforts have been made to better understand T. marneffei
drug resistance pathways. PmMMDR1 and PmMDR3, which code for major facilitator
superfamily (MFS) transporters, have been identified as multidrug efflux pumps in
T. marneffei and are involved in drug resistance to azoles (e.g., fluconazole and posaco-
nazole), pyrimidine analogs (e.g., flucytosine), and antimalarials (138). Therefore,
T. marneffei appears to have the potential to develop drug resistance, similar to other
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pathogenic fungi (139, 140). More efforts are needed to understand the mechanism of
T. marneffei drug resistance and to identify targets to reduce its prevalence.

T. marneffei Coinfection Cases

It is worth noting that coinfections with T. marneffei can be detected in HIV-positive
persons at a high frequency, especially coinfection with candidiasis (42%) (75), Pneumocystis
pneumonia (19.9%) (75), tuberculosis (15.3%) (75), cytomegalovirus (17.3%) (36), salmonello-
sis (3.5%) (74), cutaneous herpes (4.6%) (74), and others (74). Tuberculosis, cryptococcosis,
and talaromycosis are the top three opportunistic illnesses in persons with HIV, and they all
have lethal consequences in these vulnerable populations (11). For example, Mycobacterium
intracellulare has been detected in an HIV-positive individual along with T. marneffei (141).
Moreover, patients infected with multiple fungal pathogens have been recorded, such as
eight HIV-positive patients who were thoroughly investigated and found to have coinfec-
tion with T. marneffei and C. neoformans (142). The different pharmacological sensitivities
of T. marneffei and C. neoformans to fluconazole and itraconazole have created a serious
therapeutic issue in clinical settings, particularly in resource-limited areas (142).

Mixed infections are also commonly reported for HIV-uninfected patients with talaromy-
cosis, such as coinfection with nontuberculous mycobacteria (NTM) (143), Mycobacterium
tuberculosis (144), and C. neoformans (142, 145). Both T. marneffei and NTM monoinfections
have recently become more common in HIV-negative patients (10, 146, 147). However,
these pathogens share common clinical manifestations in patients after infection, such
as increased anti-IFN-y auto-Ab levels in the host (148), making the reliable clinical diag-
nosis of all infected pathogens challenging. Clinical parameters such as the anti-IFN-y
auto-Ab titer, white blood cell count, neutrophil count, erythrocyte sedimentation rate,
and C-reactive protein level were significantly higher in the 22 patients with T. marneffei
and NTM coinfection than in patients monoinfected with either T. marneffei or NTM,
while the CD4" T-cell count was lower in a systemic evaluation study conducted in 2021
(143). Therefore, the study provided monitoring criteria and guidelines for detecting
coinfection in clinics. Remarkably, 77.3% of these reported coinfected patients were ini-
tially diagnosed with only one pathogen infection, highlighting the need for accurate
detection of mixed pathogens in susceptible patients (143). Therefore, various types of
simultaneous pathogen infections with T. marneffei should be considered during diagno-
sis in immunocompromised hosts.

MOLECULAR GENETICS OF T. MARNEFFEI
T. marneffei Biology

After the discovery of T. marneffei, a Penicillium-like fungus, by Segretain at the
Pasteur Institute in Paris in 1956, its taxonomy was maintained for almost 50 years. T.
marneffei was previously classified in the Penicillium subgenus Biverticillium and given
the name Penicillium marneffei in honor of the director of the Pasteur Institute (7, 8).
However, further phylogenetic research on species relationships revealed that the
Penicillium subgenus Biverticillium is distinct from other Penicillium subgenera and that it
should be taxonomically separated from Penicillium and grouped with Talaromyces spe-
cies (104). Therefore, P. marneffei was reclassified into the genus Talaromyces and named
T. marneffei in 2011 based on the findings of various DNA-related studies, including mi-
tochondrial genome sequences and other DNA markers, such as the rRNA ITS region and
the RNA polymerase (RNAP) Il subunit-encoding gene RPB1 (30, 149, 150).

T. marneffei is known for its dimorphic growth mode, mostly caused by thermal
switching (Fig. 3). At 37°C, the fungus produces uninucleate yeast cells with ovoid to
elongated types that divide by fission rather than budding (93), and diffuse brown
(melanized) pigment can be detected (151). T. marneffei demonstrates most of the
characteristics of filamentous fungi, including filamentous growth and asexual devel-
opment. The fungus grows as a multicellular, multinucleated mycelial form at room
temperature, with a high growth rate due to the apical expansion of terminal cells and
branching. When grown colonies are cultured on agar plates, such as Sabouraud dex-
trose agar, they are pale gray-green with scattered red pigments. T. marneffei exhibits
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FIG 3 Life cycle and morphology growth regulation of dimorphic T. marneffei. T. marneffei yeast morphology
forms in vitro and in vivo at 37°C (upper panel), while hyphal monogrowth and asexual development occur at
25°C (lower panel). When the temperature is altered, the dimorphic transition between yeast and hypha can
occur (middle panel). This transition is thermodynamically regulated with no precise temperature threshold and
is under both genetic and epigenetic control (e.g., RNA structural changes) via unidentified mechanisms. T.
marneffei can grow under a wide range of culture conditions, including temperatures ranging from 8°C to 39°C,
pHs from 3.2 to 10.1, and low salinity, as shown in the illustration. Adequate hyphal development can be
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temperature over 32°C are ideal conditions for yeast development. The conidial germination, hyphal growth,
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diagram. The identified transcription factors involved in each phase are highlighted with red labels.

asexual development throughout the filamentous growth stage under appropriate
environmental induction conditions, and infectious propagule conidia with small diam-
eters (3 to 4 um) are consecutively formed. Conidia are reproductive cells that are fre-
quently pale green in appearance. The pigment, particularly the hyphal dispersed red
pigment, is a pivotal diagnostic feature for T. marneffei in mycological culture in the
laboratory. The pigment is a secondary metabolite of T. marneffei; 23 polyketide syn-
thase (PKS) genes and two PKS-nonribosomal peptide synthase hybrid genes have
been discovered. Phylogenetic analysis shows that these T. marneffei PKSs are distrib-
uted evenly across other fungal PKSs, indicating that T. marneffei PKSs did not diverge
from lineage-specific gene duplication through a recent expansion and that their func-
tions can be predicted to be homologous with those of other fungal metabolites (152).

Life Cycle of T. marneffei

Despite its thermally dimorphic growth mode, T. marneffei is more closely phyloge-
netically linked to molds such as Talaromyces, Penicillium, and Aspergillus spp. than to
ordinary budding yeasts, such as the budding yeast Saccharomyces cerevisiae, the fis-
sion yeast Schizosaccharomyces pombe, and Candida spp. (30, 149). The mitochondrial
genome of T. marneffei has been studied and found to be most closely related to that
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of the model fungus Aspergillus nidulans (153). It is generally known that under 25°C or
37°C culture conditions, the inoculated uninucleate conidia can develop into yeast or
hyphal forms (154). T. marneffei produces reproductive conidia in a primitive process of
asexual growth comparable to that of Aspergillus spp. Asexual development begins in
the presence of abundant air replenishment, such as an air interface. Furthermore, a
specific type of hyphal cell known as foot cell is created, frequently followed by multi-
nucleate stalk cells with an enlarged diameter. A secondary stalk cell termed rama is
then created constantly, and a septum is formed between these two distinct cell types,
which is absent in A. nidulans. Then, budding division occurs, rather than apical devel-
opment and septation, and a layer of sterigma cells, including metulae and phialides,
are produced at the tip of stalk cells. In some circumstances, sterigma cells bud directly
from foot cells without stalk generation. However, the quantity of spores is much lower
than that produced by A. nidulans, which produces approximately 100 conidia per
chain (154, 155) (Fig. 3).

The process from conidial germination to hyphal development, involving isotropic
swelling of conidia within the first 6 h and polarized germinated tube creation by 12 h,
is unaffected by the culture temperature (Fig. 3). At 48 h after germination, morpholog-
ical differentiation can be observed, with long (40 wm) vegetative hyphal cells growing
at 25°C and highly branched shorter but wider (20 um) yeast cells growing at 37°C.
Furthermore, after 72 h of culture at 37°C, a transitory cell type, uninucleate single
arthroconidia, is formed and liberated through cell separation. Finally, these elongated
arthroconidia generate small yeast cells (2 to 5 um) that initiate polarized growth
before proceeding to fission division. Notably, a distinct yeast form growth stage pro-
gresses inside infected host macrophages, in which conidia germinate directly to yeast
forms without the establishment of a hyphal network (156). The in vivo versus in vitro
differences show that the morphological transition occurs under different genetic reg-
ulatory mechanisms and that yeast and hyphal cells have type-specific cell viabilities or
susceptibilities in response to host defense. A typical filamentous development pro-
gression begins at 25°C. The germinated conidia tube develops apically, producing
lengthy hyphae before forming subapical and branching cells. The vegetative cells are
multinucleated, with nuclear and cellular divisions uncoupled during growth, whereas
the older subapical cells are often uninucleate. Aside from the production of separate
cell types after conidial germination, dimorphic transfer from yeast to hyphae can
occur directly under temperature control, and vice versa. Briefly, when yeast cells are
transferred from 37 to 25°C, apical development continues, but multinucleate hyphal
cells emerge; when hyphal cells are shifted to 37°C, uninucleate arthroconidia and real
yeast cells form (154) (Fig. 3). Therefore, the dimorphic switching of T. marneffei is
induced by temperature alone, highlighting the importance of the temperature adap-
tation capabilities of this fungus for its pathogenicity and virulence upon transfer from
a low-temperature natural environment to a high-temperature condition inside an
infected host. Understanding the environmental conditions that regulate dimorphic
switching and the inner molecular genetic control in this pathogenic fungus is impor-
tant for gaining essential insights into the pathogen and the clinical infection process.

T. marneffei was previously thought to be a strictly asexual fungus (157). However,
several lines of evidence have emerged from genome sequence investigations that
indicate that this fungus may have a sexual cycle (158-160). (i) The closest mold spe-
cies, Aspergillus spp., exhibit homothallic or heterothallic sexual cycles. (ii) Crucial genes
related to sexual development, such as mating-type genes, genes for meiosis, and
genes for pheromone processing enzymes, pheromone receptors, and pheromone
response pathways, are also found in the T. marneffei genome. (i) The SET12 family
gene stlA can complement the sexual defect morphology resulting from the steA muta-
tion in A. nidulans, and the gene stuA can compensate for the sexual defect that results
from stuA deletion in A. nidulans when the gene is expressed through the A. nidulans
promoter rather than its own. These hints point to the existence of a cryptic sexual
cycle in T. marneffei, which may require specific developmental conditions that have
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yet to be identified. Isolates with two different mating types (MAT-1 a box or MAT-2
high-mobility group mating-type genes) (Fig. 3) have been isolated from environments
with an unequal distribution. This discovery suggests that T. marneffei can undergo a
heterothallic form of sexual development, potentially representing the undiscovered
sexual cycle attributable to the unusual correct matching of the two mating types in
nature. However, the spatial specificity of the T. marneffei genotype distribution in na-
ture suggests that although a sexual cycle may exist in T. marneffei, it occurs infre-
quently. Overall, the absence or rarity of sexual reproduction in T. marneffei reveals
that the asexual life cycle is the primary mode of reproduction, resulting in stable ge-
nome maintenance in T. marneffei.

Environmental Factors Affecting Cell Type Formation

The production of differentiated cell types is triggered by temperature. The opti-
mum growth temperature for T. marneffei is 17 to 28°C, with a wide growth range, 8 to
39°C (Fig. 3). The best growth occurs at 28°C, as evidenced by measuring the growth
diameter of the fungus cultured on Sabouraud dextrose agar plates (161). When the
temperature exceeds 32°C, the dimorphic transition from hyphae to yeast occurs, with
maximum yeast growth at 37 to 39°C. When the temperature exceeds 39°C, fungal de-
velopment is impeded, but viability can be maintained for up to 1 week at 40°C.
Furthermore, because T. marneffei is an intracellular pathogen, host variables (detailed
in the section below) significantly impact dimorphic transformation (162, 163). Another
crucial component of fungal morphological change is pH. Although T. marneffei can
grow at pH 3.2 to 10.1, pH 5 to 7 at 28°C or pH 4 to 6 at 37°C is ideal for yeast or hyphal
growth, respectively (Fig. 3). T. marneffei can assimilate a variety of carbon types,
including glucose, galactose, maltose, cellobiose, and xyloses; however, the shape of
the conidium can be affected (126). On the other hand, high salt concentrations (e.g.,
>8% NaCl or CaCl,) inhibit T. marneffei (161), in contrast to the case with the well-char-
acterized endemic soil pathogen C. immitis (164). The capacity of C. immitis to flourish
at high salinity and high temperatures is compatible with its abundant natural pres-
ence in soil, where it competes with other soil microorganisms; therefore, the inability
of T. marneffei to tolerate high salinity is consistent with its seemingly restricted sur-
vival capability in soil (57), possibly explaining the difficulty of isolating T. marneffei
from soil.

Environmental signals affect the development of T. marneffei. Under 0.1% glucose,
conidiophores can form within 2 days; however, under carbon-adequate growth condi-
tions, conidiophores are visible only after 5 days (e.g., 1% glucose) (154). Multiple envi-
ronmental factors that usually stimulate the conidiation process in A. nidulans or other
Penicillium spp. have been reported (165), such as light, high osmolarity, nutrient star-
vation, and calcium replenishment, despite the lack of direct laboratory evidence for
factors that contribute to conidiation induction in T. marneffei (165). It is currently
unknown whether these elements have a similar effect on T. marneffei conidiation
induction. A convincing demonstration of these environmental induction variables and
signal sensing systems, which are crucial for T. marneffei virulence, is pivotal for the
pathogenic management of those dispersive pathogenic propagules.

Genetic Regulation of Morphological Switching

Morphological transitions are under sophisticated regulation in T. marneffei (Fig. 3;
Table 2). The molecular mechanisms governing conidial germination, hyphal and yeast
morphogenesis, and dimorphic growth in T. marneffei are currently being investigated,
and various signaling pathways have been found (163, 166). At both 25 and 37°C, the
conidium germination and polarity establishment signaling pathway, which includes
heterotrimeric G protein and Ras signaling, two-component signal sensing, calcium sig-
naling, and downstream mitogen-activated protein kinase (MAPK) signaling cascades,
has been extensively studied. In the process of forming diverse cell types, conserved
proteins intricately collaborate with distinct downstream effectors. The G protein subu-
nit, as reported for A. nidulans and S. cerevisiae, is also important in T. marneffei conidial
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TABLE 2 Identified or described genes participating in T. marneffei growth and morphogenesis

Growth and morphogenesis path Gene Product Role(s) Reference(s)
Conidium germination at 25°C/37°C gasC Ga subunit Positive regulation of germination 167
Conidium germination at 25°C/37°C cflA Rho GTPase Gemination, polarized growth of yeast 168
and hypha
Conidium germination at 25°C/37°C cfiB Rho GTPase Polarized growth of hypha and 168
conidiophore
Conidium germination at 37°C pkaA PAK Conidium germination 168
Conidium germination at 25°C rasA Ras GTPase Negative regulation of gemination, 168
polarized growth of yeast and
hypha
Conidium germination hhkJ HHK (class X) Conidium germination 172,173
Conidium germination sIlnA HHK (class VI) Conidium germination 172,173
Conidium germination yakA Ser/Thr protein kinase Conidium germination 170
Both yeast and hypha morphogenesis myoB Type Il myosin Hyphal, conidiophore, and yeast 169
morphogenesis
Yeast morphogenesis repression at tupA Tup1p/GROUCHO-related Yeast morphogenesis repression 170
25°C but not for yeast growth WDA40 transcription factor
Yeast morphogenesis in macrophages pkaB PAK Yeast morphogenesis during 162
macrophage infection but not
in vitro
Yeast morphogenesis pkaA PAK Yeast morphogenesis 168
Yeast morphogenesis in macrophage simA Cytochrome P450 Essential for yeast cell production 250
monooxygenase during macrophage infection
Yeast morphogenesis sakA MAPK Yeast morphogenesis in vitro and in 174
macrophages
Morphogenesis rfxA RFX transcriptional regulator Essential, required for growth and 180
nuclear division
Hypha morphogenesis tbpA TATA-binding transcription Essential for hyphal growth, less 181
factor significant effect in yeast growth
Morphogenesis yapA Basic leucine zipper Delay in both yeast and hypha growth 178
transcription factor
Hypha morphogenesis sinA HHK (class VI) Hypha morphogenesis 173
Hypha morphogenesis drkA HHK (class 1) Hypha morphogenesis 173
Dimorphic transition (hypha to yeast) areA GATA transcription factor Facilitates yeast growth under host 182
conditions
Dimorphic transition (hypha to yeast) abaA ATTS transcription factor Hypha-to-yeast form transition 184
Dimorphic transition (hypha to yeast) msgA Dbl homology/BAR domain- Maintain yeast growth under host 183
containing protein conditions
Dimorphic transition (hyphal growth) hgrA C2H2 transcription factor Hyphal growth inducer 185
Dimorphic transition (hyphal growth) madsA MADS box transcription Hyphal growth 169
factor
Dimorphic transition (hypha to yeast) drkA HHK (class ) Production of yeast cells (dimorphic 173
switching)
Conidiation brlA C2H2 transcription factor BrlA Conidium formation 184
Conidiation abaA ATTS transcription factor Conidium formation 184
Conidiation stuA APSES transcription factor Metula and phialide production 189
Conidiation tupA Tup1p/GROUCHO-related Conidiation repression 177
WDA40 transcription factor
Conidiation hgrA C2H2 transcription factor Conidiation repression 185
Conidiation sakA MAPK Positive in conidium no. formation 174
Conidiation slnA HHK (class VI) Promotion of conidiation 173
Conidiation drkA HHK (class Ill) Promotion of conidiation 173
Conidiation hhkJ HHK (class X) Promotion of conidiation 172,173
Conidiation cnaA Calcineurin homolog Promotion of conidiation 192
Conidiation gasA Ga subunit Negative regulation of conidiation 193
Conidiation gasC Ga subunit Negative regulation of conidiation 167
Conidiation rasA Ras GTPase Negative regulation of conidiation 168
Conidiation yakA Ser/Thr protein kinase Conidiation under carbon starvation 170

germination. The canonical heterotrimeric G protein is composed of three subunits (¢,
B, and ), only one of which (the a subunit) is required for T. marneffei conidial germi-
nation. In T. marneffei, three subunit-encoding genes, gasA, gasB, and gasC, have been
found to encode the G protein « subunit. GasC, but not GasA or GasB, and the Pho
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GTPase CflA are necessary for conidial germination at either temperature (167), and
both are found upstream of the p21-activated kinase (PAK) PkaA. However, PkaA is
essential for growth at 37°C but not at 25°C. Specifically, the Ras GTPase RasA is
required for CflA or PkaA phosphorylation at 25°C during germination (168) but is not
involved in yeast growth at 37°C (169). Disruption of the Ser/Thr protein kinase-encod-
ing gene yakA resulted in early conidial germination with changes in cell wall integrity
and chitin deposition through transcriptional regulation of the chitin synthase genes
chsB and chsG (170). The path that many downstream effectors take for cell develop-
ment is under thermodynamic thermoregulation (Fig. 3). Recently, the function of
hybrid histidine kinases (HHKs) from two-component systems during germination has
been studied. Fungi have expanded sets of HHKs that are classified into 11 classes (i.e.,
| to XI) and act as alternate signaling sensors to those G proteins (171). The genes hhkJ
and sinA (172, 173), which encode class X and class VI HHKs, respectively, have been
shown to play roles in conidial germination via interactions with CflA or PkaA. Notably,
deleting sInA alters the phosphorylation level of the MAPK component SakA, affecting
yeast growth both in vitro and in macrophages (174). Of note, SakA phosphorylation
has been shown to affect conidium dormancy status and conidial germination transi-
tion in A. nidulans (175). Therefore, the characterization of the function of SakA in T.
marneffei conidium maintenance and germination would help elucidate the dormancy
of propagule conidia and stress signaling sensing interactions.

Several proteins have been identified as regulators of T. marneffei morphology (Fig. 3).
Since T. marneffei undergoes cell division to produce hyphal or yeast forms, the myosin-
producing gene myoB has been shown to generally affect the morphogenesis of diverse
cell types, regardless of whether the cell formation procedure is budding or fission division
(176). TupA, a Tup1p-related WD40 repeat transcription factor, is essential for yeast mor-
phological growth repression at 25°C but not for yeast growth (177). The basic leucine zip-
per (bZip) transcription factor YapA is required for both yeast and hyphal growth (178).
RfxA is the only known transcription factor from the regulator factor X (RFX) family that
can bind the X box promoter regions in the T. marneffei genome. Because the RFX protein
component is substantially conserved from yeast to humans (179), it has been speculated
that RfxA is involved in cell cycle and cell division regulation and its effect on T. marneffei
morphology has been observed, although the regulatory mechanisms remain unclear
(180). The TATA-binding protein TbpA was demonstrated to be essential for hyphal
growth, as a tbpA mutant failed to grow at 25°C but showed merely yeast growth reduc-
tion at 37°C (181). The demonstrated dimorphic transition factors include AreA, AbaA,
MadsA, MsgA, and HgrA. The GATA factor AreA, a nitrogen regulator involved in proteases,
and the Dbl homology/BAR domain-containing protein MsgA have been shown to facili-
tate or maintain yeast growth under host conditions (182, 183). Deletion of the ATTS
(AbaA, TEClp, TEF-1 sequence) transcription factor-expressing gene abaA causes a growth
defect in the hyphal-to-yeast form transition (184), demonstrating the regulatory role of
AbaA in the morphological transition. The madsA gene, which encodes a MADS (MCM1,
AG, DEFA and SRF) box transcription factor, has been discovered to be involved in hyphal
growth. MadsA overexpression promotes hyphal production even under yeast-growing
conditions at 37°C (169). Constitutive overexpression of the hyphal growth inducer C;H,
transcription factor HgrA inhibits conidiation and yeast growth (185), implying that hgrA
downregulation is required for appropriate yeast growth inside the host, which is crucial
for T. marneffei pathogenicity. Overall, these factors show that the regulation of T. marnef-
fei pathogenesis is inextricably related to morphological growth. Because the morphology
regulatory mechanism remains obscure, advanced efforts and approaches should be
applied to characterize morphology regulation in T. marneffei.

Aside from factors characterized through molecular validation or genetic analysis,
recent high-throughput approaches have revealed additional regulatory pathways,
best exemplified by the newly revealed noncoding RNA and RNA structural changes,
which are critical in the mycelium-to-yeast transition or temperature-shifting response
(169). These findings suggest that epigenetic control may play a role in the dimorphic
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transition, but the mechanisms are unclear (Fig. 3). MicroRNA (miRNA)-like RNAs, which
are dependent on the Dicer enzyme Dcl-2, show differential expression in the yeast
and hyphal growth stages (186), as do cell-type-specific proteins such as heat shock
protein (HSP) Hsp90 and catalase-peroxidase (187). Although numerous genes relevant
to the phase transition have been found, no genes that can specifically produce dimor-
phism in T. marneffei have been identified to date. Previous experimental results have
shown that the thermally dependent dimorphic transition is not a sharp change at a
temperature threshold but a programmed or thermodynamic regulation process (169).
Therefore, sequential time course monitoring of the process, including transcription
and translation regulation, appears to be necessary for uncovering the morphological
growth and dimorphic regulation mechanisms.

Genetic Regulation of Asexual Development

The regulation of asexual development has been well demonstrated in A. nidulans (188).
Consistent with the discovery in A. nidulans, BrlA and AbaA are key regulators of asexual de-
velopment in T. marneffei, along with the development modulator StuA (Fig. 3). BrlA is a
GC,H, zinc finger protein encoded by the brlA gene. The Andrianopoulos group has shown
that BrlA and AbaA have a conserved function in the T. marneffei conidiation process. Loss
of brlA or abaA results in a deficiency in conidium production morphology (184). The afore-
mentioned kinase YakA has been shown to be involved in the conidial production process
through the transcriptional upregulation of the abaA and brlA genes in cultivation on
potato dextrose agar (PDA) medium but not under conditions with an adequate supply of
glucose (170). The gene stuA, which encodes a protein in the APSES (Asm1p, Phd1p, Sok2p,
Efg1p and StuAp) protein family, is necessary for metula and phialide cell production during
asexual development but not for the fission process in yeast form growth. It has also been
demonstrated that ectopic expression of T. marneffei stuA can compensate for the conidia-
tion deficiency induced by A. nidulans stuA deletion, highlighting the conserved function of
StuA in asexual development (189). Other factors, such as TupA, which functions similarly
to Tup1 in S. cerevisiae (190) or RcoA in A. nidulans (191) as a pleiotropic repressor via RNA
polymerase Il recruitment suppression and chromatin structure modification, are also
involved in regulating the development process. Deletion of the tupA gene results in a pre-
mature brlA-dependent asexual development phenomenon in solid culture but not in sub-
merged culture (177), demonstrating the repression function of TupA in conidiation (Fig. 3).

In addition to these core regulators, the kinases SakA (174), SInA (173), and DrkA (173)
and the calcineurin CnaA (192) play roles in asexual development. SakA, a stress-activated
kinase, is a component of the MAPK stress signaling cascade. The sakA gene mutation not
only impairs the T. marneffei stress response but also results in a significantly reduced coni-
diation formation number (174). SInA and DrkA are two-component histidine kinases. The
deletion of either dInA or drkA causes delays in asexual development accompanied by
reduced brlA expression, and DrkA has a greater influence than SInA (173). The cnaA mu-
tant had a lower frequency of phialide and conidium formation with an unknown mecha-
nism (192). On the other hand, upstream signaling proteins, such as the Ga subunit of the
heterotrimeric G protein GasA (homologous to A. nidulans FadA), are also important regu-
lators of conidiation but not dimorphic switching or growth. It has been shown that GasA
negatively affects the expression of the regulators BrlA and AbaA at 25°C (193). Overall,
given the importance of kinases in signaling transmission, comprehensive functional char-
acterization of those kinases and phosphatases is crucial for understanding the develop-
ment and morphology of T. marneffei.

Taken together, these findings show that more investigations should be performed
on how the aforementioned factors affect morphology regulation and how a single
component can be implicated in distinct morphogenetic programs. Given that tran-
scription factors frequently influence numerous downstream genes, revealing the func-
tion of these DNA-binding proteins and the regulatory network of the T. marneffei
growth and development cycle is critical. As previously described, putative binding
sites for BrlA, AbaA, and StuA have been identified in the promoter region of the rfxA
gene, which encodes the regulator RfxA (179), implying a cross-regulatory or
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hierarchical regulatory network of these fundamental developmental regulators with
other pathway factors. Therefore, in addition to the high-throughput techniques used
in specialized morphological or developmental programs, such as gene expression
(194) or protein expression (182) profiles, a comprehensive characterization of T. mar-
neffei regulators expressed at different growth stages globally is critically needed.
Regulator characterization would help us improve the visualization and understanding
of the regulatory process by better depicting these regulatory paths, thus improving
our currently limited understanding.

INTERPLAY OF T. MARNEFFEI WITH THE HOST IMMUNE SYSTEM

Talaromycosis is an opportunistic mycosis caused by the pathogen T. marneffei that is
most prevalent in individuals living with HIV and those with compromised immune systems.
Microorganisms have developed a spectrum of strategies in the long-term competition with
environmental stresses or host defenses, including the versatile bacterial antiphage systems
(195-198). Similarly, T. marneffei has developed sophisticated mechanisms to antagonize
immune responses in the interaction of fungal pathogens and human cells (199), and the
host immune system has evolved to recognize, activate, and eliminate pathogens.
Dimorphic switching and yeast form growth inside host cells are critical pathogenic factors
for the dimorphic pathogen T. marneffei. As summarized in the previous section, distinct
pathways, such as signal transduction (i.e., drkA, sinA, rasA, cflA, cfIB, pkaA, and pkaB), devel-
opment (i.e, drkA and abaA), cell wall integrity (i.e, drkA and hgrA), and cell division (i.e.,
myoB and rfxA), are involved. In the case of the host immune response, innate immune sys-
tems are the first line of defense against infection by fungal pathogens (199, 200).
Macrophages and neutrophils are the dominant phagocytotic alveolar cells involved in T.
marneffei infection, facilitating the phagocytosis of the fungus and playing major roles in en-
abling hematogenous dissemination for invasive infection. A thorough understanding of T.
marneffei biology and survival capability within the host and the interaction between host
immune system and the fungus would advance our clinical strategies and the search for
antifungal targets, allowing effective control of the disease caused by T. marneffei infection.

Host Defense against T. marneffei Infection

The host immune system recognizes pathogen-associated molecular patterns (PAMPs)
through specific germ line-encoded pattern recognition receptors (PRRs), including Toll-
like receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), complement
receptors (CRs), and mannose receptors (201, 202). In T. marneffei, identified PAMPs
include the Mp1 mannoprotein in conidia and the N-acetyl-3-p-glucosaminyl groups in
the yeast cell wall, which are recognized by host unidentified PRR(s) (202). TLRs (i.e., TLR1,
TLR2, TLR4, and TLR6), CR3, and dendritic cell (DC)-specific intercellular adhesion molecule
3 (ICAM-3)-grabbing nonintegrin (DC-SIGN) have been characterized to function in T. mar-
neffei recognition by host macrophages or dendritic cells (203-205). It is noteworthy that
the single nucleotide polymorphisms (SNPs) of the TLR genes in HIV-positive persons, rep-
resented by the TLR2 rs1339 and rs7656411 polymorphisms, have been shown to be asso-
ciated with susceptibility to T. marneffei infection and severity of the disease (206) (Fig. 2).

Macrophages can polarize into distinct phenotypes representing different activation
states in the immune response and host defense, albeit with instability (207, 208). During
pulmonary fungal infections, the most commonly differentiated macrophage types are
classical M1-like and alternative M2-like macrophages (207, 208). Inflammatory cytokines,
such as IFN-y, can stimulate the formation of M1-like macrophages in response to fungal
infections (209). M1-like macrophages have microbial killing abilities due to the generation
of reactive oxygen species (ROS) and reactive nitrogen species (RNS). These fungal cell wall
components, such as B-glucan and a-mannan, are essential for the activation of macro-
phage recognition receptors (e.g., Dectin-1 and Dectin-2) (210, 211), leading to the produc-
tion of Dectin-1-dependent ROS or cellular cytokines (199). Anti-inflammatory cytokines
such as IL-4 and IL-13, IL-1R and TLR, and IL-10 and glucocorticoids promote M2a-like,
M2b-like, and M2c-like macrophage polarization, respectively (208). M2a-like cells are one
of the M2-like subtypes involved in antifungal responses, but they do not kill invading
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red. Macrophage polarization can be triggered by both infectious conidia and stimulated yeast cells of T. marneffei. Innate immune cells
such as macrophages (points 2 and 3), neutrophils (point 4), and dendritic cells (DCs) (point 5) play important roles in the host response.
MO macrophages can be activated to the M1-like and M2a-like polarization subtypes via regulation of the polarization factors SOCS3 and p-
STAT6, respectively, after T. marneffei phagocytosis (point 2). TNF-a and CD86 are M1-like activation markers, while Arg-1 and CD206 are
M2a-like activation markers (point 3). The main phagocytic cells involved in pathogen eradication are M1-like macrophages and neutrophils,
while M2a-like cells appear to provide a protective “hotbed” for fungal proliferation, representing the macrophage paradox effect (points 2,
3, and 4). Along with M2a-like subtype polarization, the alternative splicing of the immune-inflammatory factor NCOR2-013, regulated by
TUTA1, is also involved, enabling fungal cell proliferation or survival (point 3). Neutrophils have fungicidal activity that partially depends on
the enzyme myeloperoxidase (point 4). T. marneffei infection induces the ERK1/2 or JNK1/2 and p38 signaling pathways and autophagy
activation in DCs. Activation of ERK1/2 and suppression of JNK1/2 and p38 can activate autophagy and secretion of the cytokines TNF-q,
IFN-y, IL-10, and IL-13, facilitating the inhibition of pathogen proliferation. Activated DCs can also be hijacked by HIV for its transmission
(point 5). The microenvironment of phagolysosomes within macrophages is critical for combating pathogens, as evidenced by enhanced
ROS and RNS, acidic pH, decreased iron and zinc ion availability, calcium ion elevation, nutritional deprivation, and heightened copper
concentration (point 6). T. marneffei can adjust its gene expression and regulation to compete with the host inside this hostile environment,
and this process is potentially governed by numerous transcription factors with unidentified mechanisms (point 7). Furthermore, the
activated innate immune response can stimulate or inhibit acquired immunological responses, including Th1-, Th17-, and Treg-related

reactions (point 8).

pathogens as effectively as M1-like cells; instead, M2a-like polarization is primarily involved
in promoting the immune response (207) (Fig. 4). Therefore, the polarization state of mac-
rophages has been identified as a possible deciding factor in disease progression.

T. marneffei infection has been found to cause macrophages to polarize into the
M1-like and M2a-like subtypes (212-215) (Fig. 4). Both the conidium and yeast forms of

March 2023 Volume 36 Issue 1

10.1128/cmr.00051-22

20


https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00051-22

Talaromycosis and Talaromyces marneffei Clinical Microbiology Reviews

T. marneffei have been shown to induce the polarization of macrophages into the M1-
like phenotype, while with the progression of infection, the M1-like markers tumor ne-
crosis factor alpha (TNF-a) and CD86 gradually decreased, along with the induction of
the M2-like markers Arg-1 and CD206 (215). Furthermore, the decrease in CD86 marker
levels was demonstrated to result from T. marneffei absorption or uptake of CD86 dur-
ing the M1-like/M2-like cell type conversion (214). Although the mechanism of cellular
CD86 depletion after fungal pathogen infection is unclear, because CD86 level reduc-
tion is linked to Th1-cell activity inhibition (216) (Fig. 4), the process is speculated to be
significant in aiding fungal pathogen escape from immune cell killing. Notably, not
only T. marneffei infection but also cytoplasmic yeast antigen (CYA) stimulation signifi-
cantly increased the expression of M1-like activation markers, such as inducible nitric
oxide synthase (iNOS), NO, IL-12, TNF-«, and M2a-like activation markers (i.e., arginase1
and urea), at an early stage after infection (212) (Fig. 4). Hence, it is proposed that the
design and development of an anti-CYA vaccine could potentially be a novel way to
prevent T. marneffei infection.

Macrophages are indispensable in the host immune defense after fungal pathogen
infection establishment through phagocytosis. However, a macrophage paradox effect
(217), in which macrophages provide a niche for fungal pathogens to evade the host's
defense systems, is a common strategy exploited by several pathogens (217-220). In real-
time monitoring of the dynamics of the T. marneffei phagocytosis process, Ellett et al.
found a nondetectable reduction in fungal cell number after the inoculation of conidia
into an established zebrafish model to induce systemic infection (220). These findings sug-
gest that macrophages act as a “hotbed” of protection against conidial parasitism. The
strategy of T. marneffei escape from immune systems has been demonstrated through
stimulating M2-like macrophage polarization via the degradation of the M1-like polariza-
tion factor SOCS3 and hence relieving its inhibitory effect on the M2-like polarization factor
p-STAT6 (213). Furthermore, it has been demonstrated that suppressing macrophage
inflammatory factors (TNF-« and IL-1), facilitated by host TuT1 regulation of the alterna-
tive splicing process, producing truncated protein NCOR2-013, is vital for T. marneffei sur-
vival inside macrophages (221) (Fig. 4). These findings suggest that restricting the access
of inhaled T. marneffei propagules to the macrophage niche may improve pathogen elimi-
nation during infection establishment. Thus, transient macrophage depletion in patients
could be a novel therapeutic strategy for facilitating the eradication of Talaromyces infec-
tion or preventing infection in susceptible populations.

NLRP3 activation, which leads to the formation of the NLRP3 inflammasome, can lead
to caspase-1-dependent release of proinflammatory cytokines, such as IL-18 and IL-18,
and gasdermin D-mediated pyroptotic cell death upon host recognition of T. marneffei
(222, 223). It has been shown that in the presence of the caspase-1/-4 inhibitor VX765,
both cell death and pyroptosis can be markedly suppressed (86). T. marneffei yeast, but
not conidium, stimulation was recently shown to induce NLRP3 inflammasome-triggered
production of the cytokines IL-18 and TNF-a by human peripheral blood mononuclear
cells (224). The activated inflammasome may also help to boost adaptive Th1 and Th17
immune responses to fungal infection (Fig. 4). Furthermore, one study found that NLRP3-
or caspase-1-deficient mice have a higher mortality rate and a higher T. marneffei load
than wild-type mice (224), indicating that the NLRP3 inflammasome plays a role in host
defenses upon T. marneffei infection.

Neutrophils are another type of host phagocytic cell. Ellett et al. demonstrated that
neutrophils have fungicidal activity that partially depends on the enzyme myeloperoxi-
dase (220). Myeloperoxidase deficiency is associated with reduced fungicidal neutro-
phil extracellular trap (NET) production and elevated fungal infection risk (225, 226)
(Fig. 4). Therefore, determining myeloperoxidase levels in susceptible patients may
serve as a diagnostic parameter for these patients. On the other hand, the extracellular
signal-regulated kinase 1 and 2 (ERK1/2) pathway has been shown to accelerate cell
autophagy (227, 228), and T. marneffei phagocytosis can activate the ERK1/2 signaling
pathway, inhibiting pathogen survival (229). Furthermore, upon T. marneffei infection,
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c-Jun N-terminal kinases 1 and 2 (JNK1/2) and the p38 signaling pathway are activated,
and autophagy of DCs has been detected, which is linked to the production of the
cytokines TNF-«, IFN-y, IL-10, and IL-183, as well as pathogen proliferation inhibition
(230, 231), implying the importance of DCs in the immune response to T. marneffei
infection. Suppressing ERK1/2 or JNK1/2 and p38 results in autophagy inhibition or
activation, respectively (230, 231), demonstrating their opposite roles in DC autophagy
stimulation (Fig. 4). However, the widespread distribution of DCs in the submucosa
and their migration ability can be exploited by HIV for viral dissemination via primary
CD4* T-cell activation, leading to the hypothesis that DC activation is involved in HIV
transmission (232, 233). The immune tolerance promotion properties of DCs in infec-
tion by T. marneffei yeast cells were further characterized, and the results revealed IL-
10 and TGF-B induction and the promotion of regulatory T cell (Treg) expansion (Fig. 4)
(234). In addition, T. marneffei infection has been linked to increased HIV-1 trans-infection
and viral infection in AIDS patients (Fig. 4) (235).

Additional immune response processes have been studied, such as serum exosome
changes (236) and noncoding RNA regulation (237, 238). Three serum exosomal
microRNAs (miR-192-5p, miR-194-5p, and miR-1246) involved in immune cell signaling
pathways (e.g., transforming growth factor B [TGF-B], cAMP pathway, and others)
have been induced in AIDS patients with talaromycosis (236). Hence, these exosome-
bound miRNAs have been proposed as potential talaromycosis biomarkers for clinical
diagnosis. Bronchial epithelial cells are vital in pathogen invasion and the immune
response after the inhalation of T. marneffei, in which the negative effect of long non-
coding RNA (IncRNA) IncSSBP1 on the expression of the inflammatory factor IL-6 has
been demonstrated (238). The cross-cellular response thus emphasizes the serious
impact of fungal pathogen modulation on viral dissemination and infection amplifica-
tion, both of which affect impairment in HIV-positive individuals. Overall, elucidating
host immune response factors, particularly those specific to T. marneffei infection, has
pivotal implications for the early detection of fungal infections and the development
of antifungal targets.

The Fight between T. marneffei and the Host Inmune System

Classically, the asexual reproduction conidia of T. marneffei are recognized as infec-
tious propagules. In HIV-positive individuals and other susceptible populations, infec-
tion is established after these conidia enter the lung alveolar cells. T. marneffei, like
other pathogenic fungi, has evolved multiple adaptation or counterattack mechanisms
to survive in the hostile host environment. These processes include adherence, coloni-
zation in the host tissue, proliferation, and escape from or destruction of the host
defense system (239). Sialic acid-dependent recognition and glyceraldehyde-3-phos-
phate dehydrogenase-dependent adhesion of T. marneffei during infection have been
reported (240-242). After the establishment of infection, conidia germinate into yeast
growth forms, and pathogenic fungi use a variety of strategies to evade the host
immune system, including fungal cell wall architecturalization and remodeling, cell sig-
naling transduction, macrophage activation, and cellular environment adaptation, in
which the morphology, growth, and primary and secondary metabolism of the fungus
are modulated, maximizing its survival (64).

Fungal cell wall recognition and remodeling. The fungal cell wall is particularly
vital for recognizing and breaching the physical barriers of immune cells. Chitin, glu-
cans, mannans, and GMs are the most common PAMPs on cell walls. MyoB is vital for
chitin deposition in T. marneffei (176), but how the myosin interacts with the human
host is unknown. Among glucans, a- and B-glucan are key components of PAMPs.
Gupta discovered that when the major B-1,3/1,4 glucan-encoding gene tftA was
mutated, the fungus showed increased binding affinity to cocultured J774 macro-
phage lines, demonstrating the role of glucan in the adherence of conidia to immune
cells (243). Mannoproteins, including the well-identified mannoprotein 1 (Mp1) (244-
246) and other unidentified mannoproteins, such as those recognized by the 4D1 anti-
body, are crucial in the interaction between the fungus and host cells, and
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corresponding antibodies against these proteins have been developed for detection
purposes. Another cell wall component, melanin, is a black or brown pigment located
in the cell wall of the majority of fungi (247). The roles of melanin in the virulence of
several fungal diseases have been well documented, including the promotion of sur-
vival, resistance to host immune systems, and reduced susceptibility to antifungal
drugs (248). The genome of T. marneffei contains two common fungal melanin (i.e.,
DOPA-melanin and DHN-melanin) synthesis genes that require the activity of laccase
enzymes (249), implying that this pathogen may produce both types of melanin (250).
Deleting the laccase-encoding gene pbrB increases THP1 macrophage phagocytosis
and cytokine production (251), indicating that melanin plays a role in immune evasion.
Knocking down the alb7 gene, which is related to the biosynthesis of DHN-melanin,
results in higher H,0, susceptibility in conidia and an enhanced survival rate in
infected mice (152, 252), demonstrating the importance of this cell wall component in
T. marneffei pathogenicity (Fig. 4).

One typical survival strategy for dimorphic fungi is rapid cell wall remodeling during
infection to prevent recognition by host phagocytic cells. As characterized in C. albi-
cans, which can switch between yeast and hyphal forms inside the host, B-glucan is
concealed by the hyphal cell wall outer layers and is exposed only in the bud scars of
yeast cells predisposed to host Dectin-1-mediated recognition and phagocytosis (253).
A similar condition has been discovered in T. marneffei. The chitin synthase gene chsE
has been detected at induction levels in yeast in comparison to hyphal cells (194).
During yeast development, the expression of the cell membrane ergosterol biosynthe-
sis gene ergM is upregulated, suggesting that these cell wall components play a spe-
cific role in the interaction of yeast cells with the immunological response (194). The
yeast-specific expressed gene simA encodes cytochrome P450 (CYP) (194), an enzyme
that functions in cell wall integrity during infection and has been demonstrated to be
essential for intracellular yeast growth and survival inside macrophages but had no de-
tectable effect on in vitro growth (254) (Fig. 4).

Signal transduction pathway. Although the dimorphic transition in T. marneffei is pri-
marily influenced by temperature variations, various T. marneffei morphological types can
be observed when the fungus is grown at the same incubation temperature (33°C) but in
different intracellular habitats. The filamentous growth of T. marneffei has been observed
in neutrophils, whereas yeast forms predominate in macrophages (220). This result hints
that one or more unknown temperature-independent host factors inside macrophages
contribute to the dimorphic transition of T. marneffei. Mutation of the pakB gene, which
encodes a homolog of S. cerevisiae Cla4 p21-activated kinase (PAK), has no effect on yeast
cell development in vitro at 37°C but causes abnormal yeast cell formation inside macro-
phages (Table 2), demonstrating that the pakB mutant is responsive to host signaling
rather than temperature. In contrast, the cflA gene, an ortholog of the Cdc42 GTPase-
encoding gene cdc42, contributes to the creation of yeast cell types in vitro but is not func-
tional in murine macrophages (162) (Table 2). These findings show that phase transition
and morphogenesis in vitro and during host-pathogen interactions in vivo are controlled
by different signaling mechanisms. Separating temperature-generated responses from
those induced by host signals is critical in understanding the host-pathogen relationship
for the dimorphic pathogen T. marneffei. It is critical to determine how host variables influ-
ence fungal architecture to gain a better understanding of how fungal pathogens interact
with their hosts.

Calcineurin is required for virulence in several fungal pathogens (255-258), partici-
pating in pathways related to cation homeostasis, morphological growth, and cell wall
integrity. An increase in calcium concentration in macrophages has been detected af-
ter T. marneffei infection (259). Calcineurin is a Ca?™-dependent protein phosphatase
made up of two subunits: a catalytic subunit (CnaA) and a regulatory subunit (CnaB)
(260). Deletion of T. marneffei cnaA abolished pathogenicity in a mouse infection
model, likely mediated by increased sensitivity to ROS stress or the destruction of the
cell wall structure of the mutant conidia. When the altered conidia are ingested, they
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are unable to germinate or grow into a yeast form, resulting in a considerably lower
fungal burden and increased murine survival capability (192). The phosphorylated cal-
cineurin complex interacts with cell wall proteins directly or indirectly via the transcrip-
tion factor CrzA (257). The transcription factor CrzA can be further dephosphorylated
by the activated calcium complex in the calcium response, allowing the signal to be
translocated into the nucleus, where it can activate the transcription of cell wall biosyn-
thesis genes such as B-glucan and chitin-related genes (e.g., chsA, chsC, and fskA) or
regulate cell wall homeostasis. However, the interior regulatory mechanism of CrzA
remains unclear.

Thermal tolerance establishment. Inhaled pathogens must first establish thermal ho-
meostasis to survive in host cells due to the high human body temperature. Heat shock
proteins (HSPs) are intracellular chaperone proteins that respond to stressful conditions by
regulating correct protein folding, transport, and assembly. Many fungal pathogens inside
the host have elevated expression of HSP-related genes, such as Hsp30, Hsp70, and Hsp90,
which is mediated by the heat shock factor Hsf1 (261, 262). In T. marneffei, elevated expres-
sion of Hsp70 (263), Hsp30 (264), and Hsp90 ATPase (182) has been detected in yeast at
37°C or higher heat stress. However, whether these proteins have definite functions in the
host intracellular response requires further characterization. Since HSPs play bona fide
roles in thermal adaptation and Hsf1 is an evolutionarily conserved important heat shock
transcription factor involved in heat response (265), these proteins are hypothesized to
have significant functions in the fungus-host interaction, and further investigation in
T. marneffei is needed (Fig. 4).

Adaptation of the phagocyte oxidative stress environment. T. marneffei has been
found to stimulate macrophage polarization after infection establishment, as men-
tioned in the previous section. Upon phagocytosis, oxidative stress is a major native
defense mechanism produced by phagocytes to damage intracellular microorganisms.
Hence, multiple toxic factors, including reactive oxygen/nitrogen species, hydrolytic
enzymes, and toxic metabolites, as well as acidic phagosome conditions, are generated
(163, 266). In the 1990s, it was shown that activated macrophages that produce RNS
via the L-arginine NO pathway could destroy T. marneffei conidia and impede intracel-
lular fungal reproduction in the J774 murine macrophage model (267). Genes that
encode proteins essential for oxidative stress resistance or elimination, such as the
superoxide dismutase-encoding gene sodA (268) and the catalase-peroxidase-encod-
ing gene cpeA (269), have demonstrated enhanced expression in T. marneffei yeast
cells inside macrophages. In T. marneffei, the stress regulator AtfA (270) has been
shown to participate in the oxidative stress response, and when atfA is deleted, the
fungus’s intracellular survival capability has a 2-fold reduction. YapA positively regu-
lates the oxidative and nitrosative stress response and the survival capability of the
fungus inside macrophages (178). Furthermore, signaling genes such as rttA and sakA
are also linked to the oxidative stress response. The aforementioned hyphal growth
factor HgrA contributes to resistance against oxidative and cell wall stresses (185),
while deletion of the CYP-encoding gene simA results in unexpected H,0, and NO, re-
sistance, indicating an as-yet-unidentified role of SimA in the oxidative stress response;
however, no effect on macrophage phagolysosomal maturation was observed (254).
Hypoxia adaptation in mammalian cells is mostly accomplished through the function
of hypoxia-inducible factors (HIFs), which reprogram ATP synthesis from oxidative
phosphorylation to glycolysis (271). Although no HIF homolog has been found in lower
eukaryotes, analogous metabolic reprogramming control processes have been discov-
ered in fungi, such as the stimulation of glycolysis genes and the suppression of aero-
bic respiration genes in C. albicans (272-274). Therefore, elucidating glycolysis pathway
genes and their expression patterns in the host infection process is also vital for under-
standing T. marneffei oxidative stress adaptation. Regarding acid pH adaptation, one
study revealed that fungal acid phosphatase synthesis inhibits phagocyte respiratory
burst and improves T. marneffei survival ability (275). The antimalarial medication
4-aminoquinoline, which has been used to reduce T. marneffei growth, has been
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demonstrated to be effective in modulating macrophage intracellular pH (276). Hence,
identifying the essential mechanisms that cause T. marneffei to respond to or modulate
the intracellular acid pH can lead to the discovery of possible antifungal targets for
treating talaromycosis (Fig. 4).

T. marneffei extracellular vesicles (EVs) have recently been discovered to play a role
in talaromycosis pathogenesis (277). EVs are nanosized lipid bilayer-membrane par-
ticles that can transfer chemicals to the extracellular environment. EVs have been iden-
tified as pathogenic factors in various fungal infections, such as with C. neoformans
(278) and C. albicans (279). T. marneffei-derived EVs contain virulence proteins such as
HSPs, MP1, and peroxidase and can induce RAW 264.7 macrophages to release ROS,
RNS, and inflammatory factors (e.g., IL-1, IL-6, and IL-10) (277), thus providing new per-
spectives on fungus-host interaction studies. Therefore, further studies investigating
the intracellular communication process to functionally characterize each EV compo-
nent are needed.

Nutrient starvation adaptation. Phagocytosed pathogens have been able to repro-
gram their metabolism pathways to survive the glucose limitation inside the phago-
some by the assimilation of other carbon sources, such as amino acids, carboxylic
acids, and fatty acids (280). To use the limited resources inside macrophages, the gly-
colysis metabolism is replaced by the glyoxylate pathway in T. marneffei (281, 282). The
downregulation of the glycolytic gene gdpA and the overexpression of the isocitrate
lyase gene acuD can be observed as early as 2 h after infection (209). Many pathogenic
fungi, such as H. capsulatum (283) and A. fumigatus (284), use amino acids as a source
of carbon and nitrogen during their infectious growth. The tyrosine catabolism-de-
pendent yeast form growth of T. marneffei has also been studied (285). The tyrosine ca-
tabolism gene hdpA is required for intracellular growth, which is regulated by the
GATA-type nitrogen regulator AreA and the within-cluster transcription factor HmgR.
Notably, propionyl coenzyme A (propionyl-CoA) is a by-product of branched-chain
amino acid breakdown that has the potential to be harmful to both microbes and
human cells (286). Lacking the coenzyme B12-dependent methylmalonyl-CoA pathway
utilized by mammalian cells, fungi use an alternative metabolic pathway called the
methylcitrate cycle (MC cycle) for propionyl-CoA degradation. The importance of the
MC cycle gene MCD in T. marneffei pathogenicity has recently been established, with
MCD mutation resulting in reduced macrophage elimination (287). Tyrosine, on the
other hand, is not only a carbon/nitrogen metabolism substrate but also a precursor
for melanin formation, and amino acid metabolism is important for preventing phago-
lysosome acidification in C. albicans (288), demonstrating the multiple pathway cross-
regulation network inside fungal pathogens (Fig. 4).

Iron/zinc acquisition and copper resistance in intracellular growth. Host cells pose
many survival challenges for these phagocytic pathogenic fungi. Another harsh envi-
ronmental factor that pathogens face is a lack of important trace metals, such as iron
and zing, inside macrophages (289, 290). To thrive in iron-limited circumstances, fungi
use high-affinity iron uptake mechanisms such as reductive (RIA) and nonreductive
(non-RIA) siderophore-mediated iron assimilation (291). The intracellular growth poten-
tial of T. marneffei may be influenced by iron availability via the dysregulation of NO
synthesis (292). Both RIA (mediated by FtrA) and non-RIA (controlled by GATA factor
SreA) regulation cooperate in iron uptake in distinct cell types of T. marneffei (293), and
the glucogenesis factors AcuM and AcuK are also involved in its iron homeostasis regu-
lation (294). The acuK mutant displays higher susceptibility to macrophage killing
accompanied by failed growth under iron-limited culture conditions and glucogenic
carbon sources (295), demonstrating the function of AcuK in T. marneffei iron assimila-
tion and pathogenesis with heretofore-unidentified regulatory targets. Therefore, the
functional elucidation of these transcription factors and others could help determine
the iron assimilation regulatory pathway during fungal interplay with the host.

Fungal cells have devised mechanisms to compete with hosts for zinc to obtain these
vital micronutrients from the limited nutritional environment. The zinc transporters Zrt1
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and Zrt2 and the zinc transport transcriptional regulator Zap1 have been functionally char-
acterized in diverse fungal species (296). Unlike iron transporters, which have received
much research attention, zinc transporters have not been studied sufficiently in the patho-
genesis of fungal pathogens, although the critical role of zinc assimilation has been identi-
fied in A. fumigatus and C. albicans (297). Zinc assimilation and transcription regulation
play conserved and essential roles in evolutionarily distant fungal species (297), including
A. fumigatus (298). Importantly, the T. marneffei genome contains orthologs with high simi-
larity (>65%) to A. nidulans zapA and zinc transporter-encoding genes, suggesting the sig-
nificance of Zap1 orthologs and their downstream transporters in T. marneffei for ion
assimilation or stress response in pathogenesis, although zinc transporters or regulators
have yet to be identified in the T. marneffei genome. It is of great significance to further
identify and characterize the zinc acquisition regulation of T. marneffei inside host cells in
the future (Fig. 4).

In contrast to the limited availability of iron or zinc for pathogen assimilation, host
cells frequently employ copper as an antibacterial weapon, resulting in an excessive
copper concentration (299). Different fungal species possess conserved high-affinity
copper transporters (i.e., Ctr1, Ctr2, and Ctr3) (300), although some pathogens have
lost one or two Ctr protein copies (301). Fungal pathogens have evolved copper detox-
ification machineries (302) to eliminate the toxicity of copper. Although no copper
transporters have been discovered in T. marneffei, the copper/zinc superoxide dismu-
tase SodA is found to be induced in yeast forms inside macrophages (268). Because
copper/zinc superoxide dismutase uses intracellular copper to produce powerful anti-
oxidants, copper transport and superoxide dismutase activation must be subjected to
synchronized regulation inside the host. The discovery of the expression pattern of
such genes in different cell types of T. marneffei and during its interaction with the
host will be a significant step forward in understanding virulence mechanisms.

Secondary metabolism products. In addition to signaling transmission and macro-
phage environment adaptation, metabolism products have been linked to the pathogenic-
ity of fungal pathogens, such as the secretion of peptide toxins by C. albicans (303) and
characterized mycotoxins (e.g., gliotoxin) in A. fumigatus (304, 305). Polyketides are second-
ary metabolites, including pigments, antibiotics, and mycotoxins, produced by a wide
range of microorganisms. T. marneffei has a substantially higher number and variety of
PKS genes than other thermally dimorphic pathogenic fungi, such as H. capsulatum (25
versus 1) and C. immitis (25 versus 10) (306), implying that these fungi have diverse viru-
lence mechanisms. Four of the 25 PKS genes that encode products have been described
using well-established gene knockout methods. One encodes conidium pigment (252),
another encodes the diffusible red pigment produced by hyphae (307), and two encode
the yellow mycelial pigment (308). As previously noted, knockout of the DHN-melanin bio-
synthetic gene alb1 results in the attenuation of virulence in a mouse model (252). PKS12
and PKS11 are required for the synthesis of the T. marneffei yellow pigment components
mitorubrinol and mitorubrinic acid (308). Either pks11 or pks12 knockdown or double
pks11 and pks12 knockdown led to better survival rates of mice (308) and the reduced sur-
vival ability of mutant pathogens inside macrophages. These results demonstrate that
these secondary metabolites are vital for T. marneffei virulence (252, 308). Deletion of the
oxidative stress regulation factor YapA-encoding gene ydpA results in more red pigment
production of T. marneffei and its low survival capability in THP1 macrophages (178).
Therefore, the functional characterization of more metabolic products and elucidation of
the regulation of secondary metabolite synthesis pathways are critical for understanding T.
marneffei pathogenesis.

Many more virulence factors are warranted to be further characterized in T. marneffei.
Among these, phospholipase B is a well-characterized virulence factor in several patho-
genic fungi (309). Elevated expression levels of the phospholipase B-encoding gene plb1
were detected in the yeast growth form of T. marneffei (310), suggesting a possible func-
tion in virulence that needs to be clarified in the future. Overall, T. marneffei, like other
pathogenic fungi, has evolved several mechanisms in contention with the host, most
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notably through cell type transition regulation. For example, different cell wall compo-
nents are expressed in the yeast and hyphal forms of T. marneffei, demonstrating that cell
wall components are altered to adapt to host cells and may act as a modified cloak to pre-
vent detection by the host. Additionally, yeast cells are more sensitive than conidia to mac-
rophage-generated NO, and substantially stronger stimulation of macrophage NO produc-
tion against yeast cells has been detected (311), suggesting that host defense targets the
yeast cells rather than the infectious conidia. Therefore, understanding T. marneffei's
pathogenesis requires elucidating the regulatory functions of various cell-type-specific
components. Notably, clues from recent transcriptomic, proteomic (182, 240, 312), and
phosphoproteomic (313) analyses indicate the expression of cell-type-specific factors,
which makes the further characterization of those transcription factors systematically and
functionally possible. The established systematic chromatin profiling analytical platform in
filamentous fungi (314, 315) provides a good approach for demonstrating the functions of
those factors in T. marneffei.

OUTLOOKS
Request for Attention on Talaromycosis

Talaromycosis has been overlooked for a long time; thus, the serious problem of a
lack of vigilance regarding talaromycosis and support for talaromycosis research has
been raised, and a worldwide plea for support was made recently (17). It should be
noted that with the ever-increasing number of travelers and increased population
movements around the world, the threat of talaromycosis is no longer limited to spe-
cific countries or geographical regions: infections are occurring in more populations
worldwide (i.e., 34 countries) (6, 15), including the United States, Australia, France,
Japan, Germany, Singapore, and Canada, among others (Fig. 1). Therefore, more
research into the biology of the pathogenic fungus T. marneffei and the host-pathogen
interplay mechanism is urgently needed to improve the diagnosis and treatment of
vulnerable populations.

Several patients with endemic mycoses coinfected with COVID-19 have been system-
atically reviewed through the end of 2021, including coccidioidomycosis (n = 65), histo-
plasmosis (n = 11), blastomycosis (n = 1), and paracoccidiomycosis (n = 1), although
there are no reported talaromycosis coinfection cases (21). With the current clinical sce-
nario of the effects of the COVID-19 pandemic worldwide since 2020 and the widespread
clinical use of dexamethasone for patients with severe COVID-19, the risk of developing
mycosis is now uncertain (316, 317). Although pneumonia is a rare symptom among T.
marneffei-infected patients, such cases have been reported (318, 319); therefore, caution
should be exercised regarding how a chain effect of COVID-19 will manifest in talaromy-
cosis patients. Therefore, it is critical to obtain appropriate research funds and political
will to further understand talaromycosis and T. marneffei biology.

Pathogen research and improvements in the clinical diagnosis and therapy of talar-
omycosis should be prioritized by biological researchers in laboratories and clinical
pathologists. It is hoped that through such research, essential pathogen diagnostic
reporters and novel potential druggable fungal targets will be discovered, ultimately
reducing the burden on patients and vulnerable populations around the world. Of
note, one ongoing trial of T. marneffei antigen screening for use in populations at risk
for talaromycosis (ClinicalTrials.gov number NCT04033120) may provide opportunities
to diminish the disease (109), and a strategy of preemptive prophylactic treatment sim-
ilar to that used for cryptococcosis (320) can also be considered for T. marneffei infec-
tion in high-risk patients or individuals. Co-trimoxazole is an antimicrobial agent that
functions in microbial folate biosynthesis and is widely used in the clinic for pathogen
inhibition (321, 322). One interesting retrospective study conducted on 3,359 persons
with HIV receiving antiretroviral therapy between 2005 and 2016 in Guangxi, China,
found that patients with co-trimoxazole prophylaxis had a significantly lower T. mar-
neffei infection rate (i.e., 4.11% versus 7.53%) (323). A further study of the co-trimoxa-
zole inhibition mechanism in T. marneffei revealed that its blocking of dihydropteroic
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acid synthetase (DHPS), dihydrofolate synthetase (DHFS) and dihydrofolate reductase
(DHFR) inhibited fungal growth in an ex vivo THP1 macrophage model (324). These
findings support the need for additional epidemiological studies and further research
on the antifungal activities of co-trimoxazole in T. marneffei.

More Molecular Genetic Research Tools for T. marneffei Are Needed

For molecular genetic characterization in organisms, the availability of genetic techni-
ques is frequently the limiting step. Although the pathogenic potential of T. marneffei has
only recently been recognized, several laboratory molecular genetic research techniques
were established around the year 2000. Regarding traditional molecular genetic methods
for studying T. marneffei, several gene knockout and other gene-edited mutant strains
have been recently developed and have greatly facilitated the understanding of the biol-
ogy and pathogenicity of T. marneffei. T. marneffei is highly amenable to genetic manipula-
tion, which has sped up the genetic investigation of this fungus. For gene management in
T. marneffei, auxotrophic niaD and pyrG selection markers and a dominant selection
scheme using the bacterial bleomycin resistance gene have been developed or estab-
lished, along with a number of reporter genes and inducible promoter systems, such as
the lacZ, uidA, and fgp genes, the ethanol-inducible A. nidulans alcA promoter, and the
xylose-inducible xylP promoter (189). On this basis, a surge of genetic manipulation tools
have been developed, including the RNA interference-mediated gene silencing system
(325), homologous integration in the gene mutation system (326), and the CRISPR-Cas9
genome editing system (327). Specifically, the strain constructed by the Andrianopoulos
group, which has high homologous integration efficiency (326), improves the efficacy of
targeted gene editing, laying the groundwork for more readily available methods to char-
acterize gene functions in T. marneffei.

However, compared to other fungal infections, such as with A. fumigatus, C. albi-
cans, and even the newly discovered pathogen Candida auris, more efforts must be
made to develop toolbox applications for T. marneffei. For example, the A. fumigatus
FLARE reporter strain allows the real-time imaging of pathogen-host interactions at
the single-cell level (328). In a genetic study of the circuitry required for morphogene-
sis in C. auris, the developed tools for insertional mutant library building were useful
(329). The lack of a genetic toolbox for T. marneffei has been a major impediment to
understanding T. marneffei morphology and pathogenicity. Therefore, the construction
of genetic toolboxes for T. marneffei, such as high-throughput mutant libraries and
traceable reporter strains, will be crucial in the development and establishment of ana-
lytical tools or platforms. All of these platforms are essential for identifying molecular
regulation pathways related to pathogenicity and are the foundations for performing
functional genomic investigations.

The Adoption of a Suitable Infection Model Is Critical

The most crucial question to address during the development of an animal model
is how close the model is to the natural immunological host in the progression of talar-
omycosis. To assess this, the pros and cons of existing established models were
reviewed in a recent article (330). The in vivo animal models used for studying T. mar-
neffei infection included mouse, zebrafish, Galleria mellonella, and C. elegans, in addi-
tion to ex vivo macrophage lines. The main disadvantage of C. elegans model systems
is that they are unable to withstand human physiological temperatures (i.e., 37°C).
Although G. mellonella can be grown at 37°C and exhibits innate immune responses
that are strikingly comparable to those of vertebrates, the lack of an adaptive immune
response system (331) makes it a nonideal model for monitoring T. marneffei infection.
G. mellonella model systems, however, are still in their infancy. The use of G. mellonella
in a detailed study of the host-pathogen interaction was limited (332) due to the lack
of genomic information, mature genetic worm mutant establishment procedures, and
microarray or RNA interference libraries, among other factors. Due to the physiological
and immunological resemblance of zebrafish to humans, pathogen-host infection plat-
forms have been built to study virulence in a wide spectrum of fungal pathogens,
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including A. fumigatus (333), C. albicans (334), and C. neoformans (335). The genetic
tractability and toolbox availability of zebrafish make it possible to meet the need for a
deep understanding of diverse immune cell (e.g., macrophages and neutrophils) inter-
actions with pathogens. Researchers have recently become interested in using zebra-
fish models, within which transgenic strains with distinct immune cells are specifically
labeled, to demonstrate the function of innate immune cells during infection establish-
ment in T. marneffei (220, 336).

In comparison to these invertebrate models, mice are the best model for mimicking
the natural infection cycle in humans. However, the infection output is determined by
many factors, including the pathogen dose implanted, the infection method, and the
immune conditions of the mice. The first euthymic and athymic mouse models for
pathogenic T. marneffei were developed by the Kudeken group in the early 1990s (337,
338). After high-dose inhalation of T. marneffei in a normal euthymic mouse model
through intratracheal microorganism instillation, the mice developed a hyperinflam-
matory host response driven primarily by CD4* T cells. Such injection could result in
fatal talaromycosis outcomes; however, the exaggerated host-pathogen interaction
did not occur with a low-dose instillation of T. marneffei. This model indicated the role
of accumulating host CD4* T cells in the immunological response to pathogenic
T. marneffei, which is consistent with the fact that T. marneffei is particularly dangerous
to AIDS patients with lymphocytopenia. In addition, the Kudeken group built a con-
genitally athymic nude mouse model to confirm this finding. However, the optimal
inoculation dose to mimic a natural infection is still unclear, as is whether measuring
the immune response from a high pathogen dose added directly to the bloodstream
can accurately represent a natural infection. To remedy this situation, immunocompro-
mised mouse models, such as athymic nude mice (337), mice with immunosuppression
induced through treatment with glucocorticoids (338), and IFN-y knockout mice (339),
have been developed. Injection routes include intravenous inoculation by tail vein
injection (339), intranasal instillation, and invasive intratracheal inoculation. The last
path appears to be more similar to the natural infection process. However, current bot-
tlenecks for animal models include the impossibility or difficulty of accurately model-
ing natural infection routes or mimicking the human immune system. Overall, compre-
hending talaromycosis requires teasing apart the distinct components of host defense
systems using a corresponding infection model, and much research is still required to
elucidate the host-pathogen interactions. Notably, the recently developed innovative
high-throughput profiling spatial transcriptomics method (340, 341) provides a plat-
form for simultaneously analyzing different immune cells in infected patients, enabling
the characterization of the host response to T. marneffei infection in situ.

The interaction of coinfected pathogens with T. marneffei inside the host is another
key topic that needs thorough study. Multiple concurrent infections have been identi-
fied in patients (see “T. marneffei Coinfection Cases” above), although the synergistic
and/or antagonistic effects of these pathogens are unclear. Thus, how the host
immune system distinguishes among these infecting enemies should be examined.
With the development and advancement of cross-species gene expression analysis
platforms (342), such as triple transcriptome sequencing (RNA-seq) for investigating
coinfection of the pathogenic fungus A. fumigatus and a virus in immune cells (343),
both the host immune response and coinfection with different pathogens can be
understood spatially and temporally. Critically, this method can also potentially be
used to show how the host response to T. marneffei affects the fate of residential HIV
in talaromycosis patients living with HIV. Therefore, the interaction between the host
and the pathogen will hopefully be understood in the near future through the devel-
opment of appropriate T. marneffei infection models using sophisticated high-through-
put profiling systems.

Genome Sequences of More T. marneffei Clinical Isolates Are Essential

It is clear that the sequences of T. marneffei isolates vary. (i) Divergent biochemical
features have been found among different isolates (126, 161), particularly in terms of
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nutrient assimilation, dimorphic and monomorphic growth differences, and susceptibility
to culture temperature and pH variations. (ii) Gene alterations have been observed in
numerous environmental and clinical 7. marneffei isolates, with acquired or expanded
genes such as pop (122) and MadsA (169) accounting for a significant portion of the ge-
nome. (iii) Representative assembled genomes for isolates ATCC 18224 and PM1 sug-
gested that these isolates may have distinct chromosomal numbers (i.e., seven versus
eight) (169). Specifically, different research groups have used different T. marneffei strains,
including the first T. marneffei strain isolate FRR216/ATCC 18224 (7) (which is the derived
strain for SPM4139 that has been manipulated to effectively elevate the homologous
recombination efficiency), the IFM52703 isolate from China (344), the F4 and CBS 119456
strains from Thailand, and the PM1 isolate from Hong Kong, China (252). Due to a lack of
knowledge about the genetic background effects, the use of diverse T. marneffei isolates
in different laboratories has prompted the question of whether the results of these stud-
ies are comparable, and the issue of how to standardize isolates across different research
groups was recently raised. Although the FRR216/ATCC 18224 strain was suggested for
use because molecular genetic procedures have been fully developed for this strain,
allowing high-quality data to be created, evaluated, and operationally confirmed, data
regarding whether the regulation of each isolate is conserved remain inconclusive.

The genetic variation underlying diverse pathogenic fungal isolates has been

shown to affect or drive different clinical infection outcomes and drug resistance
capacities in multiple fungal pathogens (345, 346). Although genomic and phenotypic
differences are widespread across clinical T. marneffei strains, it is unclear whether
these differences result in a distinct clinical pathology or variations in host response.
Therefore, the characterization of the genomic diversity of T. marneffei and genomic
data from multiple studies will help us to gain a full understanding of its pathogenic
versatility. We should take advantage of the power of genome-based studies, which
are still limited in T. marneffei, to address genomic variation-associated clinical manifes-
tations and identify the core or accessory genetic information of virulence factors for
this pathogen, ultimately revealing a new range of potential therapeutic targets to
combat these life-threatening infections.
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