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SUMMARY

Chronic diseases, defined as conditions that persist for 1 or more years and require ongoing
medical attention or impede daily life, represent an urgent public health challenge in the United
States. In the last decade, fungal infections have garnered increased attention from public health
officials and the media owing to the rapid and global rise of severe and antifungal-resistant
infections. It is well-established that certain chronic diseases can increase the risk of invasive
fungal infections. However, the inverse relationship—how fungal infections contribute to the
development or exacerbation of chronic diseases—is less well studied. In this review, we
summarize the current literature on the role of fungal infections in the development of chronic
diseases, discussing pathophysiologic mechanisms and examining how chronic conditions can
arise from the direct effects and sequelae of fungal infections. In addition, we discuss how the
toxic effects of antifungal therapies can also contribute to the development of chronic disease
states. Overall, our review highlights the significant yet underexplored role of fungal infections in
the burden of chronic disease and emphasizes the need for further research, improved surveillance,
increased public and healthcare awareness, and better access to diagnostics and treatments to
address this issue.
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INTRODUCTION

Chronic diseases represent an urgent public health challenge. The Centers for Disease
Control and Prevention (CDC) defines chronic diseases as conditions that persist for 1 or
more years and require ongoing medical attention or impede daily life (1). In the United
States, 60% of adults live with at least one chronic disease, while 42% live with two or more
(2). These diseases not only adversely affect individual health outcomes but also impose

a considerable economic burden, accounting for nearly 90% of the nation’s $4.5 trillion
annual healthcare expenditures (1, 3).

Certain chronic diseases can increase the risk of invasive fungal infections. Since many
disease-causing fungi are opportunistic, chronic diseases that cause immunosuppression,
whether from the disease itself or associated treatments, can predispose people to invasive
fungal infections. Patients with cancer, for example, may be immunocompromised for

many reasons, including cytotoxic chemotherapy (4). Studies estimate that 5%-15% of
patients with acute myeloid leukemia are affected by invasive aspergillosis and invasive
candidiasis, with mortality rates of 28%—42% and 23%-40%, respectively (5). Similarly,
people with uncontrolled diabetes mellitus are more susceptible to mucormycosis, a rare

but life-threatening infection caused by fungi from the order Mucorales. This increased
susceptibility occurs because of persistent hyperglycemia, which interferes with innate
immune cell activity and function (6). Other chronic diseases that are not broadly
immunosuppressive can still increase the risk of fungal infection. For example, chronic
obstructive pulmonary disease (COPD), the third leading cause of death worldwide,

can cause structural lung damage including cavitations that may facilitate allergic
bronchopulmonary aspergillosis and, in a subset of patients, chronic pulmonary aspergillosis
(7). In the last decade, fungal infections have garnered increased attention from public health
officials and the media owing to the rapid and global rise of severe and antifungal-resistant
infections (8).

While some chronic diseases increase the risk and severity of fungal infections, the

inverse relationship—how fungal infections contribute to the development or exacerbation of
chronic diseases—is poorly understood. This is despite fungal diseases causing an estimated
8 to 49 million years of healthy life lost due to illness, disability, or early death globally

(9), suggesting a considerable yet underappreciated burden of chronic disease. In this review,
we summarize the current literature on the role of fungal infections in the development

of chronic diseases, discussing pathophysiologic mechanisms and examining how these
conditions can arise from (i) the direct effects and sequelae of fungal infections, and (ii)

the toxicity associated with antifungal therapies. This review does not address how non-
infectious exposures to fungi (e.g., fungal sensitization) or their associated mycotoxins may
result in chronic disease. By highlighting key research findings and gaps in the relationship
between fungal infection and chronic disease, we aim to provide a foundation for future
investigations and inform integrated care strategies for at-risk populations.
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FUNGAL INFECTIONS CAN RESULT IN CHRONIC DISEASE

Infection-associated chronic conditions are long-term health conditions that are triggered by
infectious diseases. Well-known examples include post-treatment Lyme disease syndrome
and long COVID (10, 11). Regardless of the causative agent, many patients with infection-
associated chronic conditions suffer from symptoms that include fatigue that interferes with
daily life, cognitive impairment (brain fog), chronic pain or malaise, immune dysfunction,
and sleep problems (12). Despite these conditions being debilitating, they are often under-
researched, under-funded, and thus poorly understood by the medical community (13). This
is especially true of fungal infections, which are not yet well-recognized as a contributor to
infection-associated chronic conditions as compared with bacterial or viral agents.

Nevertheless, more than 1 billion people contract fungal infections globally each year
(14). Most infections are relatively mild and self-limiting, resolving with a brief course of
antifungal medication or without treatment. However, certain fungal infections can result
in a chronically diseased state, either due to persistent infection that requires long-term to
lifelong antifungal therapy or to lasting organ damage that necessitates ongoing medical
management. Because of underreporting and misdiagnosis, the true prevalence of fungal
infections is likely substantially underestimated, and the resultant burden associated with
chronic fungal disease is largely unknown (15).

Fungal infections and the subsequent development of chronic diseases are influenced by
several factors, including the level of exposure to the pathogen, the pathogen’s virulence,
and the patient’s immune status (Fig. 1). These elements collectively determine not only
the likelihood of infection but also the progression of the disease. For example, a well-
documented genetic risk factor associated with chronic or recurrent fungal infections is
Caspase Recruitment Domain-containing Protein 9 (CARD9) deficiency, which results
from autosomal recessive loss-of-function mutations in the CARD9 gene. CARD9 is a
crucial adaptor molecule in the innate immune system that transduces signals from pattern
recognition receptors—especially C-type lectin receptors such as Dectin-1—following
fungal recognition (16, 17). These signaling pathways activate downstream transcription
factors like NF-xB and MAPKSs, promoting the production of proinflammatory cytokines
and chemokines essential for neutrophil recruitment and antifungal activity (18, 19). Patients
with CARD9 deficiency are therefore susceptible not only to acute invasive fungal infections
but also to persistent and recurrent fungal infections (20, 21). Overall, impaired signaling
in CARD?9 deficiency compromises early fungal clearance, which permits pathogens to
persist. This persistence might drive repeated cycles of inflammation and tissue injury,
potentially contributing to the development of fibrosis, organ dysfunction, and chronic
disease states (22). Notably, CARD9 mutations do not impair general immunity but
specifically compromise the host’s ability to mount effective responses against fungal
pathogens, underscoring the importance of innate immune signaling in fungal control and
the potential for these mutations to promote chronic diseases.

In the sections below, we explore examples of fungal infections that can cause chronic
diseases, organizing our discussion by the affected body systems and including immunologic
and epidemiologic reasons for chronic disease.
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Respiratory disease

Certain pulmonary fungal infections have the potential to develop into chronic disease. A
notable example is chronic pulmonary aspergillosis (CPA), a complex chronic lung infection
primarily caused by fungi from the Aspergillus fumigatus species complex. Unlike invasive
aspergillosis, which primarily affects immunocompromised people, CPA typically occurs

in immunocompetent people with conditions that compromise lung integrity, including
tuberculosis, nontuberculous mycobacterial infections, and COPD, among others (23, 24).
CPA symptoms are progressive, starting with cough, hemoptysis, weight loss, and fatigue
(Table 1) (25). Cavitary lesions and fibrosing disease tend to progress over time, causing
gradual declines in lung function and worsening quality of life and structural lung damage,
which can become irreversible. The overall prognosis of CPA is poor; a systematic review
and meta-analysis including 79 studies and 8,778 patients found an overall pooled mortality
rate of 27%, with 15% at 1 year and 32% at 5 years (26). Medical management is also
complicated by comorbidities, complex clinical presentation, toxicity associated with long-
term antifungal use, and increasing antifungal resistance (24).

Patients with CPA may exhibit immunological abnormalities that can negatively affect
disease progression and outcomes. Approximately 58% of patients with CPA experience
lymphocyte depletion (62). Depletion of CD3 cell counts, which occurred in 33% of

CPA patients in one study, was associated with multi-cavitary CPA disease, indicating a
correlation between T cell depletion and more extensive pulmonary involvement (62). A
study that stimulated cytokine production among patients with CPA and healthy volunteers
also found that patients with CPA have impaired interferon gamma (IFN-y) production,
which correlated with worse outcomes and increased mortality (63). These results highlight
the need for comprehensive immune assessment and management in patients with CPA.

Because Aspergillus and other environmental molds are prevalent throughout most indoor
and outdoor environments, complete avoidance is impractical for patients at risk of severe
infections (64). However, certain strategies might help reduce the risk of exposure and
disease development. Healthcare facilities implement strategies to minimize exposure for
the most at-risk patients, such as using HEPA filtration and maintaining positive pressure
in rooms occupied by patients who have recently undergone hematopoietic stem cell
transplantation (65). Immunocompromised patients are encouraged to avoid participating
in mold cleanup efforts after natural disasters, as these events can elevate the risk of
invasive mold disease. For instance, a surveillance study conducted after Hurricane Harvey
in Houston, Texas, revealed a rise in the incidence of invasive mold infections, with an
in-hospital all-cause mortality rate of 24.2% among affected patients (66). The growing
popularity of inhalational products, such as vaping, raises further concerns regarding mold
exposure. A large commercial health insurance study found that cannabis use was associated
with a higher prevalence of specific fungal infections, particularly aspergillosis (67). This
underscores the current recommendations for certain immunocompromised populations,
such as those with solid organ transplants, to avoid smoking cannabis and highlights the
need for further research to develop effective strategies for mitigating these risks (68).

Another notable respiratory fungal disease associated with chronic disease is
coccidioidomycosis, a condition caused by Coccidioides spp. In the United States, cases
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of coccidioidomycosis, also known as Valley fever, occur primarily in the Southwestern
U.S. states of Arizona and California. National surveillance detected 59,655 cases during
2019-2021 (69), although burden estimates suggest the number of symptomatic cases may
be 10 to 18 times higher (70). In approximately 5% of cases, acute infection fails to resolve.
Chronic pulmonary coccidioidomycosis develops as necroses and abscesses perpetuate
infection, typified by fibrosis and scarring. Often, lung granulomas form, which can vary

in size and distribution but are commonly composed of epithelioid cells, multinucleated
giant cells, and lymphocytes (71). In chronic Coccidioides immitis infections, the lungs have
biapical fibronodular lesions with retraction and cavitation, making the chest radiographs
distinct from those of acute disease (72). Th2 lymphocytes are believed to be a primary
defense against infection; therefore, people with Th2 deficiency or dysfunction are at
greater risk of progressing to chronic or disseminated disease (38, 71). Further complicating
diagnosis and management, chronic pulmonary coccidioidomycosis can mimic tuberculosis,
influenza, or pneumonia, presenting with symptoms like cough, fatigue, headache, joint
pain, weakness, and weight loss that can last several months (Table 1) (28, 73). Prolonged
systemic symptoms, including low-grade fever and malaise, may persist for months or years
following initial infection. In these instances, long-term antifungal therapy is often required
to manage the disease and prevent further progression (38).

Like coccidioidomycosis, histoplasmosis, usually caused by Histoplasma capsulatum
species complex in the United States, is a respiratory fungal disease primarily contracted
through inhalation of airborne environmental spores. In the United States, 3,595
histoplasmosis cases were reported to public health surveillance during 2019-2021,
primarily in the Eastern region of the country (69). Acute pulmonary histoplasmosis may
infect immunocompetent people and typically causes mild illness. Although rare, some
acute cases may develop into chronic cavitary pulmonary histoplasmosis, particularly in
patients with emphysema (74). Common symptoms include chronic cough, dyspnea, fatigue,
fever, hemoptysis, night sweats, and weight loss (Table 1) (74). As the disease progresses,
persistent cavitation, development of pulmonary fibrosis, and progressive pulmonary
insufficiency are common (32, 75). Clinically, chronic cavitary pulmonary histoplasmosis
is difficult to distinguish from pulmonary tuberculosis, which poses a challenge to timely
diagnosis and management. The disease is also associated with poor prognosis, perhaps
exacerbated by misdiagnosis that delays appropriate treatment (32). In patients who died,
average illness duration was 6 years and death resulted from progressive lung cavitation
and loss of lung function (32, 76). Most information on chronic cavitary pulmonary
histoplasmosis originates from historic case series. Therefore, little is known about present-
day prevalence or immunologic mechanisms underlying this disease.

In addition to causing a chronic disease state, some disease-causing fungi, including
Aspergillus and Coccidioides, may also worsen asthma outcomes or predispose people

to asthma development. In an age- and sex-matched study, patients with both asthma

and coccidioidomycosis had worse asthma outcomes, including more asthma medication,
corticosteroid receipt, and healthcare visits than patients with only asthma or only
coccidioidomycosis (77). Another study used a large U.S. health insurance claims database
to show that 13% of 1,657 patients with coccidioidomycosis received new asthma diagnosis
codes or asthma medication within a year, a higher proportion than in comparison cohorts
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(78). While the precise mechanism behind this relationship has not been identified, induction
of chronic airway inflammation and airway hyperresponsiveness from persistent antigen
presence in the pulmonary bronchioles has been suggested (78).

Neurologic disease

Approximately 10%-15% of human pathogenic fungi may infect the central nervous

system (CNS) (34, 79). Clinical presentations of neurologic fungal infections can include
meningitis, encephalitis, hydrocephalus, cerebral abscesses, and stroke (34). While less
common, fungal CNS infections often have poorer prognoses and higher mortality compared
with viral and bacterial CNS infections, likely because of the greater prevalence of
underlying immunocompromising conditions in patients with fungal CNS infections (34).

In a Japanese study of acute meningitis, bacterial and viral meningitis were more common,
but mortality from fungal meningitis was higher (21%) than bacterial (0.6%) or viral (9.5%)
(80).

Globally, the most common fungal infection of the CNS is cryptococcal
meningoencephalitis; a 2020 study estimated 152,000 cases of cryptococcal meningitis
and 112,000 cryptococcal-related deaths annually (81). Cryptococcal meningitis is an
opportunistic infection in people with advanced HIV disease (AIDS) and causes

19% of AIDS-related mortalities (34, 81). Infection also occurs in patients with
immunocompromising conditions other than HIV, including recipients of solid organ
transplantations and those with hematologic malignancy (Table 1). While less common,
cryptococcal infections caused by Cryptococcus gattiin immunocompetent persons have
been increasingly common, particularly in the Pacific Northwest of the United States
(82). During 1997-2009, non-HIV-related cryptococcal meningitis accounted for one-
quarter of cryptococcal meningitis-related hospitalizations and one-third of cryptococcal
meningitis-related deaths in the United States (83). Among patients with disseminated
cryptococcosis reported to a North American registry, CNS involvement occurred in 84%
of patients with HIV infection, 44% of transplant patients, and 28% of immunocompetent
patients (84). Cryptococcus neoformans exhibits a particular predilection for the CNS,
which is in part attributed to secretion of metalloproteases and ureases that facilitate
penetration of the blood-brain barrier. Additionally, the production of the virulence factor
laccase enables the fungus to utilize neurotransmitters including dopamine, contributing to
neuroimmunomodulation. Furthermore, to survive in the nutrient-limited environment of
the brain, C. neoformans employs mechanisms such as autophagy and the expression of
high-affinity sugar transporters (85).

Primary symptoms of cryptococcal meningitis are head and neck pain, but 20% of

patients also show altered mental status (34). Convulsions, stroke, paralysis of the lower
limbs, photophobia, nausea, vomiting, and disorientation may also occur (Table 1) (34).
Without treatment, symptoms can progress to confusion, seizures, reduced levels of
consciousness, and eventually coma (85). Intracranial hypertension is a serious complication
of cryptococcal meningitis that is associated with poor prognosis. Early detection and
treatment, as well as aggressive management of intracranial pressure, can significantly
improve odds of survival (86, 87). Among survivors of cryptococcal meningoencephalitis,
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studies on long-term outcomes found that 24% of patients reported inability to work 6
months after diagnosis, and 69% of people with HIV and 73% of people without HIV
remained cognitively or physically impaired 12 months after diagnosis (87, 88).

Immunologic profiles of patients with cryptococcal meningitis are strongly associated

with outcomes. In patients with HIV, a study showed that those who survived had a

higher proportion of cryptococcal-specific CD4* memory cells that produced IFN-y and
tumor necrosis factor (TNF) than did patients who died, who predominantly produced
inflammatory protein 1a (89). In patients with HIV who are receiving antiretroviral

therapy and in patients without HIV with cryptococcal meningitis, immune system reactions
can lead to complications such as post-infectious inflammatory response syndrome. Post-
infectious inflammatory response syndrome is characterized by neurological deterioration
during treatment, despite effective antifungal therapy and negative cerebrospinal fluid
cultures. This condition arises from an exaggerated immune response involving activation
of T cells and elevated cytokines like IFN-y and interleukin-6 (IL), but with

ineffective macrophage activation, leading to persistent inflammation and tissue damage.
Corticosteroids have been used to manage the syndrome, but their prolonged use poses risks
of increased susceptibility to opportunistic infections, prompting research into alternative
immunosuppressive treatments. In a retrospective case study of young, immunocompetent
patients with cryptococcal meningitis, post-infectious inflammatory response syndrome was
identified in 29%, suggesting a likely under-recognized burden of illness that is associated
with delayed recovery (90).

Another uncommon but severe fungal infection that leads to neurologic damage

is phaeohyphomycosis. This infection is caused by several species of dematiaceous
environmental fungi that primarily live in soil and on vegetation. These fungi can enter

the body through inhalation or traumatic implantation and are thought to effectively evade
host immune defenses due to the presence of melanin, considered a virulence factor, in the
fungal cell walls (91). While phaechyphomycosis has varied clinical manifestations, some
causative fungi are neurotropic and can lead to CNS infection with chronic complications
such as persistent neurological deficits, hydrocephalus, seizures, cognitive impairment, and,
in severe cases, long-term disability or death (34). Phaeohyphomycosis occurs more often
in immunocompromised patients, although infections in immunocompetent patients are
documented (Table 1) (92). Indeed, in a review of over 100 cases documented globally, more
than half of all cases occurred in patients with no known immunodeficiency, and mortality
rates were high regardless of immune status (92). Phaeohyphomycosis occurs worldwide
and is common in tropical and subtropical regions (37). In the United States, the largest
reported outbreak of a healthcare-associated infection was caused by the dematiaceous
mold Exserohilum rostratum, following injections of contaminated methylprednisolone (93).
A total of 753 cases were reported; most patients experienced meningitis that sometimes
involved stroke and spinal and paraspinal infections (93). A retrospective cohort study of
440 patients involved in the outbreak found that patients who experienced meningitis and
stroke had higher initial mortality rates, but among those who survived, most (87%) were
cured by 12 months. In contrast, fewer patients with spinal or paraspinal infections died
(3%), but at 12 months, 68% had persistent or worsening pain, and many could not walk
without an assistive device (94).
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While the immunologic mechanisms associated with disease progression and outcome of
phaeohyphomyecosis are not extensively studied, impairment of Dectin-1, a C-type lectin
receptor that recognizes B-glucans in fungal cell walls and promotes TNF-a.- and IL-13-
mediated macrophage defense, was associated with severe phaeohyphomycosis caused by
Corynespora cassiicolain 12 of 17 patients (16).

Finally, coccidioidal meningitis, though rare, is a severe and often life-threatening infection
that occurs in approximately 1% of all individuals with disseminated disease (95). It is more
common among immunosuppressed patients, such as those with HIV/AIDS, solid organ
transplants, or hematologic malignancies (Table 1). The disease has a chronic, relapsing
course that is nearly always fatal within 2 years if untreated (39, 96). Even with treatment,
however, the disease is considered incurable. Therefore, lifelong treatment with high-dose
antifungal medications, most often itraconazole or fluconazole, is often required to control
progression (95, 97). The long-term effects of coccidioidal meningitis can be substantial.
With appropriate treatment, many patients may still require surgical intervention including
placement of a ventriculoperitoneal shunt and may experience permanent neurologic
sequelae, including cognitive deficits, hearing loss, visual impairment, motor dysfunction,
and seizures (96, 98). In one study, high antifungal medication nonadherence rates of 43%
were also observed and were associated with multiple shunt failures and rehospitalizations in
patients (98), exacerbating the toll associated with an already devastating disease.

Circulatory/cardiac disease

An uncommon but serious complication of fungal infection is endocarditis (i.e.,
inflammation of the inner lining of the heart chambers and valves). While fungal
endocarditis is rare, accounting for 1%—3% of all infective endocarditis cases, it is the

most serious of all causes of infectious endocarditis, with mortality estimates that exceed
70% (41). While prevalences are unknown, Candida spp. are the most common causative
organisms, followed by Aspergillus and Histoplasma (41, 99). Previous surgery, intravenous
drug use, and being immunocompromised are risk factors for disease (Table 1) (99).

The long-term effects of fungal endocarditis are poorly understood. One meta-analysis of
patients with fungal endocarditis diagnosed from 1965 to 1995 found that of the 162 (60%)
patients who survived the initial treatment period, emboli occurred in 25%, and major
complications, either from antifungal treatment or the disease itself, occurred in 42% (100).

Gastrointestinal disease

The fungal component of the human gut microbiome, known as the gut mycobiome, has
received far less scientific attention compared with the bacterial component, although 66
genera of commensal fungi have been identified as part of healthy gut microflora (101).
One study identified that common fungal genera included Saccharomyces (present in 89%
of the specimens), followed by Candlida (57%) and Cladosporium (42%) (102). Among
healthy people, one of the most common commensal species is Candida albicans (101).
While typically harmless, factors including immunosuppression and antibiotic use, which
may imbalance the microflora, can cause C. albicansto become pathogenic, manifesting as
colonic inflammation and translocation across the digestive intestinal barrier that results in
invasive bloodstream infection (103). Associations between C. albicans and inflammatory
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conditions like Crohn’s disease have been demonstrated. For example, studies have shown
that people with Crohn’s disease are more likely to be colonized by C. albicans, and
experimental models indicate that colonization can intensify inflammation and promote

the production of anti-Saccharomyces cerevisiae antibodies, which are commonly found

in patients with Crohn’s (101, 104, 105). These findings highlight the potential of C.
albicans overgrowth to disrupt intestinal homeostasis, leading to dysbiosis that contributes to
the pathogenesis of chronic gastrointestinal diseases. Overall, however, understanding how
perturbations to the mycobiome may affect chronic disease is poorly understood; ongoing
advances in metagenomic approaches may help expand this field in the future.

Outside of commensal gastrointestinal fungi, environmental fungi may also result in
chronic gastrointestinal disease. Infections with Histoplasma capsulatum are among the
most common to lead to gastrointestinal involvement, occurring in 70%-90% of patients
with progressive disseminated histoplasmosis (42). Risk factors for disseminated disease
include AIDS and other immunosuppressing conditions, as well as older age (Table

1) (42). Gastrointestinal histoplasmosis presents in diverse forms, including bleeding,
ulceration, perforation, and obstruction, with more severe manifestations and higher rates
of gastrointestinal bleeding seen in patients with AIDS. Lesions may mimic malignancy or
inflammatory bowel disease, leading to potential misdiagnosis and inappropriate treatment,
especially in immunocompromised people (42). Despite these serious manifestations,
long-term outcomes can be favorable with appropriate antifungal treatment. In a 15

year institutional review of systemic histoplasmosis, patients treated with amphotericin B
followed by itraconazole showed no relapses or deaths, underscoring the importance of
timely and prolonged therapy (106).

Finally, Basidiobolus ranarum is an environmental saprophytic fungus found in arid
climates worldwide. It is now considered an emerging pathogen associated with rare

but consequential cases of gastrointestinal basidiobolomycosis (43). A retrospective
observational cohort study that concluded in 2010 identified 44 cases worldwide, including
19 in the United States, of which 17 occurred in Arizona. Eighty-two percent of patients
were healthy young men; no patients diagnosed with gastrointestinal basidiobolomycosis
were immunocompromised. The most common symptom was abdominal pain (Table 1).
Most patients (84%) required surgical excision of abdominal masses, and 8 of 41 (20%),
including 4 that received no antifungal medication, died of their illness (43).

Sensory disease

Some fungal infections can cause vision and hearing decrease or loss, leading to long-term
disability. Perhaps the most well-documented example is fungal keratitis, a corneal infection
that can result in partial or complete vision loss. Nearly 1 million keratitis-related healthcare
visits occur annually in the United States; fungi are the suspected etiology in about 6% of
keratitis infections (107). More specific data from the United States are unavailable due to
limited surveillance, but global studies estimate that annually, 1-1.5 million people suffer
partial or complete vision loss from fungal keratitis, with 8%—-11% of these cases resulting
in eye removal (44).
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Over 100 species of fungi have been identified to cause fungal keratitis, but the most
common globally are Fusarium and Aspergillus (45). Most infections occur through ocular
trauma or chronic ocular surface disease; underlying immunodeficiency, contact lens use,
and topical corticosteroid use are risk factors for infection and severe disease (Table 1)
(107, 108). While the occurrence of fungal keratitis is geographically widespread, outbreaks
in developed countries have primarily been reported in association with contact lens
contamination. In 2006, a large multi-country outbreak of Fusarium keratitis occurred,
associated with using a specific brand of contact lens solution. There were 164 confirmed
cases in the United States; 55 (34%) patients required corneal transplantation (109).

The relationships between fungal keratitis and underlying immunity have been partly
explored. One study found that antimicrobial peptide expression in corneal tissue is
increased with active fungal keratitis infection, but profiles differed based on the

fungal pathogen. Specifically, Fusarium Keratitis caused greater expression of human
beta-defensin-2, while Aspergillus keratitis was typified by LL-37, which are both
components of innate immune defense (110). More generally, while immunocompromising
conditions can result in more severe infections, overly aggressive immune responses in
immunocompetent individuals can lead to excessive corneal inflammation, resulting in
stromal damage, scarring, and vision impairment despite effective antifungal treatment
(111, 112). Further research study into therapies that eliminate disease-causing fungi while
managing inflammation is therefore still necessary (111).

Fungal otitis (otomycosis) causes 10% of all cases of otitis externa (48). While otomycosis
may be caused by a variety of fungi, Aspergillus and Candida species are most commonly
associated (48). Infections are most often superficial, but chronic or inadequately treated
infections can extend beyond the external canal, resulting in long-term effects on auditory
function. These infections may lead to tympanic membrane perforation, canal fibrosis, or
ossicular erosion, all of which may contribute to conductive hearing loss and, in some
cases, irreversible auditory impairment. Immunocompromised people are at greater risk

of otomycosis, and the most serious cases, with perforation of the tympanic membrane,
involvement of the middle ear, or the entire temporal bone, are predominantly associated
with immunodeficiency conditions (Table 1) (48, 113).

Mucosa, skin, and bone

Cutaneous mycoses of skin, hair, and nails are the most common fungal infections

in the United States. Common types include dermatophyte infections (also called tinea
infection, athlete’s foot, jock itch, or ringworm), caused by dermatophyte fungi, and yeast
infections caused by Candida species (114). These infections typically thrive in warm,
moist areas of the human body such as inguinal folds and can be transmitted through
direct contact with infected individuals, animals, or contaminated surfaces (115). Most of
these infections are acute and respond to treatment, although in some cases, antifungal
resistance is emerging (116). Some, however, require ongoing treatment or management.
For example, 7richophyton indotineaeis a recently emerged dermatophyte that is notable
for causing persistent and often extensive skin infections that can last months to years if
untreated or undertreated (50, 117). Clinical reports underscore its high rates of terbinafine
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resistance, which has contributed to treatment failure and relapse in up to 75% of patients

in some studies (50, 118). Chronic dermatophytosis often leads to inflammatory lesions that
progressively enlarge and coalesce, triggering epidermal damage (Table 1). Long-standing,
untreated lesions may result in permanent scarring and pigmentary changes (119).

Recurrent vulvovaginal candidiasis (RVVC) is another chronic condition that is often
characterized by three or more episodes in a year (120, 121). Among U.S. women who

had VVC in the past year, approximately 5% had RVVC (122). Long-term antifungal
prophylaxis regimens are typically recommended to prevent recurrence but are non-curative;
infections typically recur when therapy is ended. Elevated vaginal estrogen levels have

been identified as an important predisposing factor, especially in women of reproductive
age (53). Risk factors for recurrence include antibacterial use, being of reproductive age,
immune dysfunction, impaired glucose tolerance, and prior illness (Table 1) (54). However,
20%-30% of RVVC cases have no clear cause, suggesting a role for Candida virulence and
host genetics or immune factors in disease susceptibility (54).

The potentially lifelong nature of RVVC extends its effects beyond physical discomfort.
RVVC can diminish quality of life, increase healthcare costs, and cause psychological
distress (54). In one study of Australian women with RVVC, emergent patient challenges
included delays in diagnosis and management, limited health care professional knowledge,
lack of healthcare support, and embarrassment, anxiety, and distress stemming from an
intimate health condition (123).

Other cutaneous and subcutaneous mycoses can lead to disfigurement and disability over
years-long progression. One such example is chromoblastomycosis, a neglected tropical
disease that causes chronic skin infection. Infections are rare in the United States, although
underdiagnosis and underreporting may contribute to low prevalence estimates (124).
Chromoblastomycosis is caused by dematiaceous fungi from several genera, including
Fonsecaeaspp., Cladophialophora spp., Phialophora spp., and Rhinocladiella spp. (125).

It is acquired through traumatic inoculation of fungi into the skin, typically due to minor
injuries like cuts and splinters (Table 1) (126). Infections are slow-growing and initially
present as painless, wart-like lesions. Perhaps for this reason, many people with infections
delay seeking healthcare for several months to several years (56). In more severe cases,
tissue fibrosis and joint ankylosis have been reported to limit mobility, cause difficulty
walking, and impede activities of daily life, including work (Table 1) (56, 57). In one
study that followed seven patients with chronic chromoblastomycosis in Brazil, the average
duration of infection was 23 years, and all but one required curative amputation after
developing squamous cell carcinoma resulting from chronic chromoblastomycosis (127).
The relationship between immune factors and chromoblastomycosis is poorly understood,
but formation of characteristic thick-walled, single or multicellular clusters of pigmented
fungal cells (also known as medlar bodies, muriform cells, or sclerotic bodies), which are
highly resistant to immune system attack, contributes substantially to disease chronicity
(56).

Another implantation mycosis, eumycetoma, caused by at least 69 species of fungi
but commonly from six major genera (Madurella, Falciformispora, Trematospheria,
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Curvularia, Fusarium, Exophiald), is also subcutaneous but can also invade bones, muscles,
tendons, and nerves causing functional impairments and disfigurement (Table 1). Like
chromaoblastomycosis, diagnostic delays for eumycetoma are common, with most patients
presenting with advanced disease (128). In advanced disease, patients can suffer from
chronic osteomyelitis and joint destruction.

In a cross-sectional study characterizing the disabling consequences of mycetoma in

Sudan, 60% of 300 patients had moderate impairment or difficulty, with 40% experiencing
challenges walking and 34% reporting significant pain challenging the traditional view of
mycetoma as a painless disease (129). More broadly, surgical excision is a common outcome
for this infection, and amputations are reported in 39% of cases. Long-term infections may
last more than a decade, and recurrence occurs in 32%-47% of cases (130).

Cancer is in the top 10 most common chronic diseases in the United States and is the
second most common cause of death, resulting in 608,371 deaths in 2021 (131, 132). While
genetic mutations and environmental factors are well-established contributors to cancer
development, a growing field of research has identified the emergent role of microbial
pathogens in carcinogenesis and tumorigenesis. Approximately 20% of cancers, or about 2
million cases per year, arise because of infectious agents, including well-known bacterial
pathogens like Helicobacter pylori and viral pathogens like hepatitis B and C viruses and
human papillomaviruses (133). The contribution of fungi to cancer is less well researched,
and the burden has not yet been quantified. Nevertheless, some fungal pathogens might
contribute to cancer development and influence severity in many types of cancers.

Candida albicans, a dimorphic commensal fungus found on the skin and gut

surface, is a well-known cause of mucosal and invasive infections, particularly among
immunocompromised people. Recent observational research suggests that invasive
candidiasis may also be associated with oral, gastric, and colorectal cancers through multiple
mechanisms, including (i) producing carcinogenic acetaldehyde, (ii) damaging the mucosal
epithelium, and (iii) triggering chronic inflammation that contributes to tumor metastasis
(Table 2) (134, 135). Links between C. albicans and oral cancer are the best studied. In

one case-control study, the presence of oral Candidaand genotypic diversity of C. albicans
were significantly higher in patients with oral cancer compared with those who were oral
cancer-free (136, 137). In a study of gastrointestinal cancer, gastric fungal imbalances were
observed in patients with gastrointestinal cancer that were characterized by lower species
richness and overall enrichment of Candida albicans, suggesting this fungus may mediate
gastrointestinal cancer by suppressing fungal diversity and promoting cancer pathogenesis
(138). While mechanistically dissimilar to C. albicans, chronic chromoblastomycosis can
also undergo malignant transformation that develops into squamous cell carcinoma (Table 2)
(127, 139).

Recently, a study found Malassezia spp., a common genus of commensal skin fungus,

was associated with acceleration of pancreatic ductal adenocarcinoma, a cancer with poor
prognosis. Researchers found that pancreatic ductal adenocarcinoma tumors were 3,000-fold
higher in fungal content than normal pancreatic tissue and were markedly enriched by
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Malassezia. Ablating all fungi present using the antifungal amphotericin B protected against
tumor growth, and repopulating tumors with Malassezia, but not Candida, Saccharomyces,
or Aspergillus, accelerated oncogenesis in mouse models (143). However, a reanalysis of
this study’s data suggested that evidence was insufficient to support the hypothesis that

the pancreatic or gut mycobiome promoted pancreatic cancer development in humans. The
authors of the reanalysis highlighted the challenges of studying low-biomass samples and
called for standardized microbiome research methodologies to improve study reproducibility
(146). In another study, one species of Malassezia, M. globosa, was shown to be associated
with breast tumors and to promote tumorigenesis through a defined mechanism of growth
factor upregulation that results in poorer rates of survival in breast cancer patients (Table 2)
(144).

Fungal infections may not only contribute to the development of cancer but, in some
instances, have also been shown to exacerbate cancer progression and worsen severity.

In one study, living and transcriptionally active Candida species were discovered at
gastrointestinal tumor sites. Their presence was predictive of both metastatic disease and
decreased likelihood of survival (147). In another study, C. albicanswas shown to participate
in oral squamous cell carcinoma progression by stimulating the production of matrix
metalloproteinases, oncometabolites, protumor signaling pathways, and overexpression of
prognostic marker genes associated with metastatic events (148).

Despite growing observational and /7 vitro evidence supporting the contribution of fungi

to the development and exacerbation of cancer, many aspects of these relationships are

still poorly understood. Additional studies to elucidate the mechanistic processes and to
understand the contribution of fungal infections relative to other causes of cancer are needed.
A more comprehensive understanding of these interactions will be essential for developing
targeted interventions, including those that use fungi as biomarkers of carcinogenesis, to
improve patient outcomes.

TOXICITY ASSOCIATED WITH ANTIFUNGAL USE CAN LEAD TO CHRONIC
DISEASES

Antifungal medications are prescribed to treat fungal infections or as prophylaxis for
high-risk patients, like those undergoing chemotherapy or organ transplants. At least
partly because of the greater biological similarity between fungal cells and human cells,
antifungals generally exhibit greater toxicity and require longer courses of administration
than antibiotics. While antifungals are essential for treating fungal infections, they can cause
substantial side effects. Adverse effects associated with antifungals can result in chronic
conditions, sometimes shortly after administration, and sometimes when prescribed for use
over months or years. In some instances, such as with coccidioidal meningitis or severe
pulmonary histoplasmosis, treatment may be required for years or for the patient’s entire
lifetime (40). Therefore, while some adverse effects resulting in chronic conditions may
resolve after antifungal discontinuation, patients may still deal with their consequences for
prolonged periods of time.
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Currently, four main classes of antifungal drugs exist for treating invasive infections: azoles,
polyenes, echinocandins, and pyrimidine analogs (5-fluorocytosine). Below, we outline the
adverse effects commonly associated with various antifungal drugs prescribed within each
class.

Azoles work by blocking the biosynthesis of ergosterol, a critical component of fungal

cell membranes. Systemic azoles, including fluconazole, isavuconazole, itraconazole,
posaconazole, and voriconazole, are often used as prophylaxis or treatment against invasive
fungal infections (Table 3). Some azoles, including fluconazole at prolonged high doses,
may be associated with congenital birth defects. Therefore, long-term or high-dose
administration, particularly in the first trimester of pregnancy, is not generally recommended
(149).

One of the most well-studied adverse effects associated with azole use is hepatotoxicity or
drug-induced liver injury, which can arise directly from the drug or its toxic metabolites
(Table 3) (150). The frequency of liver injury associated with azole antifungals varies by
agent. Voriconazole, for example, presents a high risk of hepatotoxicity, with up to 12%
of patients needing to cease therapy due to liver-related adverse effects (151). Since 2013,
the U.S. Food and Drug Administration has also limited the use of one azole, systemic
ketoconazole, to situations where alternative therapies are unavailable or not tolerated,
warning that the drug may cause severe liver and adrenal injuries (Table 3) (149, 152).
Azole-associated hepatotoxicity may occur at any time after azole therapy begins but is
common within the first month. Liver damage is generally reversible following dosage
reduction or discontinuation of therapy (152, 153). Despite the detrimental effects of
hepatotoxicity, mechanisms of action are not well understood, and correlations with the
development of toxicity are conflicting (153, 154).

Patients on triazole antifungals, primarily voriconazole and itraconazole, are also at

an increased risk of developing peripheral neuropathies (Table 3) (155). Symptoms of
peripheral neuropathy may include numbness and tingling in the extremities, as well as
feet and leg weakness. Peripheral neuropathies may start days or weeks after treatment
initiation and may occur even when therapeutic drug levels are below the maximum

target (155). While peripheral neuropathies may resolve when triazole medication is
discontinued, one study found persistent hand numbness was irreversible in 2 out of 10
patients (155). Additionally, vinca alkaloids (for cancer treatment) or calcineurin inhibitors
(for immunosuppression) may increase the risk of peripheral neuropathies when used
concurrently with azoles. In a study of 27 lung transplant patients being treated for
Aspergillus colonization or infection, nine developed painful neuromuscular disorders that
included muscular pain/weakness, numbness, and sensory loss 2 weeks to >1 year after
initiation of voriconazole. Peripheral neuropathies may still manifest without neuropathy-
inducing medications with triazole administration, although the mechanism for toxicity is
poorly understood (153).

Some adverse effects are specific to particular azoles. Some systemic azoles, for
example, including ketoconazole, itraconazole, and posaconazole, may interfere with
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human steroidogenesis via off-target inhibition of adrenal CYP enzymes. Rare but

clinically significant endocrine effects have been reported, including adrenal insufficiency,
hypokalemia, and salt-retaining (pseudohyperaldosteronism) syndromes (Table 3) (153, 156,
157).

Long-term voriconazole therapy is also associated with several well-known adverse effects.
Aside from hepatotoxicity (described above), other common adverse effects include visual
disturbances, which occur in 19%-30% of patients, and phototoxicity (Table 3). In one
retrospective study of 430 children in the United States, phototoxicity occurred in 20% of all
children and 47% of those treated for 6 months or longer (158, 159). Phototoxicity is now
also a recognized factor associated with skin cancer, one of voriconazole’s most worrisome
long-term events. In a 2 year retrospective cohort study of lung transplant recipients,
exposure to voriconazole was associated with a 2.6-fold increased risk of squamous cell
carcinoma; this risk increased by 6% in 60 day increments when 200 mg was administered
twice daily (160). The precise mechanism for carcinogenesis is not well-defined. However,
the mechanism of voriconazole-associated skin cancer development is unique, showing
that voriconazole metabolites are phototoxic and initiate tumorigenesis, while voriconazole
itself upregulates COX-2, a pivotal enzyme in promoting UV-associated tumors in an aryl
hydrocarbon receptor-dependent manner (161).

Despite the aforementioned adverse effects, voriconazole is still a useful drug due to its
ability to penetrate the blood-brain barrier, allowing circulation in the vitreous body, aqueous
humor, and cerebrospinal fluid. CNS penetration may also lead to neurologic adverse events.
In a prospective study of voriconazole toxicity in 72 patients, 17% experienced visual or
auditory hallucinations (162). Similarly, analysis of the French Pharmacovigilance Database
identified neurologic disturbances among the most common adverse effects of voriconazole,
comprising 14% of all reported (163).

Voriconazole is also known to cause skeletal issues including periostitis (i.e., inflammation
of the periosteum, connective tissue enveloping bones) and exostoses (i.e., bone spurs)

in 5%-10% of patients on long-term therapy (Table 3) (153, 164). Typically, patients
present with diffuse bone pain and elevated plasma fluoride, resulting from voriconazole’s
three fluorine atoms and elevated alkaline phosphatase levels that resolve 2-5 months
after treatment discontinuation (164). Bone pain is a complication largely isolated to
voriconazole; in a comparative study that examined fluoride levels and bone pain among
patients provided azoles, 3 of 20 patients receiving voriconazole had clinically significant
skeletal diseases, which were not observed in the other 12 patients receiving other azoles or
the control group (165). Thus, the long-term use of voriconazole is a critical consideration
in children, who have relatively larger surfaces of bone crystallites and may accumulate
fluoride more rapidly (153).

Although less common than with voriconazole, itraconazole use is also associated with
several severe side effects beyond hepatotoxicity. A 2001 study that used data from the
Food and Drug Administration’s (FDA) Adverse Event Reporting System identified that,
while rare, this antifungal is also associated with congestive heart failure, identifying 58
suggestive cases between 1992 and 2001 (166). Consequently, the FDA issued a black-box
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warning associating itraconazole with ventricular dysfunction, now known to be associated
with decreases in heart contractility and left ventricle ejection fraction (Table 3) (167).

The mechanism for this event is unknown, but appears dose-dependent, with increased

risk in patients whose doses exceed 400 mg/day (168). While adverse effects are typically
reversible, continued cardiac dysfunction, in some instances resulting in the need for heart
transplants, has been documented (169). In one single-center retrospective study examining
cardiac toxicities associated with itraconazole, stopping itraconazole therapy or decreasing
dose resulted in complete resolution of cardiac dysfunction in 54% of patients, partial
resolution in 30%, and failure to resolve in 13% (168). Similarly, fluconazole has been
associated with a potentially fatal arrhythmia known as torsades de pointes (Table 3). This
adverse effect is primarily attributed to inhibition of the cardiac human ether-a-go-go-related
gene (hERG) potassium channels, which are crucial for cardiac repolarization. By impeding
these channels, fluconazole can delay ventricular repolarization, leading to QT interval
prolongation and increasing the risk of torsades de pointes (170).

Fluconazole is commonly prescribed and is typically associated with fewer severe adverse
effects than voriconazole and itraconazole. In a single-center retrospective study assessing
the long-term tolerability of fluconazole, adverse effects occurred in 52% (94) of patients,
irrespective of therapeutic drug levels. The most common adverse effects included xerosis
(17%), alopecia (16%), and fatigue (11%), which decreased patient willingness to accept
long-term therapy (171, 172).

Posaconazole is generally well tolerated for long-term use, although adverse effects have
been reported. In clinical trials involving patients with refractory invasive fungal infections,
treatment-related adverse effects occurred in 38% of participants, with nausea (8%) and
vomiting (6%) being the most common (Table 3). Serious adverse effects were observed in
8% of patients, including low rates of corrected QT interval prolongation (1%) and elevated
hepatic enzymes (2%). Importantly, the incidence of these adverse effects did not increase
with therapy extending beyond 6 months (173). However, elevated serum posaconazole
concentrations (=3,000 ng/mL) have been linked to increased adverse drug reactions,
including hypokalemia, hypertension, and pseudohyperaldosteronism (174). Therapeutic
drug monitoring is recommended to mitigate these risks.

Isavuconazole is a newer second-generation triazole that is effective against various yeasts
and molds, with a relatively favorable side effect profile compared with voriconazole (175).
Common side effects include gastrointestinal symptoms, and liver enzyme monitoring is
recommended because of the potential for hepatotoxicity, which is rarer with isavuconazole
compared with other triazoles (Table 3) (176). Isavuconazole serves as an important
alternative option for treating invasive aspergillosis and mucormycosis; however, its high
cost and insurance barriers might pose obstacles to its use in clinical practice (175, 177).

Polyenes work by binding to ergosterol, a key structural component of fungal cell
membranes, to form extramembranous aggregates that extract ergosterol from lipid bilayers.
This increases membrane permeability, which causes leakage of potassium and other
molecules in cells (178, 179).
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Amphotericin B has been a cornerstone in treating severe systemic fungal infections for over
5 decades due to its broad activity and potency, especially for fungal strains that are resistant
to newer azole therapies. However, its use is limited by several frequent adverse effects
(Table 3). In a study that assessed antifungal tolerability as an odds ratio of the number of
study withdrawals due to adverse effects, amphotericin B had the highest risk of withdrawal,
3.2 times higher than placebo (180).

The most common adverse effect of amphotericin B is nephrotoxicity, which can have
long-term debilitating effects (Table 3). The nephrotoxic effects of amphotericin B are
primarily due to two mechanisms: direct damage to kidney cells and alterations in renal
blood flow. Firstly, amphotericin B binds to sterols in cell membranes, including cholesterol
in human kidney cells, leading to increased membrane permeability and direct tubular
injury. This results in the leakage of essential ions and molecules, impairing the kidneys’
ability to concentrate urine and maintain electrolyte balance. Secondly, the drug induces
vasoconstriction of the renal arterioles, reducing blood flow to the kidneys and leading to
decreased glomerular filtration rate. This reduction in glomerular filtration rate contributes
to azotemia, characterized by elevated levels of nitrogenous waste products in the blood.
Patients undergoing amphotericin B therapy may experience a range of renal complications,
including acute kidney injury, renal tubular acidosis, and electrolyte imbalances such as
hypokalemia and hypomagnesemia. These disturbances can lead to symptoms like muscle
weakness, cardiac arrhythmias, and metabolic acidosis. In some cases, the renal impairment
may be irreversible, especially in patients receiving high cumulative doses of the drug,
leading to chronic kidney disease or end-stage renal disease requiring long-term dialysis

or kidney transplantation (181). Research is ongoing to investigate other formulations and
derivatives of amphotericin B to reduce side effects, for example, a new renal-sparing
structural amphotericin B derivative and an oral lipid nanocrystal formulation (182, 183).

In a 9 year retrospective analysis of amphotericin B deoxycholate-associated nephrotoxicity,
139 (28%) adult patients experienced renal toxicity, and 12% experienced moderate-
to-severe nephrotoxicity that occasionally required hemodialysis (184). These rates

may be higher in immunocompromised populations. Among patients with hematologic
malignancies, for example, nephrotoxicity from amphotericin B deoxycholate was observed
in 36%. Among patients who experienced nephrotoxicity, 10% progressed to stage 3 renal
failure (185).

Liposomal amphotericin B, while more costly, has been developed to mitigate the
nephrotoxicity commonly associated with conventional amphotericin B formulations.
Encapsulating the drug within liposomes reduces accumulation in the kidneys, decreasing
renal toxicity. A systematic review and meta-analysis demonstrated that liposomal
formulations are associated with substantially lower nephrotoxicity compared to
conventional amphotericin B (185). Additionally, liposomal amphotericin B does not contain
deoxycholate, a component known to cause direct renal tubular toxicity, further contributing
to its improved renal safety profile. Liposomal amphotericin B may also reduce the
occurrence of severe nephrotoxicity, with one study finding severe nephrotoxicity in 11.5%
of patients receiving amphotericin B-deoxycholate and 2.4% in patients receiving liposomal
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amphotericin B. In this study, liposomal amphotericin B was also a protective factor for
mortality (186).

While liposomal amphotericin B is generally more well-tolerated than amphotericin B-
deoxycholate, it may still cause comparable additional adverse effects at high frequency,
although reactions may be less severe (187). Infusion-related reactions are among the most
common and include fever, chills, and rigors (Table 3). Electrolyte disturbances, particularly
hypokalemia, are also observed with liposomal amphotericin B therapy. A study involving
pediatric patients found that hypokalemia occurred in 55.4% of treatment episodes, typically
manifesting around day 10 of therapy (188). In adults, another study found that patients

still frequently developed anemia, thrombocytopenia, hepatotoxicity, nephrotoxicity, and
hypokalemia (189). Therefore, while liposomal amphotericin B offers a better safety profile
than conventional amphotericin B, vigilant monitoring and supportive management are still
required during therapy.

Echinocandins

Echinocandins, including anidulafungin, caspofungin, micafungin, and rezafungin, work by
compromising the integrity of fungal cell walls through the disruption of glucan synthesis
via the inhibition of the 1,3-p-D-glucan synthase enzyme (180). Perhaps because no
similar target molecule exists in humans, echinocandins are generally considered to be

the safest and most well-tolerated systemic antifungal agents (180). However, one network
meta-analysis showed that while micafungin was associated with lower risks of elevated
liver enzymes and hypokalemia than azoles and polyenes, it was linked to 5.8 times greater
incidence of bilirubin elevation. Micafungin and caspofungin were also found to pose the
highest risk of skin and subcutaneous tissue disorders of all antifungals (180), including
rare instances of severe skin diseases such as Stevens-Johnson syndrome, toxic epidermal
necrolysis, and erythema multiforme (Table 3) (190, 191).

5-Fluorocytosine

5-Fluorocytosine is a nucleoside analog that works by interfering with fungal cell nucleic
acid synthesis (192). It is primarily involved in treating certain forms of invasive candidiasis
and cryptococcosis. Bone marrow suppression, including leukopenia and thrombocytopenia,
is the primary concerning side effect (Table 3). The incidence of grade IV neutropenia was
relatively low (4.4%) in recent trials using a dose of 100 mg/kg/day (193). In addition,
hepatotoxicity, gastrointestinal intolerance, and renal impairment have been observed at high
doses (192).

CONCLUSIONS AND FUTURE DIRECTIONS

The intersection of fungal infections and chronic diseases remains an understudied area,
particularly regarding how fungal infections contribute to the development of chronic
disease states. In the United States, the burden of chronic disease in persons aged =50
years is projected to double from 2020 to 2050 (194). Concurrently, the incidence of fungal
disease is also rising, likely due to a growing population of immunocompromised patients
and environmental changes (195).
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Despite a growing recognition of the physical burden posed by fungal infections and
associated treatment, the mental health and wellness aspects of disease remain understudied
or absent in the literature. Failure to address these psychosocial dimensions results in

an incomplete understanding of the true burden these illnesses impose. Studies that
incorporate assessment of mental health effects are therefore urgently needed. Additionally,
incorporating mental health considerations into clinician management of chronic fungal
diseases and their therapies is essential to improving patient outcomes.

Additional future research could aim to clarify the mechanisms by which fungi contribute

to chronic disease states. Further, estimates of the true burden of fungal diseases could

be enhanced by incorporating quality of life measures and the long-term development

of chronic conditions into fungal disease surveillance efforts and clinical studies. Finally,
enhancing education and awareness of fungal infections among the public and healthcare
providers, increasing access to testing and rapid diagnostics, ensuring access to treatment,
and improving living conditions could help mitigate the burden of fungal infections and their
subsequent contribution to chronic diseases.

ACKNOWLEDGMENTS

The findings and conclusions of this report are those of the authors and do not necessarily represent the official
position of the Centers for Disease Control (CDC). Furthermore, the use of any product names, trade names,
images, or commercial sources is for identification purposes only, and does not imply endorsement or government
sanction by the U.S. Department of Health and Human Services.

REFERENCES

1. CDC. 2024. About Chronic Diseases, on U.S. Centers for Disease Control and Prevention. https://
www.cdc.gov/chronic-disease/about/index.html.

2. Buttorff C, Ruder T, Bauman M. 2017. Multiple Chronic Conditions in the United States. https://
www.rand.org/pubs/tools/TL221.html.

3. CMS. 2024. National health expenditure data: historical, on U.S. Centers for Medicare &
Medicaid Services. https://www.cms.gov/data-research/statistics-trends-and-reports/national-health-
expenditure-data/historical.

4. Ruhnke M, Cornely OA, Schmidt-Hieber M, Alakel N, Boell B, Buchheidt D, Christopeit
M, Hasenkamp J, Heinz WJ, Hentrich M, Karthaus M, Koldehoff M, Maschmeyer G, Panse
J, Penack O, Schleicher J, Teschner D, Ullmann AJ, Vehreschild M, von Lilienfeld-Toal M,
Weissinger F, Schwartz S. 2020. Treatment of invasive fungal diseases in cancer patients-revised
2019 recommendations of the infectious diseases working party (AGIHO) of the German Society
of Hematology and Oncology (DGHO). Mycoses 63:653-682. 10.1111/myc.13082 [PubMed:
32236989]

5. Even C, Bastuji-Garin S, Hicheri Y, Pautas C, Botterel F, Maury S, Cabanne L, Bretagne
S, Cordonnier C. 2011. Impact of invasive fungal disease on the chemotherapy schedule and
event-free survival in acute leukemia patients who survived fungal disease: a case-control study.
Haematologica 96:337-341. 10.3324/haematol.2010.030825 [PubMed: 21071502]

6. Khanna M, Challa S, Kabeil AS, Inyang B, Gondal FJ, Abah GA, Minnal Dhandapani M, Manne
M, Mohammed L. 2021. Risk of mucormycosis in diabetes mellitus: a systematic review. Cureus
13:218827. 10.7759/cureus.18827 [PubMed: 34804684]

7. Otu A, Kosmidis C, Mathioudakis AG, Ibe C, Denning DW. 2023. The clinical spectrum
of aspergillosis in chronic obstructive pulmonary disease. Infection 51:813-829. 10.1007/
§15010-022-01960-2 [PubMed: 36662439]

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

Page 20

8. Lockhart SR, Chowdhary A, Gold JAW. 2023. The rapid emergence of antifungal-resistant

human-pathogenic fungi. Nat Rev Microbiol 21:818-832. 10.1038/s41579-023-00960-9 [PubMed:
37648790]

9. Kudymowa J, Hu J. 2024. Fungal diseases: health burden, neglectedness, and potential interventions.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Rethink Priorities
10.

CDC. 2025. Chronic Symptoms and Lyme Disease, on U.S. Centers for Disease Control and
Prevention. https://www.cdc.gov/lyme/signs-symptoms/chronic-symptoms-and-lyme-disease.html.

CDC. 2024. Signs and Symptoms of Long COVID, on U.S. Centers for Disease Control and
Prevention. https://www.cdc.gov/covid/long-term-effects/long-covid-signs-symptoms.html.

CDC. 2024. About Chronic Symptoms Following Infections, on U.S. Centers for Disease Control
and Prevention. https://www.cdc.gov/chronic-symptoms-following-infections/about/index.html.

IACCI. 2024. Infection-Associated Chronic Conditions Initiative. https://www.iaccinitiative.org.

CDC. 2024. About Fungal Diseases, on U.S. Centers for Disease Control and Prevention. https://
www.cdc.gov/fungal/about/index.html.

Benedict K, Whitham HK, Jackson BR. 2022. Economic burden of fungal diseases in the United
States. Open Forum Infect Dis 9. 10.1093/ofid/ofac097

Drummond Rebecca A, Desai JV, Hsu AP, Oikonomou V, Vinh DC, Acklin JA, Abers MS,
Walkiewicz MA, Anzick SL, Swamydas M, et al. 2022. Human Dectin-1 deficiency impairs
macrophage-mediated defense against phaeohyphomycosis. J Clin Invest 132:e159348. 10.1172/
JC1159348 [PubMed: 36377664]

Drummond RA, Lionakis MS. 2016. Mechanistic insights into the role of C-type lectin receptor/
CARDS signaling in human antifungal immunity. Front Cell Infect Microbiol 6:39. 10.3389/
fcimb.2016.00039 [PubMed: 27092298]

Drummond RA, Brown GD. 2011. The role of Dectin-1 in the host defence against fungal
infections. Curr Opin Microbiol 14:392-399. 10.1016/j.mib.2011.07.001 [PubMed: 21803640]

Lionakis MS, Levitz SM. 2018. Host control of fungal infections: lessons from basic studies

and human cohorts. Annu Rev Immunol 36:157-191. 10.1146/annurev-immunol-042617-053318
[PubMed: 29237128]

Glocker E-O, Hennigs A, Nabavi M, Schaffer AA, Woellner C, Salzer U, Pfeifer D, Veelken

H, Warnatz K, Tahami F, Jamal S, Manguiat A, Rezaei N, Amirzargar AA, Plebani A,
Hannesschldger N, Gross O, Ruland J, Grimbacher B. 2009. A homozygous CARD9 mutation

in a family with susceptibility to fungal infections. N Engl J Med 361:1727-1735. 10.1056/
NEJM0a0810719 [PubMed: 19864672]

Alves de Medeiros AK, Lodewick E, Bogaert DJA, Haerynck F, Van daele S, Lambrecht B, Bosma
S, Vanderdonckt L, Lortholary O, Migaud M, Casanova J-L, Puel A, Lanternier F, Lambert J,
Brochez L, Dullaers M. 2016. Chronic and invasive fungal infections in a family with CARD9
deficiency. J Clin Immunol 36:204-209. 10.1007/s10875-016-0255-8 [PubMed: 26961233]
Drummond RA, Franco LM, Lionakis MS. 2018. Human CARD?9: a critical molecule of fungal
immune surveillance. Front Immunol 9:1836. 10.3389/fimmu.2018.01836 [PubMed: 30127791]

Tashiro M, Takazono T, lzumikawa K. 2024. Chronic pulmonary aspergillosis: comprehensive
insights into epidemiology, treatment, and unresolved challenges. Ther Adv Infect Dis
11:20499361241253751. 10.1177/20499361241253751

Maghrabi F, Denning DW. 2017. The management of chronic pulmonary aspergillosis: The

UK National aspergillosis centre approach. Curr Fungal Infect Rep 11:242-251. 10.1007/
$12281-017-0304-7 [PubMed: 29213345]

Evans TJ, Lawal A, Kosmidis C, Denning DW. 2024. Chronic Pulmonary Aspergillosis: Clinical
Presentation and Management. Semin Respir Crit Care Med 45:088-101. 10.1055/s-0043-1776914
Sengupta A, Ray A, Upadhyay AD, Izumikawa K, Tashiro M, Kimura Y, Bongomin F, Su X,
Maitre T, Cadranel J, de Oliveira VF, Igbal N, Irfan M, Uzunhan Y, Aguilar-Company J, Munteanu
O, Beardsley J, Furuuchi K, Takazono T, Ito A, Kosmidis C, Denning DW. 2025. Mortality in
chronic pulmonary aspergillosis: a systematic review and individual patient data meta-analysis.
Lancet Infect Dis 25:312-324. 10.1016/S1473-3099(24)00567-X [PubMed: 39617023]

Denning DW, Cadranel J, Beigelman-Aubry C, Ader F, Chakrabarti A, Blot S, Ullmann AJ,
Dimopoulos G, Lange C. 2016. Chronic pulmonary aspergillosis: rationale and clinical guidelines

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

Page 21

for diagnosis and management. Eur Respir J 47:45-68. 10.1183/13993003.00583-2015 [PubMed:
26699723]

28. Hennessee I, Williams SL, Benedict K, Smith DJ, Thompson GR 111, Toda M. 2025. Persistence
of symptoms among commercially insured patients with coccidioidomycosis, United States, 2017-
2023. Emerg Infect Dis 31. 10.3201/eid3114.250022

29. Sivasubramanian G, Fox K, Huynh N, Woodley J, Chan-Golston A, Policepatil S. 2025. Impact of
glycemic control on coccidioidomycosis outcomes in patients with underlying diabetes mellitus in
central California. Med Mycol 63:myaf039. 10.1093/mmy/myaf039 [PubMed: 40246701]

30. Rosenstein NE, Emery KW, Werner SB, Kao A, Johnson R, Rogers D, Vugia D, Reingold A,
Talbot R, Plikaytis BD, Perkins BA, Hajjeh RA. 2001. Risk factors for severe pulmonary and
disseminated coccidioidomycosis: Kern County, California, 1995-1996. Clin Infect Dis 32:708—
715. 10.1086/319203 [PubMed: 11229838]

31. Donovan FM, Fernandez OM, Bains G, DiPompo L. 2025. Coccidioidomycosis: a growing global
concern. J Antimicrob Chemother 80:i40-i49. 10.1093/jac/dkaf002 [PubMed: 40085538]

32. Baker J, Kosmidis C, Rozaliyani A, Wahyuningsih R, Denning DW. 2020. Chronic pulmonary
histoplasmosis-a scoping literature review. Open Forum Infect Dis 7:0faal19. 10.1093/ofid/
ofaall9 [PubMed: 32411810]

33. Kennedy CC, Limper AH. 2007. Redefining the clinical spectrum of chronic pulmonary
histoplasmosis: a retrospective case series of 46 patients. Medicine (Baltimore) 86:252—-258.
10.1097/MD.0b013e318144b1d9 [PubMed: 17632267]

34. Goralska K, Blaszkowska J, Dzikowiec M. 2018. Neuroinfections caused by fungi. Infection
46:443-459. 10.1007/s15010-018-1152-2 [PubMed: 29785613]

35. Antonia AL, Alspaugh JA. 2025. Cryptococcus: emerging host risk factors for infection. PLoS
Pathog 21:21013602. 10.1371/journal.ppat.1013602 [PubMed: 41191707]

36. Kajeekul R, Mekawichai P, Chayakulkeeree M. 2023. Clinical features of cryptococcal
meningoencephalitis in HIV-positive and -negative patients in a resource-limited setting. JoF
9:869. 10.3390/j0f9090869 [PubMed: 37754977]

37. Sanchez-Cardenas CD, Isa-Pimentel M, Arenas R. 2023. Phaeohyphomycosis: a review. Microbiol
Res (Pavia) 14:1751-1763. 10.3390/microbiolres14040120

38. Crum NF. 2022. Coccidioidomycosis: a contemporary review. Infect Dis Ther 11:713-742.
10.1007/s40121-022-00606-y [PubMed: 35233706]

39. Williams PL. 2007. Coccidioidal meningitis. Ann N Y Acad Sci 1111:377-384. 10.1196/
annals.1406.037 [PubMed: 17363442]

40. Johnson R, Ho J, Fowler P, Heidari A. 2018. Coccidioidal meningitis: a review on diagnosis,
treatment, and management of complications. Curr Neurol Neurosci Rep 18:1-8. 10.1007/
$11910-018-0824-8 [PubMed: 29372464]

41. Thompson GR 3rd, Jenks JD, Baddley JW, Lewis JS 2nd, Egger M, Schwartz IS, Boyer J,
Patterson TF, Chen SC-A, Pappas PG, Hoenigl M 2023. Fungal endocarditis: pathophysiology,
epidemiology, clinical presentation, diagnosis, and management. Clin Microbiol Rev 36:60001923.
10.1128/cmr.00019-23 [PubMed: 37439685]

42. Kahi CJ, Wheat LJ, Allen SD, Sarosi GA. 2005. Gastrointestinal histoplasmosis. Am J
Gastroenterol 100:220-231. 10.1111/j.1572-0241.2005.40823.x [PubMed: 15654803]

43. Vikram HR, Smilack JD, Leighton JA, Crowell MD, De Petris G. 2012. Emergence of
gastrointestinal basidiobolomycosis in the United States, with a review of worldwide cases. Clin
Infect Dis 54:1685-1691. 10.1093/cid/cis250 [PubMed: 22441651]

44. Brown L, Leck AK, Gichangi M, Burton MJ, Denning DW. 2021. The global incidence and
diagnosis of fungal keratitis. Lancet Infect Dis 21:e49-e57. 10.1016/S1473-3099(20)30448-5
[PubMed: 33645500]

45. Hoffman JJ, Burton MJ, Leck A. 2021. Mycotic keratitis-a global threat from the filamentous
fungi. J Fungi (Basel) 7:273. 10.3390/jof7040273 [PubMed: 33916767]

46. Ansari Z, Miller D, Galor A. 2013. Current thoughts in fungal keratitis: diagnosis and treatment.
Curr Fungal Infect Rep 7:209-218. 10.1007/s12281-013-0150-110.1007/s12281-013-0150-1
[PubMed: 24040467]

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

Page 22

47. Atta S, Perera C, Kowalski RP, Jhanji V. 2022. Fungal keratitis: clinical features, risk factors,
treatment, and outcomes. JoF 8:962. 10.3390/jof8090962 [PubMed: 36135687]

48. Viswanatha B, Naseeruddin K. 2011. Fungal infections of the ear in immunocompromised
host: a review. Mediterr J Hematol Infect Dis 3:¢2011003. 10.4084/MJHID.2011.003 [PubMed:
21625307]

49. Ho T, Vrabec JT, Yoo D, Coker NJ. 2006. Otomycosis: clinical features and treatment implications.
Otolaryngol--head neck surg 135:787-791. 10.1016/j.0tohns.2006.07.008 [PubMed: 17071313]

50. Chowdhary A, Singh A, Kaur A, Khurana A. 2022. The emergence and worldwide spread of
the species 7richophyton indotineae causing difficult-to-treat dermatophytosis: a new challenge
in the management of dermatophytosis. PLoS Pathog 18:€1010795. 10.1371/journal.ppat.1010795
[PubMed: 36173977]

51. Jartarkar SR, Patil A, Goldust Y, Cockerell CJ, Schwartz RA, Grabbe S, Goldust M. 2021.
Pathogenesis, immunology and management of dermatophytosis. J Fungi (Basel) 8:39. 10.3390/
jof8010039 [PubMed: 35049979]

52. Verma S, Madhu R. 2017. The Great Indian epidemic of superficial dermatophytosis: an appraisal.
Indian J Dermatol 62:227-236. 10.4103/ijd.1JD_206_17 [PubMed: 28584364]

53. Willems HME, Ahmed SS, Liu J, Xu Z, Peters BM. 2020. Vulvovaginal candidiasis: a current
understanding and burning questions. J Fungi (Basel) 6:27. 10.3390/jof6010027 [PubMed:
32106438]

54. Donders G, Sziller 10, Paavonen J, Hay P, de Seta F, Bohbot JM, Kotarski J, Vives JA, Szabo
B, Cepuliené R, Mendling W. 2022. Management of recurrent vulvovaginal candidosis: narrative
review of the literature and European expert panel opinion. Front Cell Infect Microbiol 12:934353.
10.3389/fcimb.2022.934353 [PubMed: 36159646]

55. Lobo M, Cerqueira C, Rodrigues AG, Lisboa C. 2025. Recurrent vulvovaginal candidosis and
its underlying mechanisms: a systematic review. JoF 11:357. 10.3390/jof11050357 [PubMed:
40422691]

56. Queiroz-Telles F, de Hoog S, Santos DWCL, Salgado CG, Vicente VA, Bonifaz A, Roilides
E, Xi L, Azevedo C de MPES, da Silva MB, Pana ZD, Colombo AL, Walsh TJ. 2017.
Chromoblastomycosis. Clin Microbiol Rev 30:233-276. 10.1128/CMR.00032-16 [PubMed:
27856522]

57. Queiroz-Telles F, Esterre P, Perez-Blanco M, Vitale RG, Salgado CG, Bonifaz A. 2009.
Chromoblastomycosis: an overview of clinical manifestations, diagnosis and treatment. Med
Mycol 47:3-15. 10.1080/13693780802538001 [PubMed: 19085206]

58. Rolon AM, Tolaymat LM, Sokumbi O, Bodiford K. 2023. The role of excision for treatment
of chromoblastomycosis: a cutaneous fungal infection frequently mistaken for squamous cell
carcinoma. Dermatol Surg 49:649-653. 10.1097/DSS.0000000000003800 [PubMed: 37093678]

59. van de Sande WWJ. 2013. Global burden of human mycetoma: a systematic review and meta-
analysis. PLoS Negl Trop Dis 7:e2550. 10.1371/journal.pntd.0002550 [PubMed: 24244780]

60. Fahal A, Mahgoub ES, El Hassan AM, Abdel-Rahman ME, Alshambaty Y, Hashim A, Hago A,
Zijlstra EE. 2014. A new model for management of mycetoma in the Sudan. PLOS Negl Trop Dis
8:3271. 10.1371/journal.pntd.0003271 [PubMed: 25356640]

61. van de Sande WWJ, Fahal AH. 2024. An updated list of eumycetoma causative agents and their
differences in grain formation and treatment response. Clin Microbiol Rev 37:e0003423. 10.1128/
cmr.00034-23 [PubMed: 38690871]

62. Bongomin F, Harris C, Foden P, Kosmidis C, Denning DW. 2017. Innate and adaptive immune
defects in chronic pulmonary aspergillosis. J Fungi (Basel) 3:26. 10.3390/jof3020026 [PubMed:
29371544]

63. Colomho SAP, Hashad R, Denning DW, Kumararatne DS, Ceron-Gutierrez L, Barcenas-Morales
G, MacDonald AS, Harris C, Doffinger R, Kosmidis C. 2022. Defective interferon-gamma
production is common in chronic pulmonary aspergillosis. J Infect Dis 225:1822-1831. 10.1093/
infdis/jiab583 [PubMed: 34850023]

64. Lemonovich TL. 2018. Mold infections in solid organ transplant recipients. Infect Dis Clin North
Am 32:687-701. 10.1016/j.idc.2018.04.006 [PubMed: 30146030]

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

Page 23

65. Nucci M, Anaissie EJ. 2018. Prevention of Infections in Patients with Hematological Malignancies,
p 1047-1062. /n Wiernik PH, Dutcher JP, Gertz MA (ed), Neoplastic Diseases of the Blood.
Springer International Publishing, Cham.

66. Toda M, Williams S, Jackson BR, Wurster S, Serpa JA, Nigo M, Grimes CZ, Atmar RL, Chiller
TM, Ostrosky-Zeichner L, Kontoyiannis DP. 2023. Invasive mold infections following hurricane
Harvey-Houston, Texas. Open Forum Infect Dis 10:0fad093. 10.1093/ofid/ofad093 [PubMed:
36910694]

67. Benedict K, Thompson GR 3rd, Jackson BR. 2020. Cannabis use and fungal infections in a
commercially insured population, United States, 2016. Emerg Infect Dis 26:1308-1310. 10.3201/
€id2606.191570 [PubMed: 32441624]

68. Avery RK, Michaels MG, AST Infectious Diseases Community of Practice. 2019. Strategies
for safe living following solid organ transplantationguidelines from the American society of
transplantation infectious diseases community of practice. Clin Transplant 33:€13519. 10.1111/
ctr.13519 [PubMed: 30844096]

69. Williams SL, Smith DJ, Benedict K, Ahlers JR, Austin C, Birn R, Carter AM, Christophe NN,
Cibulskas K, Cieslak PR, et al. 2024. Surveillance for coccidioidomycosis, histoplasmosis, and
blastomycosis during the COVID-19 pandemic - United States, 2019-2021. MMWR Morb Mortal
WKly Rep 73:239-244. 10.15585/mmwr.mm7311a2 [PubMed: 38512795]

70. Williams SL, Benedict K, Jackson BR, Rajeev M, Cooksey G, Ruberto I, Williamson T,
Sunenshine RH, Osborn B, Oltean HN, Reik RR, Freedman MS, Spec A, Carey A, Schwartz
IS, Medina-Garcia L, Bahr NC, Kuran R, Heidari A, Thompson GR 111, Johnson R, Galgiani
JN, Chiller T, Toda M. 2025. Estimated burden of coccidioidomycosis. JAMA Netw Open
8:€2513572. 10.1001/jamanetworkopen.2025.13572 [PubMed: 40459889]

71. Zaheri SC, Field E, Orvin CA, Perilloux DM, Klapper RJ, Shelvan A, Ahmadzadeh S, Shekoohi
S, Kaye AD, Varrassi G. 2023. Valley fever: pathogenesis and evolving treatment options. Cureus
15:650260. 10.7759/cureus.50260 [PubMed: 38196429]

72. Chiller TM, Galgiani JN, Stevens DA. 2003. Coccidioidomycosis. Infect Dis Clin North Am
17:41-57, 10.1016/s0891-5520(02)00040-5 [PubMed: 12751260]

73. Laniado-Laborin R, Alcantar-Schramm JM, Cazares-Adame R. 2012. Coccidioidomycosis: an
update. Curr Fungal Infect Rep 6:113-120. 10.1007/s12281-012-0084-z

74. Goodwin RA Jr, Owens FT, Snell JD, Hubbard WW, Buchanan RD, Terry RT, Des
Prez RM. 1976. Chronic pulmonary histoplasmosis. Medicine (Baltimore) 55:413-452.
10.1097/00005792-197611000-00001 [PubMed: 792626]

75. Kauffman CA. 2007. Histoplasmosis: a clinical and laboratory update. Clin Microbiol Rev 20:115-
132. 10.1128/CMR.00027-06 [PubMed: 17223625]

76. Rubin H, Furcolow ML, Yates JL, Brasher CA. 1959. The course and prognosis of histoplasmosis.
Am J Med 27:278-288. 10.1016/0002-9343(59)90347-x [PubMed: 14439879]

77. Azadeh N, Rank MA, Lewis JC, Wesselius LJ, Cheng MR, Blair JE. 2016. Wheezes
and desert breezes: when asthma and valley fever collide. J Asthma 53:125-132.
10.3109/02770903.2015.1070861 [PubMed: 26312545]

78. Benedict K, Smith DJ, Haczku A, Zeki AA, Hsu J, Toda M, Kenyon NJ, Thompson GR 3rd. 2025.
Investigating asthma after coccidioidomycosis among patients with commercial health insurance,
United States, 2017-2022. Mycoses 68:€70033. 10.1111/myc.70033 [PubMed: 39956956]

79. Raman Sharma R 2010. Fungal infections of the nervous system: current perspective and
controversies in management. Int J Surg 8:591-601. 10.1016/j.ijsu.2010.07.293 [PubMed:
20673817]

80. Akaishi T, Tarasawa K, Fushimi K, Yaegashi N, Aoki M, Fujimori K. 2024. Demographic profiles
and risk factors for mortality in acute meningitis: a nationwide population-based observational
study. Acute Medicine & Surgery 11:€920. 10.1002/ams2.920 [PubMed: 38162167]

81. Rajasingham R, Govender NP, Jordan A, Loyse A, Shroufi A, Denning DW, Meya DB, Chiller
TM, Boulware DR. 2022. The global burden of HIV-associated cryptococcal infection in adults
in 2020: a modelling analysis. Lancet Infect Dis 22:1748-1755. 10.1016/S1473-3099(22)00499-6
[PubMed: 36049486]

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

Page 24

82. Harris JR, Lockhart SR, Debess E, Marsden-Haug N, Goldoft M, Wohrle R, Lee S, Smelser C,
Park B, Chiller T. 2011. Cryptococcus gattii in the United States: clinical aspects of infection with
an emerging pathogen. Clin Infect Dis 53:1188-1195. 10.1093/cid/cir723 [PubMed: 22016503]

83. Pyrgos V, Seitz AE, Steiner CA, Prevots DR, Williamson PR. 2013. Epidemiology of cryptococcal
meningitis in the US: 1997-2009. PLoS One 8:€56269. 10.1371/journal.pone.0056269 [PubMed:
23457543]

84. Davis JA, Horn DL, Marr KA, Fishman JA. 2009. Central nervous system involvement in
cryptococcal infection in individuals after solid organ transplantation or with AIDS. Transpl Infect
Dis 11:432-437. 10.1111/j.1399-3062.2009.00424.x [PubMed: 19638005]

85. Williamson PR, Jarvis JN, Panackal AA, Fisher MC, Molloy SF, Loyse A, Harrison TS. 2017.
Cryptococcal meningitis: epidemiology, immunology, diagnosis and therapy. Nat Rev Neurol
13:13-24. 10.1038/nrneurol.2016.167 [PubMed: 27886201]

86. Rolfes MA, Hullsiek KH, Rhein J, Nabeta HW, Taseera K, Schutz C, Musubire A, Rajasingham R,
Williams DA, Thienemann F, Muzoora C, Meintjes G, Meya DB, Boulware DR. 2014. The effect
of therapeutic lumbar punctures on acute mortality from cryptococcal meningitis. Clin Infect Dis
59:1607-1614. 10.1093/cid/ciu596 [PubMed: 25057102]

87. Stott KE, Loyse A, Jarvis JN, Alufandika M, Harrison TS, Mwandumba HC, Day JN, Lalloo DG,
Bicanic T, Perfect JR, Hope W. 2021. Cryptococcal meningoencephalitis: time for action. Lancet
Infect Dis 21:e259—e271. 10.1016/S1473-3099(20)30771-4 [PubMed: 33872594]

88. Carlson RD, Rolfes MA, Birkenkamp KE, Nakasujja N, Rajasingham R, Meya DB, Boulware
DR. 2014. Predictors of neurocognitive outcomes on antiretroviral therapy after cryptococcal
meningitis: a prospective cohort study. Metab Brain Dis 29:269-279. 10.1007/s11011-013-9476-1
[PubMed: 24399496]

89. Jarvis JN, Casazza JP, Stone HH, Meintjes G, Lawn SD, Levitz SM, Harrison TS, Koup RA. 2013.
The phenotype of the Cryptococcus-specific CD4+ memory T-cell response is associated with
disease severity and outcome in HIV-associated cryptococcal meningitis. J Infect Dis 207:1817—
1828. 10.1093/infdis/jit099 [PubMed: 23493728]

90. Stack M, Hiles J, Valinetz E, Gupta SK, Butt S, Schneider JG. 2023. Cryptococcal meningitis
in young, immunocompetent patients: a single-center retrospective case series and review of the
literature. Open Forum Infect Dis 10:0fad420. 10.1093/ofid/ofad420 [PubMed: 37636518]

91. Arcobello JT, Revankar SG. 2020. Phaeohyphomycosis. Semin Respir Crit Care Med 41:131-140.
10.1055/s-0039-3400957 [PubMed: 32000289]

92. Revankar SG, Sutton DA, Rinaldi MG. 2004. Primary central nervous system phaeohyphomycosis:
a review of 101 cases. Clin Infect Dis 38:206-216. 10.1086/380635 [PubMed: 14699452]

93. Kainer M, Wiese AD, Benedict K, Braden C, Brandt M, Harris J, Park BJ, Guh A,
Jernigan J, Schaefer M. 2012. Multistate outbreak of fungal infection associated with injection
of methylprednisolone acetate solution from a single compounding pharmacy--United States.
MMWR 61

94. Malani AN, Kauffman CA, Latham R, Peglow S, Ledtke CS, Kerkering TM, Kaufman DH,
Triplett PF, Wright PW, Bloch KC, McCotter O, Toda M, Jackson BR, Pappas PG, Chiller
TM. 2020. Long-term outcomes of patients with fungal infections associated with contaminated
methylprednisolone injections. Open Forum Infect Dis 7. 10.1093/ofid/ofaal64

95. Ho J, Fowler P, Heidari A, Johnson RH. 2017. Intrathecal amphotericin B: a 60-year experience
in treating coccidioidal meningitis. Clin Infect Dis 64:519-524. 10.1093/cid/ciw794 [PubMed:
27927853]

96. Vincent T, Galgiani JN, Huppert M, Salkin D. 1993. The natural history of coccidioidal meningitis:
VA-Armed Forces cooperative studies, 1955-1958. Clin Infect Dis 16:247-254. 10.1093/clind/
16.2.247 [PubMed: 8443303]

97. Dewsnup DH, Galgiani JN, Graybill JR, Diaz M, Rendon A, Cloud GA, Stevens DA. 1996. Is it
ever safe to stop azole therapy for Coccidioides immitis meningitis? Ann Intern Med 124:305-310.
10.7326/0003-4819-124-3-199602010-00004 [PubMed: 8554225]

98. Sivasubramanian G, Kadakia S, Kim JM, Pervaiz S, Yan Y, Libke R. 2023. Challenges in the long-
term management of patients with coccidioidal meningitis: a retrospective analysis of treatment
and outcomes. Open Forum Infect Dis 10:0fad243. 10.1093/ofid/ofad243 [PubMed: 37333722]

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

Page 25

99. Yuan SM. 2016. Fungal endocarditis. Braz J Cardiovasc Surg 31:252-255.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

10.5935/1678-9741.20160026 [PubMed: 27737409]

Ellis ME, Al-Abdely H, Sandridge A, Greer W, Ventura W. 2001. Fungal endocarditis:

evidence in the world literature, 1965-1995. Clin Infect Dis 32:50-62. 10.1086/317550 [PubMed:
11118386]

Mukherjee PK, Sendid B, Hoarau G, Colombel J-F, Poulain D, Ghannoum MA. 2015. Mycobiota
in gastrointestinal diseases. Nat Rev Gastroenterol Hepatol 12:77-87. 10.1038/nrgastro.2014.188
[PubMed: 25385227]

Hoffmann C, Dollive S, Grunberg S, Chen J, Li H, Wu GD, Lewis JD, Bushman FD. 2013.
Archaea and fungi of the human gut microbiome: correlations with diet and bacterial residents.
PL0S One 8:€66019. 10.1371/journal.pone.0066019 [PubMed: 23799070]

Nucci M, Anaissie E. 2001. Revisiting the source of candidemia: skin or gut? Clin Infect Dis
33:1959-1967. 10.1086/323759 [PubMed: 11702290]

Quinton JF, Sendid B, Reumaux D, Duthilleul P, Cortot A, Grandbastien B, Charrier G, Targan
SR, Colombel JF, Poulain D. 1998. Anti-Saccharomyces cerevisiae mannan antibodies combined
with antineutrophil cytoplasmic autoantibodies in inflammatory bowel disease: prevalence and
diagnostic role. Gut 42:788-791. 10.1136/gut.42.6.788 [PubMed: 9691915]

Jawhara S 2022. How gut bacterial dysbiosis can promote Candida albicans overgrowth during
colonic inflammation. Microorganisms 10:1014. 10.3390/microorganisms10051014 [PubMed:
35630457]

Assi MA, Sandid MS, Baddour LM, Roberts GD, Walker RC. 2007. Systemic histoplasmosis:

a 15-year retrospective institutional review of 111 patients. Medicine (Baltimore) 86:162—-169.
10.1097/md.0b013e3180679130 [PubMed: 17505255]

Benedict K, Gold JAW, Smith DJ. 2024. Prevalence and features of fungal keratitis

among US patients with commercial health insurance. JAMA Ophthalmol 142:386. 10.1001/
jamaophthalmol.2023.6825 [PubMed: 38358752]

Gower EW, Keay LJ, Oechsler RA, lovieno A, Alfonso EC, Jones DB, Colby K, Tuli SS, Patel
SR, Lee SM, Irvine J, Stulting RD, Mauger TF, Schein OD. 2010. Trends in fungal keratitis in
the United States, 2001 to 2007. Ophthalmology 117:2263-2267. 10.1016/j.0phtha.2010.03.048
[PubMed: 20591493]

Chang DC, Grant GB, O’Donnell K, Wannemuehler KA, Noble-Wang J, Rao CY, Jacobson LM,
Crowell CS, Sneed RS, Lewis FMT, Schaffzin JK, Kainer MA, Genese CA, Alfonso EC, Jones
DB, Srinivasan A, Fridkin SK, Park BJ, Fusarium Keratitis Investigation Team. 2006. Multistate
outbreak of Fusarium keratitis associated with use of a contact lens solution. JAMA 296:953—
963. 10.1001/jama.296.8.953 [PubMed: 16926355]

Jia-Song W, Xi P, Zhao Z, Chao W, Hua-Tao X, Ming-Chang Z. 2023. Differential expression

of antimicrobial peptides in human fungal keratitis. Int J Ophthalmol 16:1630-1635. 10.18240/
1j0.2023.10.11 [PubMed: 37854369]

Yang R-B, Wu L-P, Lu X-X, Zhang C, Liu H, Huang Y, Jia Z, Gao Y-C, Zhao S-Z.

2021. Immunologic mechanism of fungal keratitis. Int J Ophthalmol 14:1100-1106. 10.18240/
ij0.2021.07.20 [PubMed: 34282397]

Mpakosi A, Kaliouli-Antonopoulou C. 2024. Immune mechanisms of filamentous fungal
keratitis. Cureus 16:€61954. 10.7759/cureus.61954 [PubMed: 38855487]

Bojanovi¢ M, Stalevi¢ M, Arsi¢-Arsenijevi¢ V, Ignjatovi¢ A, Randelovi¢ M, Golubovi¢ M,
Zivkovié-Marinkov E, Koracevi¢ G, Stamenkovi¢ B, OtaSevi¢ S. 2023. Etiology, predisposing
factors, clinical features and diagnostic procedure of otomycosis: a literature review. J Fungi
(Basel) 9:662. 10.3390/jof9060662 [PubMed: 37367598]

Havlickova B, Czaika VA, Friedrich M. 2008. Epidemiological trends in skin mycoses worldwide.
Mycoses 51 Suppl 4:2-15. 10.1111/j.1439-0507.2008.01606.x

Ely JW, Rosenfeld S, Seabury Stone M. 2014. Diagnosis and management of tinea infections. Am
Fam Physician 90:702-710. [PubMed: 25403034]

Gupta AK, Venkataraman M. 2022. Antifungal resistance in superficial mycoses. J Dermatolog
Treat 33:1888-1895. 10.1080/09546634.2021.1942421 [PubMed: 34132155]

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

Page 26

Shaw D, Dogra S, Singh S, Shah S, Narang T, Kaur H, Walia K, Ghosh A, Handa S, Chakrabarti
A, Rudramurthy SM. 2024. Prolonged treatment of dermatophytosis caused by 7richophyton
indotinea with terbinafine or itraconazole impacts better outcomes irrespective of mutation in the
squalene epoxidase gene. Mycoses 67:€13778. 10.1111/myc.13778 [PubMed: 39086026]

Uhrlall S, Verma SB, Gréser Y, Rezaei-Matehkolaei A, Hatami M, Schaller M, Nenoff P.

2022. Trichophyton indotineae-an emerging pathogen causing recalcitrant dermatophytoses in
India and worldwide-a multidimensional perspective. J Fungi (Basel) 8:757. 10.3390/jof8070757
[PubMed: 35887512]

Khurana A, Sharath S, Sardana K, Chowdhary A. 2024. Clinicomycological and therapeutic
updates on cutaneous dermatophytic infections in the era of 7richophyton indotineae. J Am Acad
Dermatol 91:315-323. 10.1016/j.jaad.2024.03.024 [PubMed: 38574764]

Ringdahl EN. 2000. Treatment of recurrent vulvovaginal candidiasis. Am Fam Physician
61:3306-3312. [PubMed: 10865926]

CDC. 2021. Vulvovaginal Candidiasis (VVC), on U.S. Centers for Disease Control and
Prevention. https://www.cdc.gov/std/treatment-guidelines/candidiasis.htm.

Benedict K, Singleton AL, Jackson BR, Molinari NAM. 2022. Survey of incidence, lifetime
prevalence, and treatment of self-reported vulvovaginal candidiasis, United States, 2020. BMC
Womens Health 22:147. 10.1186/s12905-022-01741-x [PubMed: 35538480]

Bradfield Strydom M, Walpola RL, McMillan S, Khan S, Ware RS, Tiralongo E. 2022. Lived
experience of medical management in recurrent vulvovaginal candidiasis: a qualitative study

of an uncertain journey. BMC Womens Health 22:384. 10.1186/s12905-022-01973-x [PubMed:
36123738]

Gold JAW, Smith DJ, Benedict K, Lockhart SR, Lipner SR. 2023. Epidemiology of implantation
mycoses in the United States: an analysis of commercial insurance claims data, 2017 to 2021. J
Am Acad Dermatol 89:427-430. 10.1016/j.jaad.2023.04.048 [PubMed: 37142095]

Smith DJ, Queiroz-Telles F, Rabenja FR, Hay R, Bonifaz A, Grijsen ML, Blaizot R, Messina

F, Song Y, Lockhart SR, Jordan A, Cavanaugh AM, Litvintseva AP, Chiller T, Schito

M, de Hoog S, Vicente VA, Cornet M, Dagne DA, Ramarozatovo LS, de Azevedo C de

MP e S, Santos DWCL. 2024. A global chromoblastomycosis strategy and development of

the global chromoblastomycosis working group. PLoS Negl Trop Dis 18:e0012562. 10.1371/
journal.pntd.0012562 [PubMed: 39405322]

Queiroz-Telles F 2015. Chromoblastomycosis: a neglected tropical disease. Rev Inst Med Trop
Sao Paulo 57 Suppl 19:46-50. 10.1590/S0036-46652015000700009 [PubMed: 26465369]

Azevedo CMPS Marques SG, Santos DWCL Silva RR, Silva NF Santos DA, Resende-Stoianoff
MA. 2015. Squamous cell carcinoma derived from chronic chromoblastomycosis in Brazil. Clin
Infect Dis 60:1500-1504. 10.1093/cid/civ104 [PubMed: 25681378]

Bakhiet SM, Fahal AH, Musa AM, Mohamed ESW, Omer RF, Ahmed ES, EIl Nour M,

Mustafa ERM, Sheikh A Rahman ME, Suliman SH, El Mamoun MAG, EI Amin HM. 2018.

A holistic approach to the mycetoma management. PLoS Negl Trop Dis 12:e0006391. 10.1371/
journal.pntd.0006391 [PubMed: 29746460]

Abbas M, Scolding PS, Yosif AA, El Rahman RF, EI-Amin MO, Elbashir MK, Groce N,

Fahal AH. 2018. The disabling consequences of Mycetoma. PLoS Negl Trop Dis 12:e0007019.
10.1371/journal.pntd.0007019 [PubMed: 30532253]

Clark JE, Kim HY, van de Sande WWJ, McMullan B, Verweij P, Alastruey-lzquierdo A,
Chakrabarti A, Harrison TS, Bongomin F, Hay RJ, Oladele R, Heim J, Beyer P, Galas M,
Siswanto S, Dagne DA, Roitberg F, Gigante V, Beardsley J, Sati H, Alffenaar J-W, Morrissey
CO. 2024. Eumycetoma causative agents: a systematic review to inform the World Health
Organization priority list of fungal pathogens. Med Mycol Open Access 62. 10.1093/mmy/
myae044

CDC. 2024. Deaths and Mortality, on U.S. Centers for Disease Control and Prevention. https://
www.cdc.gov/nchs/fastats/deaths.htm.

Benavidez GA, Zahnd WE, Hung P, Eberth JM. 2024. Chronic disease prevalence in the US:
sociodemographic and geographic variations by zip code tabulation area. Prev Chronic Dis
21:230267. 10.5888/pcd21.230267

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Page 27

de Martel C, Ferlay J, Franceschi S, Vignat J, Bray F, Forman D, Plummer M. 2012. Global
burden of cancers attributable to infections in 2008: a review and synthetic analysis. Lancet
Oncol 13:607-615. 10.1016/S1470-2045(12)70137-7 [PubMed: 22575588]

Yu D, Liu Z. 2022. The research progress in the interaction between Candida albicans and
cancers. Front Microbiol 13:988734. 10.3389/fmich.2022.988734 [PubMed: 36246294]

Wang Y, Wang Y, Zhou Y, Feng Y, Sun T, Xu J. 2024. Tumor-related fungi and

crosstalk with gut fungi in the tumor microenvironment. Cancer Biol Med 21:1-18. 10.20892/
J.issn.2095-3941.2024.0240

Alnuaimi AD, Wiesenfeld D, O’Brien-Simpson NM, Reynolds EC, McCullough MJ. 2015.

Oral Candida colonization in oral cancer patients and its relationship with traditional risk
factors of oral cancer: a matched case-control study. Oral Oncol 51:139-145. 10.1016/
j.oraloncology.2014.11.008 [PubMed: 25498921]

Wang X, Zhang W, Wu W, Wu S, Young A, Yan Z. 2023. Is Candiaa albicans a contributor

to cancer? A critical review based on the current evidence. Microbiol Res 272:127370. 10.1016/
j.micres.2023.127370 [PubMed: 37028206]

Zhong M, Xiong Y, Zhao J, Gao Z, Ma J, Wu Z, Song Y, Hong X. 2021. Candida

albicans disorder is associated with gastric carcinogenesis. Theranostics 11:4945-4956. 10.7150/
thno.55209 [PubMed: 33754037]

Belda W Jr., Criado PR, Casteleti P, Domingues Passero LF. 2021. Chromoblastomycosis
evolving to sarcomatoid squamous cell carcinoma: a case report. Dermatol Reports 13:9009.
10.4081/dr.2021.9009 [PubMed: 34497696]

Di Cosola M, Cazzolla AP, Charitos IA, Ballini A, Inchingolo F, Santacroce L. 2021. Candida
albicans and oral carcinogenesis. a brief review. JoF 7:476. 10.3390/jof7060476 [PubMed:
34204731]

Frioui R, Jaber K, Mtibaa L, Jemli B, Gargouri F, Rabhi F, Dhaoui R. 2023. An unusual

case of nasal chromoblastomycosis progressing to squamous cell carcinoma in a non-endemic
region. Indian J Dermatol Venereol Leprol 89:102-105. 10.25259/1JDVL_348 2021 [PubMed:
36331850]

Baveja P, Walia GK, Paliwal G, Rajkamal T. 2021. Chromoblastomycosis: masquerading as
squamous cell carcinoma. Medical Journal of Dr DY Patil Vidyapeeth 14:703-705. 10.4103/
mjdrdypu.mjdrdypu_570_20

Aykut B, Pushalkar S, Chen R, Li Q, Abengozar R, Kim JI, Shadaloey SA, Wu D, Preiss P, Verma
N, Guo Y, Saxena A, Vardhan M, Diskin B, Wang W, Leinwand J, Kurz E, Kochen Rossi JA,
Hundeyin M, Zambrinis C, Li X, Saxena D, Miller G. 2019. The fungal mycobiome promotes
pancreatic oncogenesis via activation of MBL. Nature 574:264-267. 10.1038/s41586-019-1608-2
[PubMed: 31578522]

Liu M-M, Zhu H-H, Bai J, Tian Z-Y, Zhao Y-J, Boekhout T, Wang Q-M. 2024. Breast cancer
colonization by Malassezia globosa accelerates tumor growth. mBio 15:€0199324. 10.1128/
mbio0.01993-24 [PubMed: 39235230]

Zhang Z, Qiu Y, Feng H, Huang D, Weng B, Xu Z, Xie Q, Wang Z, Ding W, Li G, Liu

H. 2022. Identification of Malassezia globosa as a gastric fungus associated with PD-L1
expression and overall survival of patients with gastric cancer. J Immunol Res 2022:2430759.
10.1155/2022/2430759 [PubMed: 36405009]

Fletcher AA, Kelly MS, Eckhoff AM, Allen PJ. 2023. Revisiting the intrinsic mycobiome in
pancreatic cancer. Nature 620:E1-E6. 10.1038/s41586-023-06292-1 [PubMed: 37532819]
Dohlman AB, Klug J, Mesko M, Gao IH, Lipkin SM, Shen X, lliev ID. 2022. A pan-cancer
mycobiome analysis reveals fungal involvement in gastrointestinal and lung tumors. Cell
185:3807-3822. 10.1016/j.cell.2022.09.015 [PubMed: 36179671]

Vadovics M, Ho J, Igaz N. 2022. Candida albicans enhances the progression of oral squamous cell
carcinoma /n vitroand in vivo. mBio 13:e03144-21. 10.1128/mBi0.03144-21

FDA. 2017. FDA Drug Safety Communication: FDA limits usage of
Nizoral (ketoconazole) oral tablets due to potentially fatal liver injury and
risk of drug interactions and adrenal gland problems, on U.S. Food and

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

Page 28

Drug Administration. https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-
communication-fda-limits-usage-nizoral-ketoconazole-oral-tablets-due-potentially.

150. Tverdek FP, Kofteridis D, Kontoyiannis DP. 2016. Antifungal agents and liver toxicity: a

complex interaction. Expert Rev Anti Infect Ther 14:765-776. 10.1080/14787210.2016.1199272
[PubMed: 27275514]

151. Wang JL, Chang CH, Young-Xu Y, Chan KA. 2010. Systematic review and meta-analysis

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

of the tolerability and hepatotoxicity of antifungals in empirical and definitive therapy for
invasive fungal infection. Antimicrob Agents Chemother 54:2409-2419. 10.1128/AAC.01657-09
[PubMed: 20308378]

Kyriakidis I, Tragiannidis A, Munchen S, Groll AH. 2017. Clinical hepatotoxicity associated
with antifungal agents. Expert Opin Drug Saf 16:149-165. 10.1080/14740338.2017.1270264
[PubMed: 27927037]

Benitez LL, Carver PL. 2019. Adverse effects associated with long-term administration of azole
antifungal agents. Drugs (Abingdon Engl) 79:833-853. 10.1007/s40265-019-01127-8

Njoku DB. 2014. Drug-induced hepatotoxicity: metabolic, genetic and immunological basis. Int J
Mol Sci 15:6990-7003. 10.3390/ijms15046990 [PubMed: 24758937]

Baxter CG, Marshall A, Roberts M, Felton TW, Denning DW. 2011. Peripheral neuropathy

in patients on long-term triazole antifungal therapy. J Antimicrob Chemother 66:2136-2139.
10.1093/jac/dkr233 [PubMed: 21685202]

Jager MC, Joos FL, Winter DV, Odermatt A. 2023. Characterization of the interferences of
systemic azole antifungal drugs with adrenal steroid biosynthesis using H295R cells and enzyme
activity assays. Curr Res Toxicol 5:100119. 10.1016/j.crtox.2023.100119 [PubMed: 37637492]

Beck KR, Telisman L, van Koppen CJ, Thompson GR 3rd, Odermatt A. 2020.

Molecular mechanisms of posaconazole- and itraconazole-induced pseudohyperaldosteronism
and assessment of other systemically used azole antifungals. J Steroid Biochem Mol Biol
199:105605. 10.1016/j.jsbmb.2020.105605 [PubMed: 31982514]

Sheu J, Hawryluk EB, Guo D, London WB, Huang JT. 2015. Voriconazole phototoxicity in
children: a retrospective review. J Am Acad Dermatol 72:314-320. 10.1016/j.jaad.2014.10.023
[PubMed: 25481710]

Levine MT, Chandrasekar PH. 2016. Adverse effects of voriconazole: over a decade of use. Clin
Transplant 30:1377-1386. 10.1111/ctr.12834 [PubMed: 27581783]

Singer JP, Boker A, Metchnikoff C, Binstock M, Boettger R, Golden JA, Glidden DV, Arron ST.
2012. High cumulative dose exposure to voriconazole is associated with cutaneous squamous
cell carcinoma in lung transplant recipients. J Heart Lung Transplant 31:694-699. 10.1016/
j-healun.2012.02.033 [PubMed: 22484291]

Ikeya S, Sakabe J-1, Yamada T, Naito T, Tokura Y. 2018. Voriconazole-induced
photocarcinogenesis is promoted by aryl hydrocarbon receptor-dependent COX-2 upregulation.
Sci Rep 8:5050. 10.1038/s41598-018-23439-7 [PubMed: 29568008]

Zonios DI, Gea-Banacloche J, Childs R, Bennett JE. 2008. Hallucinations during voriconazole
therapy. Clin Infect Dis 47:e7-e10. 10.1086/588844 [PubMed: 18491963]

Eiden C, Peyriere H, Cociglio M, Djezzar S, Hansel S, Blayac J-P, Hillaire-Buys D, Network
of the French Pharmacovigilance Centers. 2007. Adverse effects of voriconazole: analysis of
the French Pharmacovigilance Database. Ann Pharmacother 41:755-763. 10.1345/aph.1H671
[PubMed: 17456542]

Adwan MH. 2017. Voriconazole-induced periostitis: a new rheumatic disorder. Clin Rheumatol
36:609-615. 10.1007/s10067-016-3341-7 [PubMed: 27376754]

165. Gerber B, Guggenberger R, Fasler D, Nair G, Manz MG, Stussi G, Schanz U. 2012. Reversible

skeletal disease and high fluoride serum levels in hematologic patients receiving voriconazole.
Blood 120:2390-2394. 10.1182/blood-2012-01-403030 [PubMed: 22859610]

166. Ahmad SR, Singer SJ, Leissa BG. 2001. Congestive heart failure associated with itraconazole.

The Lancet 357:1766-1767. 10.1016/S0140-6736(00)04891-1

167. Qu Y, Fang M, Gao B, Amouzadeh HR, Li N, Narayanan P, Acton P, Lawrence J, Vargas HM.

2013. Itraconazole decreases left ventricular contractility in isolated rabbit heart: mechanism of
action. Toxicol Appl Pharmacol 268:113-122. 10.1016/j.taap.2013.01.029 [PubMed: 23416206]

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Page 29

Teaford HR, Abu Saleh OM, Villarraga HR, Enzler MJ, Rivera CG. 2020. The many faces of
itraconazole cardiac toxicity. Mayo Clinic Proceedings: Innovations, Quality & Outcomes 4:588—
594. 10.1016/j.mayocpigqo.2020.05.006

Paul V, Rawal H. 2017. Cardiotoxicity with itraconazole. BMJ Case Rep 2017:bcr2017219376.
10.1136/bcr-2017-219376

Salem M, Reichlin T, Fasel D, Leuppi-Taegtmeyer A. 2017. Torsade de pointes and systemic
azole antifungal agents: analysis of global spontaneous safety reports. Glob Cardiol Sci Pract
2017:11. 10.21542/gcsp.2017.11 [PubMed: 29644223]

Davis MR, Nguyen M- VVH, Donnelley MA, Thompson Il GR. 2019. Tolerability of long-

term fluconazole therapy. J Antimicrob Chemother 74:768-771. 10.1093/jac/dky501 [PubMed:
30535104]

Stewart CR, Algu L, Kamran R, Leveille CF, Abid K, Rae C, Lipner SR. 2021. Effect of
onychomycosis and treatment on patient-reported quality-of-life outcomes: a systematic review. J
Am Acad Dermatol 85:1227-1239. 10.1016/j.jaad.2020.05.143 [PubMed: 32502586]

Raad I, Graybill JR, Bustamante AB, Cornely OA, Gaona-Flores V, Afif C, Graham DR,
Greenberg RN, Hadley S, Langston A, Negroni R, Perfect JR, Pitisuttithum P, Restrepo A,
Schiller G, Pedicone L, Ullmann AJ. 2006. Safety of long-term oral posaconazole use in the
treatment of refractory invasive fungal infections. Clin Infect Dis 42:1726-1734. 10.1086/504328
[PubMed: 16705579]

Jensen K, Saleh OA, Chesdachai S, Jannetto PJ, Mara KC, Yetmar ZA, Rivera CG. 2023.
Association of adverse effects with high serum posaconazole concentrations. Med Mycol Open
Access 61. 10.1093/mmy/myad079

Ellsworth M, Ostrosky-Zeichner L. 2020. Isavuconazole: mechanism of action, clinical efficacy,
and resistance. JoF 6:324. 10.3390/jof6040324 [PubMed: 33260353]

Lewis JS, Wiederhold NP, Hakki M, Thompson GR. 2022. New perspectives on antimicrobial
agents: isavuconazole. Antimicrob Agents Chemother 66:600177-22. 10.1128/aac.00177-22
[PubMed: 35969068]

Azanza JR, Grau S, Vazquez L, Rebollo P, Peral C, Lépez-Ibafiez de Aldecoa A, Lopez-Gémez
V. 2021. The cost - effectiveness of isavuconazole compared to voriconazole, the standard of care
in the treatment of patients with invasive mould diseases, prior to differential pathogen diagnosis
in Spain. Mycoses 64:66—77. 10.1111/myc.13189 [PubMed: 32989796]

te Welscher YM, van Leeuwen MR, de Kruijff B, Dijksterhuis J, Breukink E. 2012. Polyene
antibiotic that inhibits membrane transport proteins. Proc Natl Acad Sci USA 109:11156-11159.
10.1073/pnas.1203375109 [PubMed: 22733749]

Revie NM, lyer KR, Robbins N, Cowen LE. 2018. Antifungal drug resistance: evolution,
mechanisms and impact. Curr Opin Microbiol 45:70-76. 10.1016/j.mib.2018.02.005 [PubMed:
29547801]

Yang YL, Xiang ZJ, Yang JH, Wang WJ, Xu ZC, Xiang RL. 2021. Adverse effects associated
with currently commonly used antifungal agents: a network meta-analysis and systematic review.
Front Pharmacol 12:697330. 10.3389/fphar.2021.697330 [PubMed: 34776941]

Botero Aguirre JP, Restrepo Hamid AM. 2015. Amphotericin B deoxycholate versus liposomal
amphotericin B: effects on kidney function. Cochrane Database Syst Rev 2015:CD010481.
10.1002/14651858.CD010481.pub2 [PubMed: 26595825]

Maji A, Soutar CP, Zhang J, Lewandowska A, Uno BE, Yan S, Shelke Y, Murhade G,
Nimerovsky E, Borcik CG, et al. 2023. Tuning sterol extraction kinetics yields a renal-sparing
polyene antifungal. Nature 623:1079-1085. 10.1038/s41586-023-06710-4 [PubMed: 37938782]
Boulware DR, Atukunda M, Kagimu E, Musubire AK, Akampurira A, Tugume L, Ssebambulidde
K, Kasibante J, Nsangi L, Mugabi T, et al. 2023. Oral lipid nanocrystal amphotericin B for
cryptococcal meningitis: a randomized clinical trial. Clin Infect Dis 77:1659-1667. 10.1093/cid/
ciad440 [PubMed: 37606364]

Harbarth S, Pestotnik SL, Lloyd JF, Burke JP, Samore MH. 2001. The epidemiology of
nephrotoxicity associated with conventional amphotericin B therapy. Am J Med 111:528-534.
10.1016/s0002-9343(01)00928-7 [PubMed: 11705428]

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghai et al.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Page 30

Gursoy V, Ozkalemkas F, Ozkocaman V, Serenli Yegen Z, Ethem Pinar I, Ener B, Akalin

H, Kazak E, Ali R, Ersoy A. 2021. Conventional amphotericin B associated nephrotoxicity

in patients with hematologic malignancies. Cureus 13:e16445. 10.7759/cureus.16445 [PubMed:
34422476]

Falci DR, da Rosa FB, Pasqualotto AC. 2015. Comparison of nephrotoxicity associated to
different lipid formulations of amphotericin B: a real-life study. Mycoses 58:104-112. 10.1111/
myc.12283 [PubMed: 25590436]

Groll AH, Rijnders BJA, Walsh TJ, Adler-Moore J, Lewis RE, Briiggemann RIM. 2019. Clinical
pharmacokinetics, pharmacodynamics, safety and efficacy of liposomal amphotericin B. Clin
Infect Dis 68:5260-S274. 10.1093/cid/ciz076 [PubMed: 31222253]

Kobayashi R, Keino D, Hori D, Sano H, Suzuki D, Kishimoto K, Kobayashi K. 2018. Analysis of
hypokalemia as a side effect of liposomal amphotericin in pediatric patients. Pediatric Infectious
Disease Journal 37:447-450. 10.1097/INF.0000000000001802 [PubMed: 28945677]

Shigemi A, Matsumoto K, Ikawa K, Yaji K, Shimodozono Y, Morikawa N, Takeda Y, Yamada K.
2011. Safety analysis of liposomal amphotericin B in adult patients: anaemia, thrombocytopenia,
nephrotoxicity, hepatotoxicity and hypokalaemia. Int J Antimicrob Agents 38:417-420. 10.1016/
j.ijantimicag.2011.07.004 [PubMed: 21885259]

Inc AH. 2023. Product Monograph Micafungin for Injection, p 37. Accord Healthcare Inc,
Kirkland, QC Canada.

Lee MC, Ni YW, Wang CH, Lee CH, Wu TW. 2010. Caspofungin-induced severe toxic epidermal
necrolysis. Ann Pharmacother 44:1116-1118. 10.1345/aph.1p053 [PubMed: 20407030]

Sigera LSM, Denning DW. 2023. Flucytosine and its clinical usage. Ther Adv Infect Dis
10:20499361231161387. 10.1177/20499361231161387

Malik R, Medeiros C, Wigney DI, Love DN.1996. Suspected drug eruption in seven dogs during
administration of flucytosine. Aust Vet J 74:285-288. 10.1111/j.1751-0813.1996.tb13776.x
[PubMed: 8937669]

Ansah JP, Chiu CT. 2022. Projecting the chronic disease burden among the adult population in the
United States using a multi-state population model. Front Public Health 10:1082183. 10.3389/
fpubh.2022.1082183 [PubMed: 36711415]

Rodrigues ML, Nosanchuk JD. 2020. Fungal diseases as neglected pathogens: a wake-up call

to public health officials. PLoS Negl Trop Dis 14:e0007964. 10.1371/journal.pntd.0007964
[PubMed: 32078635]

Clin Microbiol Rev. Author manuscript; available in PMC 2026 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ghai et al.

Pathogen Factors
Promoting Fungal Infection

Q
Oggo‘
o

Infectious Dose
High initial inoculum exceeds
innate immune clearance

Immune Evasion

Examples:

« B-glucan masking (Candida
albicans, Histoplasma
capsulatum)

« Capsule formation
(Cryptococcus neoformans)

+ Melanin production

(dematiaceous fungi)

« Biofilm production (Candida
spp., Aspergillus fumigatus)

Tissue Tropism

Examples:

« Aspergillus fumigatus for
lung parenchyma

« Cryptococcus neoformans/
C. gattii for CNS tissues
(meninges)

« Basidiobolus ranarum for
bowel wall (colon and ileum)

« Trichophyton spp. strict
tropism for keratinized tissues

« Aspergillus and Candida spp.
for external auditory canal

Host Factors Clinical Factors
Enabling Fungal Persistence Delaying Disease Resolution

Immunosuppression
or Innate Immune
Deficits

Examples:

« CARD9 deficiency

- Diabetes mellitus

« Idiopathic CD4
lymphocytopenia

« Hematologic malignancies

« HIV/AIDS

Conditions and
Comorbidities
(Non-immunosuppressive)

Examples:

« Chronic lung diseases
(e.g., prior pulmonary
tuberculosis, chronic
obstructive pulmonary
disorder)

« Eczema/atopic dermatitis

« Heightened estrogen

« Intravenous drug use

« Previous surgeries

« Smoking

« Wounds or burns

+

Antibiotic and/or
Steroid Use/Misuse
Examples:

« Bacterial pneumonia antibiotics
for coccidioidomycosis or
histoplasmosis

« Topical steroid misuse for
ringworm

Delayed Diagnosis or

Misdiagnosis

Delayed diagnosis due to:

+ Non-specific or overlapping
clinical presentation

« Empiric treatment

« Limited access to diagnostics

« Long test turnaround times

« Lack or provider awareness

Misdiagnosis is common for
most fungal diseases

Immunosuppressive
Regimens

Examples:

+ Chemotherapy

« Organ transplantation

- Steroids
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Chronic Disease States

Affecting Body Systems (Examples)

Respiratory

« Chronic pulmonary aspergillosis

« Chronic pulmonary
coccidioidomycosis

« Chronic cavitary pulmonary
histoplasmosis

Neurologic

« Cryptococcal
meningoencephalitis

+ Phaeohyphomycosis

« Coccidioidal meningitis

% Circulatory/Cardiac
« Fungal endocarditis

Gastrointestinal
« Gastrointestinal histoplasmosis
« Gastrointestinal

basidiobolomycosis

Sensory
« Fungal keratitis
- Fungal otitis

Mucosa, Skin and Bone

« Trichophyton indotineae

« Recurrent vulvovaginal
candidiases

« Chromoblastomycosis

+ Eumycetoma

FIG 1.

Factors contributing to chronic disease states associated with fungal infections: pathogen
factors (i.e., organism-specific characteristics of disease-causing fungi), host factors (i.e.,
intrinsic biological characteristics of an infected organism), and clinical factors (external
healthcare- and diagnosis-related elements) may all contribute to an increased likelihood of
fungal infection resulting in a chronic disease state.
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TABLE 2
Fungal diseases associated with cancer development or progression: proposed mechanisms and strength of
evidence
Cancer type Fungal disease/agent  Proposed mechanisms Type and strength of evidence  References
Oral squamous cell Candida albicans « Acetaldehyde production * More evidence for oral (136, 140)
carcinoma (SCC); (carcinogenic) SCC. Human observational
gastric cancer; « Epithelial barrier damage studies and mechanistic support
colorectal cancer « Chronic inflammation leading from /n vitro models
to protumor signaling
Squamous cell Chromoblastomycosis * Chronic inflammation and « Limited to case reports (127, 139,
carcinoma longstanding epithelial injury and but well-documented 141, 142)
scarring over years leading to
malignant transformation
Pancreatic ductal Malassezia spp. * Tumor mycobiome « Emerging/primarily (143-145)

adenocarcinoma;
breast cancer

enrichment leading to activation of
complement and tumor-promoting
inflammatory pathways; growth-
factor pathway upregulation

preclinicial; preclinical evidence
(mouse models) and human
tumor sequencing showing
enrichment
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