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Abstract

Fungal diseases are an important cause of mortality in immunocompromised hosts, and their
incidence in pediatric cancer patients in low- to middle-income countries is underestimated. In this
review, we present relevant, up-to-date information about the most common opportunistic and
endemic fungal diseases among children with cancer, their geographic distribution, and
recommended diagnostics and treatment. Efforts to improve the care of children with cancer and
fungal disease must address the urgent need for sustainable and cost-effective solutions that
improve training, fungal disease testing capability, and the use of available resources. We hope that
the collective information presented here will be used to advise healthcare providers, regional and
country health leaders, and policymakers of the current challenges in diagnosing and treating
fungal infections in children with cancer in low- to middle-income countries.
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Introduction

Opportunistic and endemic mycoses infect both normal and immunocompromised hosts.
The fungal pathogens most frequently affecting immunocompromised hosts include the
ubiquitous Candida, Aspergillus, Cryptococcus, and the Zygomycetes classes, and cause the
death of over 1.5 million people every year [1]. Endemic mycoses are constrained by
geographic location; these include histoplasmosis, coccidioidomycosis, blastomycosis,
paracoccidioidomycosis, penicilliosis, and sporotrichosis [2—7]. Although most fungal
infections in children are primary, during immunosuppression, dormant infections may be
reactivated [8].

Most children with cancer live in low- to middle-income countries (LMICs) [9]. In this
population, infectious complications are the most frequent cause of treatment-related
morbidity and mortality [10, 11]. Higher-intensity cancer treatments and the use of
hematopoietic stem cell transplantation improve cancer survival rates, but place children at
risk of infection, including those of fungal etiology, because of longer and more severe
periods of immunosuppression [12]. Although fungal disease is frequently reported among
children with oncologic disease in high-income countries (HICs) [13, 14], there is limited
information on fungal diseases complicating cancer treatment in LMICs. In many resource-
limited settings, as access to cancer care, including hematopoietic stem cell transplantation,
is improved, more children with cancer will be at risk for fungal infection [15-19]. The
capacity to diagnose and treat invasive fungal infection in LMICs is essential for the safety
and success of cancer treatments. The purpose of this review is to provide an update on the
status of diagnosis and treatment options for fungal infections in LMICs, with particular
emphasis on pediatric oncology patients.

FUNGAL DISEASES IN IMMUNOCOMPROMISED HOSTS

Overview

Candida

Host susceptibility and fungal pathogen virulence are key determining factors in the
incidence of fungal infections [20]. Although the distribution of species varies by location,
the risk of exposure to these pathogens is global [1]. Clinical presentations depend on the
host immune response, the amount of fungal inoculum, the route of exposure, and properties
of the pathogen. Identical fungi can cause a wide range of disease severity in
immunocompetent patients [21-23], and fungi with low inherent pathogenicity can cause
severe and disseminated disease in patients with deficient immune function [24, 25]. For
reference purposes, a breakdown of common fungi and basic morphologic characteristics is
provided in Table 1 [26]. Comprehensive reviews of individual fungi can be found in other
sources [27], but points relevant to pediatric cancer patients in LMICs are noted here.

Candida species inhabit the gastrointestinal tract and are part of the resident flora. They can
cause localized disease of mucous membranes in immunocompetent hosts and disseminated
disease in patients with innate or acquired immunodeficiency [28]. Risk factors for invasive
disease include central venous catheter use, total parenteral nutrition, surgery, broad-
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spectrum antibiotic exposure, and severe illness [29], all situations occurring more
frequently in cancer patients. In addition, chemotherapeutic agents disrupt mucosal and
epithelial barriers in the alimentary tract, increasing the risk of translocation of
gastrointestinal flora, including Candida, to the blood circulation. Although Candida
albicans is the single most frequently isolated species, a large multicenter study found that
non-albicans species occurred more frequently than C. albicans in pediatric patients [30, 31].
Candida parapsilosis was the second most common isolate in that study and in a study of
neonatal intensive care units in the United States [32, 33]. A separate Latin American
multinational prospective surveillance study found that malignancy, neutropenia, and
previous use of corticosteroids were prominent risk factors for candidemia in patients
younger than 18 years [33]. The most frequent species isolated were C. albicans, C.
parapsilosis, and C. tropicalis [33], mirroring data collected across all ages in Latin America
through the ARTEMIS DISK global surveillance project [34]. Species distribution of
Candida has implications for treatment, as C. glabrata, the second most frequent isolate in
this study [34], is often resistant to fluconazole, a frontline therapy for Candida [35]. The
ARTEMIS project demonstrated a higher incidence of C. glabrata in the Asia/Pacific region
than in Latin America, and a single prospective study in Indian pediatric cancer patients
showed C. glabrataisolation in 5% of febrile neutropenic episodes [36]. Nevertheless, other
case series in Asia and the Middle East have reported similar findings of C. tropicalis and C.
parapsilosis as primary non-al/bicans pathogens in pediatric cancer patients [37-39].

Aspergillus and other mold infections such as zygomycosis and fusariosis occur
predominantly in patients with deficiencies in innate and adaptive immunity that place them
at risk for infection [40]. Patients with prolonged (>10 days) neutropenia (<500 cells/uL) are
commonly at the highest risk of mold infections [41], which may affect the lungs, sinuses,
and soft tissues [41, 42]. In immunocompetent hosts, Aspergillus can cause clinical diseases
of chronic aspergillosis and allergic bronchopulmonary aspergillosis, but invasive disease is
uncommon [43].

Although Aspergillus is a leading cause of invasive mold infection in HICs, patients in
LMIC settings may have increased exposure risks not only because of poor environmental
control of fungal exposure, including in inpatient units, but also because of the low quality
of healthcare delivery, exacerbated by poorly regulated use of steroids and antibacterials.
Nevertheless, the reported incidence of invasive aspergillosis in these settings is still low
[44]. This may be due to the inherent difficulty of fungal diagnosis in immunocompromised
hosts—who are often too sick to undergo procedures to obtain clinical samples to confirm
the diagnosis of fungal disease—and to the lack of diagnostic resources (authors’
experience). In a retrospective review of 356 Indian children with acute leukemia, 34
patients with diagnosed invasive aspergillosis had pulmonary symptoms and radiologic
signs, but only four had disease proven on tissue biopsy [45].

Breakthrough fungal infection occurs when signs and symptoms of invasive fungal infection
manifest while the patient is on antifungal therapy [46, 47]. Candida spp. infection during
antifungal treatment has been reported to occur more frequently with Candida non-albicans
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species, and these are often resistant to fluconazole [48—50]. Mold infection breakthrough
has been reported in patients receiving echinocandins [51], voriconazole [52], and
posaconazole [53]. Reports of breakthrough fungal infections in LMICs are rare, possibly
because at-risk patients receive broad-spectrum antifungal prophylaxis less frequently, and
profoundly immunocompromised patients do not live long enough to develop a fungal
disease.

Although Cryptococcus, particularly Cryptococcus gattii, may occur in immunocompetent
patients [54], C. neoformans var. neoformans causes invasive disease almost exclusively in
immunocompromised patients. While the bulk of the literature pertaining to Crypfococcus in
resource-limited countries is about its heavy toll on HIV/AIDS patients, other
immunocompromised patients are at risk for this global fungus [55]. This infection is
acquired primarily through the pulmonary route, producing pulmonary infection that is often
asymptomatic, with reactivation upon suppression of immunity [55]. The most serious
manifestation is cryptococcal meningoencephalitis, characterized by prominent neurologic
symptoms and increased intracranial pressure [56]. Demonstration of the organism by India
ink staining, latex antigen, or lateral flow immunoassay are diagnostic [58].

Endemic mycoses, which occur in both immunocompetent and immunocompromised hosts,
are distributed based on their environmental origin [21]. Histoplasmosis, caused by
Histoplasma capsulatum, is distributed through the Americas, Europe, Asia, and Africa, and
has a variety of manifestations, depending on the host’s immune status and route of
inoculation [8]. Inhalation of heavy fungal inoculum may produce acute pulmonary disease,
but primary infection is often asymptomatic in immunocompetent individuals.

The picture is similar for coccidioidomycosis, which is caused by the soil-resident
dimorphic fungi Coccidioides immitis and Coccidioides posadasii, but the geographic range
of the fungi is limited to dry areas of the southwestern United States and limited areas of
Mexico and Central and South America [58]. As with histoplasmosis, antifungal therapy is
reserved for patients at high risk of progression, including immunocompromised patients
and those with extrapulmonary or severe and prolonged (>6 weeks) infection.

The geographic range of Paracoccidioides brasiliensis, the causative agent of
paracoccidioidomycosis, is extensive in Latin America’s tropical and subtropical areas with
acidic soils and high humidity [59, 60]. The typical mechanisms initiating the infection are
the inhalation of the fungal spore or direct inoculation into the skin or mucous membranes;
the manifestations of the primary infection are dependent on the immune response of the
host, and reactivation of latent infection can occur during immune suppression [61]. If
symptomatic, children are more likely to present with lymphadenopathy or signs of
reticuloendothelial system involvement [61].

Blastomyces dermatitidis, another endemic mycosis, is a thermal dimorphic fungus
inhabitant of areas with wet soil and decayed matter, with distribution overlapping and
extending beyond the northern range of histoplasmosis in North America up to Canada,
although it has also been reported in India and Africa [62, 63]. When symptomatic,
blastomycosis is usually a pulmonary infection, but its cutaneous manifestations may draw
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comparisons to paracoccidioidomycosis [62]. Like the other mycoses, its clinical
manifestations may be more severe in immunocompromised patients, so
immunocompromised status is an indication for antifungal treatment [64].

In summary, certain endemic mycoses may occur with greater frequency in
immunocompromised hosts, whereas others cause more severe disease in these patients.

FUNGAL DIAGNOSTICS

Overview

Expedited diagnosis and treatment of fungal infections can improve outcomes in children
with cancer [65]. Definitive diagnosis of mold infections is difficult, because signs and
symptoms are nonspecific; in the early stages, persistent or recurrent fever may be the only
sign of infection. In advanced infection, organ system involvement may occur. The results of
imaging studies may reveal suggestive abnormalities in lungs or sinuses and liver or spleen,
but reimaging is often necessary after neutrophil recovery because radiologic abnormalities
may not be obvious in neutropenic patients [43]. Except for Fusarium, [66] blood culture
results are rarely used to diagnose molds. Mold infections are usually confirmed by the
study of infected tissue [65]. In LMICs, collecting surgical specimens and radiographs is
often too expensive or inaccessible.

In light of the limitations in current methods of fungal detection and the frequent complexity
of underlying diseases in the infected patient—especially the immunocompromised host—
clinicians may choose to approach the diagnosis and management of potential fungal
pathogens from the perspective of a clinical syndrome rather than a definitive diagnosis of a
specific pathogen. In fact, empiric rather than diagnosis-directed treatment is frequently used
to manage fungal infections in immunocompromised patients. Recognizing this, in 2002, the
European Organization for the Research and Treatment of Cancer (EORTC) Cooperative
Group and the National Institute for Allergy and Infectious Diseases Mycoses Study Group
(MSQG) established definitions to facilitate epidemiologic surveillance and clinical research
[67]. Probable, possible, and proven fungal disease diagnoses incorporate host-, clinic-, and
pathogen-specific laboratory criteria and are intended for use in immunocompromised adult
patients. The 2008 revision to the definition adopted the use of fungal antigens, or cell wall
biomarkers, as criteria for probable fungal infection [68]. Molecular fungal diagnostics do
not appear in the revised version because most of the tests were not validated and
standardized at the time [68].

Most of the fungal biomarkers have produced conflicting results or have not yet been fully
evaluated within the immunocompromised pediatric population [68]. However, deficiencies
in access to and quality of these diagnostics complicate efforts to obtain reliable information
about fungal diseases in LMICs [26]. In these settings, although expertise and resources for
fungal testing may be available at tertiary referral centers, where most pediatric cancer
centers are housed, obtaining diagnostic samples from cancer patients is more challenging,
because neutropenia and thrombocytopenia that are commonly seen in pediatric cancer
populations may be contraindications to invasive procedures. The ability to perform surgical
biopsy and bronchoscopy for tissue diagnosis is further limited by the low availability of
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surgeons and equipment. Once a sample is obtained, the appearance of fungal elements may
dictate initial treatment; however, definitive diagnosis traditionally requires morphologic and
biochemical identification procedures. Furthermore, culture-based methods, while specific,
vary in sensitivity depending on the causative organism, the quality of the sample, and the
organ system involved.

Fungemia has been estimated to occur in one-third of patients with invasive candidiasis [69]
and most of those with disseminated Fusarium [66], but occurs more rarely with molds, such
as Aspergillus [70], which may require tissue specimens. The use of automated systems and
even rapid identification systems (e.g., peptide nucleic acid fluorescence in situ
hybridization/matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
[PNA-FISH/MALDI-TOF]) to identify bloodstream yeasts is becoming more widespread
[71]; however, traditional characterization by morphologic and biochemical characteristics is
still commonly used in LMICs [65, 72-74]. The clinical validity of susceptibility testing is
better established for yeast than for mold; accordingly, the literature from resource-limited
countries reflects greater use of such testing for yeast [33].

Fungal antibody testing can be used to determine prior or current infection in
immunocompetent hosts, but its use is limited in immunocompromised patients because of
their impaired capacity to produce antibodies. Serologic detection of histoplasmosis,
blastomycosis, coccidioidomycosis, and chronic or allergic aspergillosis can indicate
exposure to the fungal disease, but interpretation of the acuity or activity of infection
requires clinical assessment of the host [75]. The presence of fungal-specific antibodies may
help in identifying patients at risk for reactivation of the disease during immunosuppression
[26, 76].

Antigenic testing for fungal cell wall components can be used in combination with other
testing modalities and clinical manifestations to manage fungal disease. Antigen detection
alerts clinicians to the presence of invasive infection and can be used to determine the need
for preemptive therapy in at-risk patients and the response to antifungal treatment [77-80].
Fungal antigens such as (1,3)-beta-D-glucan and Aspergillus galactomannan can detect
multiple types of fungi. The presence of (1,3)-beta-D-glucan can be detected in Candida,
Pneumocystis jirovecii, and certain molds, such as Aspergillus, Fusarium, and Acremonium
[81-83]. False-positive results have occurred in the setting of gram-positive bacteremia,
hemodialysis, and products containing glucans, which are common events in oncologic
patients [84]. Additionally, sample collection, handling, and testing methodology are all
critical components, and opportunities for specimen contamination exist during each step of
the process. The assay is not useful for detection of Mucorales species or Cryptococcus spp.,
which produce little or no beta-D-glucan [57]. Very limited data are available on the
performance characteristics of this marker in special populations, such as in pediatric
patients, and results must therefore be interpreted with additional caution.

Galactomannan is produced by Aspergillus, and has been reported to cross react with
Penicillium, Paecilomyces, and Histoplasma [86]. The galactomannan assay can be used to
supplement clinical and host criteria for delineating probable or possible aspergillosis, and
can be performed in blood and bronchoalveolar lavage fluid. Cutoff levels and utility in
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pediatric oncology patients have been disputed; however, detection in bronchoalveolar
lavage fluid has been shown to predict pulmonary aspergillosis [86]. Its positive predictive
value has been challenged by reports of false-positive results in patients receiving certain
beta-lactam antibiotics, depending on the cutoffs used [57], and sensitivity is markedly
reduced in settings where mold-active antifungal agents are used prophylactically [78, 87].
A retrospective study in pediatric patients at three hospitals in Brazil also found that serum
galactomannan was positive in 15 of 18 patients with invasive Fusarium infection [88].

Other fungal antigens are specific to certain fungi, such as dimorphic fungi (Histoplasma,
Blastomyces, and Coccidioides) [89-91] and Cryptococcus [92]. The detection of these
antigens in blood, cerebrospinal fluid, urine, and respiratory secretions is clinically useful
for diagnosis and for monitoring response to treatment. The detection of cryptococcal
antigen in CSF confirms infection by EORTC/MSG criteria [68]. Histoplasma antigenic
testing is normally performed using urine, but the antigen can be found in the blood in
disseminated infection in immunocompromised patients. Cross-reactivity of the Histoplasma
antigen with Coccidioides spp. and in cases of blastomycosis has been cited as a limitation
to its use [89]. Candida/mannan antigens have been explored as a proxy marker of Candida
infection that could be useful in the immunocompromised host, but there is limited evidence
for use in pediatric populations [14, 93]. In adult populations, most studies found that
sensitivity and specificity were improved by performing anti-mannan antibody and mannan
antigen tests in combination [94].

Lateral flow assay (LFA) is an attractive diagnostic technology that uses a format similar to
that of home pregnancy tests, requiring minimal infrastructure and useful for testing at the
point of care. In a recent meta-analysis and systematic review [95], a new cryptococcal
antigen LFA demonstrated high accuracy in serum and CSF for the diagnosis of
cryptococcosis. LFA may eventually be extended to other fungal antigens, since the
technology is inexpensive and requires little expertise, but produces accurate results.

Molecular diagnostics

Although recent studies have evaluated the use of molecular diagnostics, these tests are
currently used more in the research domain than for clinical care, particularly in LMICs.
Rapid diagnostic tests for Candida based on both nucleic acid probe and hybridization
technology have been approved for clinical use in both the United States and Europe [96].
There are no validated in vitro diagnostic tests for molds in the United States, and the
limited options approved in Europe primarily target Aspergillus [97].The performance of in-
house PCR assays of both blood and bronchoalveolar lavage fluid has been promising;
however, the lack of standardized targets, primers, and methods means that further validation
is required prior to introducing these tests into routine practice [31, 77, 98, 99]. Moreover,
the laboratory infrastructure in many LMICs would require substantial modification to
enable molecular testing capability.

ANTIFUNGALS

Access to effective antifungals is essential for supportive care during intensive
chemotherapy. A full review of the spectrum of activity, pharmacology, and clinical
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indications is described in a recent publication [100]. Three major categories of antifungals
are regularly used in children with cancer and fungal complications: polyenes, triazoles, and
echinocandins. Amphotericin B (AmB) and fluconazole are the two antifungals listed by the
Working Group on Essential Medicines of the Pediatric Oncology in Developing Countries
committee of the International Society of Paediatric Oncology (SIOP) [101]. However, in up
to one-third of countries in low-resource areas, these medications are not included in the
national essential medicines list [102].

Polyene group

AmB deoxycholate, liposomal AmB, and AmB lipid complex belong to this group. They
exhibit broad antifungal activity, including activity against most Candida, endemic fungi,
most Aspergillus species, most dematiaceous fungi, and Zygomycetes [100]), but they are
not effective against Candida lusitaniae [100], Trichosporon spp. [103], Aspergillus terreus
[104], Scedosporium spp. [100], or Fusarium spp. [100]. They have good tissue penetration
in the kidney, liver, and bone, and acceptable lung penetration [105]. Though their
penetration into cerebrospinal fluid is mediocre, they are the frontline drugs for the
induction treatment of cryptococcal meningitis [92]. AmBs are used for severe or
disseminated histoplasmosis [89]; severe, pulmonary or disseminated coccidioidomycosis
[106]; mucormycosis [107]; and most situations of candidiasis, including Candida
endocarditis and neonatal infection, central nervous system (CNS) infection, and
hepatosplenic candidiasis, and candidemia in neutropenic and non-neutropenic hosts [69].
They are alternative drugs for aspergillosis [43].

AmB deoxycholate is the standard antifungal agent for the treatment of most fungal diseases
in LMICs because of its affordability and availability through hospital formularies; however,
the low cost of the drug is offset by negative effects, including acute reactions, renal toxicity,
and electrolyte imbalance (especially hypokalemia). Acute reactions to AmB infusion (fever,
shaking chills, hypotension, nausea, vomiting, headache, and tachypnea) are more severe
with the initial infusions. These can be minimized with antipyretics (e.g., acetaminophen),
antihistamines, or antiemetics, and the administration of meperidine, a narcotic and
analgesic, can reduce the duration of shaking chills. Premedication before AmB infusion is a
common practice in pediatric cancer patients. Hydration prior to administration of AmB
reduces its renal toxicity [108]. Electrolyte levels should be closely monitored [109], and
prompt replacement of dangerously low electrolytes (e.g., potassium) is lifesaving. Also,
because patients with fungal infection might receive other antimicrobials, the use of other
nephrotoxic medications (e.g., aminoglycosides, vancomycin) should be minimized. AmB is
available only in its parenteral formulation, and administration requires vascular access and
the use of hospital resources. Lipidic formulations are less nephrotoxic, and their dose can
be escalated to overcome borderline high minimum inhibitory concentration (MIC) of some
molds [100]; but these formulations are prohibitively expensive for use in LMICs.

Triazole group

Triazoles are frequently used as prophylaxis and treatment in immunocompromised patients.
Members of the triazole group include fluconazole, itraconazole, voriconazole,
posaconazole, and isavuconazole [100]. Fluconazole is widely used to treat mucosa
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candidiasis, although C. glabrata and C. krusei [69] have become somewhat resistant to it.
Fluconazole is still frequently used for prophylaxis during malignancy. Other clinical
indications for the use of fluconazole are treatment of cryptococcosis during the
maintenance phase [92], step-down therapy for invasive candidiasis after initial therapy with
echinocandins [69], and Candida prophylaxis in low-risk oncologic or hematologic stem cell
transplant patients [110]. Fluconazole lacks activity against molds, including Aspergillus
spp. It is widely available in LMICs, is inexpensive, and has few side effects. Important
considerations with the use of fluconazole include providing the appropriate dosage, being
cognizant of fungi with higher MIC, being aware of drug interactions, and avoiding
medications that might reduce fluconazole concentrations (e.g., rifampin) and induce liver
toxicity.

Itraconazole has nearly the same antifungal spectrum as fluconazole, and it is used primarily
for the treatment of dimorphic and endemic fungi [100]. It can be used as a second-line
agent for aspergillosis [43], and its availability and affordability make it an attractive
candidate for treatment of non-severe aspergillosis in LMICs. This antifungal has also been
proposed as an alternative agent for fungal prophylaxis in high-risk oncologic or HSCT
patients [110]. However, it has major limitations including low CNS penetration [105],
adverse effects on liver function and electrolytes, and oral absorption dependent on low
gastric pH and dietary lipid levels [43].

Voriconazole has nearly the same antifungal activity as itraconazole but is more potent
against C. glabrata and C. krusei. It is now the recommended drug for treating invasive
aspergillosis, including infection of the CNS [43]. It is also a drug of choice for infections
caused by Scedosporium apiospermum (but not for S. prolificans) [111], most dematiaceous
molds [112], some Fusarium species [66], and Trichosporon asahii [113]. Voriconazole is
not active against Zygomycetes [52].

Posaconazole has an antifungal spectrum similar to that of voriconazole, but its activity
against Scedosporium apiospermum may be inferior to that of voriconazole [114]. It is
currently recommended for fungal prophylaxis in high-risk oncologic and HSCT settings
[110] and is an alternative drug for mucormycosis [107]. Posaconazole’s oral suspension
formulation should be taken with fatty food, and the drug’s level in the blood should be
monitored [100]. Isavuconazole, the newest triazole, has antifungal activity similar to that of
posaconazole, but the absorption of its oral formulation is not affected by food or gastric
acidity [115].

The appropriate use of triazoles, with the exception of fluconazole, requires obtaining
therapeutic levels to ensure adequate drug exposure at the site of the infection and to
improve efficacy while reducing toxicity [105, 116]. Therapeutic drug monitoring for
itraconazole, voriconazole, and posaconazole is expensive, with a lengthy turnaround time
[117]. Despite the fact that monitoring of these drugs is strongly recommended [117, 118], it
is rarely done in LMICs. Dosages for pediatric use are extrapolated from those of adults;
however, the pharmacokinetics of drugs varies with age, and there are few pharmacokinetic
data in children with cancer [119]. Drug interactions can increase or decrease the
concentration of triazoles. Drugs commonly used that reduce antifungal concentration
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include antacids, antibiotics (rifampin, isoniazid), antiepileptics, selected antiretrovirals, H2
blockers, and proton pump inhibitors. Conversely, macrolides, selected antiretrovirals,
antiarrhythmics, antiepileptics, calcium channel blockers, and vinca alkaloids increase
antifungal concentrations. [100, 120].

Echinocandin group

Like AmB, the echinocandins—anidulafungin, micafungin, and caspofungin—are available
only in parenteral form [121]. Echinocandins inhibit the synthesis of (1,3)-beta-D-glucan,
disrupting the fungal cell wall. The group is fungicidal for Candida spp. and fungistatic for
Aspergillus spp. [100]. They are recommended for initial treatment of candidemia in
neutropenic patients [69] and as the second-line agent or as part of a combination regimen to
treat invasive aspergillosis [43]. These drugs are not active against Cryptococcus, Fusarium,
Scedosporium, other dimorphic fungi, or the Zygomycetes [100].

Echinocandins should be avoided if yeasts are unlikely to be Candida spp. or if the CNS is
involved (poor drug penetration into CSF). It is important to be aware of drug—drug
interaction of caspofungin and rifampicin [122] (which might increase clearance of
caspofungin), cyclosporine [123] (which inhibits caspofungin uptake by the hepatocytes),
and tacrolimus [124] (caspofungin reduces tacrolimus concentrations) [125]. The expense of
echinocandins prohibits their use in resource-limited settings.

USE OF DIAGNOSTICS AND ANTIFUNGALS IN LOW-RESOURCE SETTINGS

We recently conducted a survey of perceptions regarding access and availability to
diagnostics and antifungals for pediatric cancer services in multiple St. Jude partner sites
(www.stjude.org), mainly in LMICs. The participants acknowledged the existence of gaps in
the availability of diagnostics and confirmed published information [102, 126] regarding
access to few antifungals, mainly AmB and fluconazole and, inconsistently, voriconazole
and caspofungin (unpublished results). Until access to therapeutics can be improved, use of
current resources must be optimized with appropriate and early identification of patients
requiring antifungal therapy. Potential solutions include maximizing the use of samples
obtained and using low-cost microscopy studies, cultures, and histopathology staining.
Training existing key personnel in performing these laboratory studies and expeditiously
communicating the results to care providers could also help improve fungal diagnostic
capabilities in these settings.

The training of care providers in LMICs, especially pediatric residents, is essential to
providing good care to pediatric oncology patients with suspected fungal disease. This
training must address when to suspect fungal disease, risk factors among children with
cancer, basic knowledge of endemic mycosis, and the main opportunistic fungal diseases.
Subspecialty providers should be trained in obtaining quality clinical samples for fungal
diagnosis and should be acquainted with the availability of resources for ancillary
microbiology and histopathology testing for their patients. Care providers must also be
aware of drug—drug interactions—not only those between antifungals, but those between
antifungals and anticancer medications and other support medications as well [127]. Basic
training in the pharmacology of available antifungals, especially the use of AmB,
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fluconazole, voriconazole, and caspofungin, will also enable optimal use of these life-saving
medications.

CONCLUSIONS

Literature regarding the diagnosis and management of fungal infections in pediatric cancer
patients in resource-constrained settings is limited. This is the product of limited knowledge
about the burden of both pediatric cancer and fungal infections in LMICs. Pediatric cancer
registries in these settings are incomplete to nonexistent. In the context of inadequate
financial resources and competing disease priorities, pediatric cancer treatment and auxiliary
care, including that for fungal disease, remains suboptimal in many settings. However,
fungal disease is frequently treated without a proven diagnosis even in HICs. Although
biomarkers can guide clinical decision-making to start or stop an antifungal, empirical
treatment paradigms persist. Until rapid and reliable diagnostics are validated for care in
pediatric immunocompromised patients, the emphasis in resource-limited countries should
remain on ensuring the availability of basic antifungal medications—at a minimum, a
derivative of amphotericin B and fluconazole [101]. We hope that healthcare providers,
regional and national health leaders, and policymakers will use the collective information
presented here to address current challenges in diagnosing and treating fungal infections in
children with cancer in LMICs.

ACKNOWLEDGMENTS

This work was supported by the American Lebanese Syrian Associated Charities (ALSAC).We thank Cherise
Guess, PhD, ELS, for excellent editing support.

Reference List

Papers of particular interest, published recently, have been highlighted as:
*Of importance
**Of major importance

(1). Brown GD, Denning DW, Gow NA, Levitz SM, Netea MG, White TC. Hidden killers: human
fungal infections. Sci Transl Med. Dec 19.2012 4(165):165rv13.

(2). Benedict K, Mody RK. Epidemiology of histoplasmosis outbreaks, United States. Emerg Infect
Dis. Mar; 2016 22(3):1938-2013.

(3). Hector RF, Rutherford GW, Tsang CA, Erhart LM, McCotter O, Anderson SM, et al. The public
health impact of coccidioidomycosis in Arizona and California. Int J Environ Res Public Health.
Apr; 2011 8(4):1150-73. [PubMed: 21695034]

(4). Giacomazzi J, Baethgen L, Carneiro LC, Millington MA, Denning DW, Colombo AL, et al. The
burden of serious human fungal infections in Brazil. Mycoses. Mar; 2016 59(3):145-50.
[PubMed: 26691607]

(5). Beardsley J, Denning DW, Chau NV, Yen NT, Crump JA, Day JN. Estimating the burden of fungal
disease in Vietnam. Mycoses. Oct; 2015 58(Suppl 5):101-6. [PubMed: 26449514]

(6). Seitz AE, Adjemian J, Steiner CA, Prevots DR. Spatial epidemiology of blastomycosis
hospitalizations: detecting clusters and identifying environmental risk factors. Med Mycol. Jun;
2015 53(5):447-54. [PubMed: 25908653]

(7). Ramirez Soto MC. Sporotrichosis: The story of an endemic region in Peru over 28 Years (1985 to
2012). PLoS One. 2015; 10(6):e0127924. [PubMed: 26030742]

Curr Clin Microbiol Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Mukkada et al.

Page 12

(8). Woods JP. Revisiting old friends: Developments in understanding Histoplasma capsulatum
pathogenesis. J Microbiol. Mar; 2016 54(3):265-76. [PubMed: 26920886]

(9). Magrath I, Steliarova-Foucher E, Epelman S, Ribeiro RC, Harif M, Li CK, et al. Paediatric cancer
in low-income and middle-income countries. Lancet Oncol. Mar; 2013 14(3):e104—116.
[PubMed: 23434340]

(10). Gupta S, Antillon FA, Bonilla M, Fu L, Howard SC, Ribeiro RC, et al. Treatment-related
mortality in children with acute lymphoblastic leukemia in Central America. Cancer. Oct 15;
2011 117(20):4788-95. [PubMed: 21446043]

(11). Gupta S, Bonilla M, Valverde P, Fu L, Howard SC, Ribeiro RC, et al. Treatment-related mortality
in children with acute myeloid leukaemia in Central America: incidence, timing and predictors.
Eur J Cancer. Jun; 2012 48(9):1363-9. [PubMed: 22082459]

(12). Phillips RS, Sung L, Amman RA, Riley RD, Castagnola E, Haeusler GM, et al. Predicting
microbiologically defined infection in febrile neutropenic episodes in children: global individual
participant data multivariable meta-analysis. Br J Cancer. 2016; Mar; 114(6):623-30. [PubMed:
26954719]

(13). Science M, Robinson PD, MacDonald T, Rassekh SR, Dupuis LL, Sung L. Guideline for primary
antifungal prophylaxis for pediatric patients with cancer or hematopoietic stem cell transplant
recipients. Pediatr Blood Cancer. Mar; 2014 61(3):393-400. [PubMed: 24424789]

(14). Groll AH, Castagnola E, Cesaro S, Dalle JH, Engelhard D, Hope W, et al. Fourth European
Conference on Infections in Leukaemia (ECIL-4): guidelines for diagnosis, prevention, and
treatment of invasive fungal diseases in paediatric patients with cancer or allogeneic
haemopoietic stem-cell transplantation. Lancet Oncol. Jul; 2014 15(8):e327—e340. This
manuscript is an excellent guideline for the diagnosis and management of invasive fungal
infections in pediatric cancer patients and receipients of haemopoietic stem-cell transplantation.
[PubMed: 24988936]

(15). Ribeiro RC. Improving survival of children with cancer worldwide: the st. Jude international
outreach program approach. Stud Health Technol Inform. 2012; 172:9-13. [PubMed: 22910495]

(16). Ribeiro RC, Antillon F, Pedrosa F, Pui CH. Global pediatric oncology: lessons from partnerships
between high-income countries and low- to mid-income countries. J Clin Oncol. Jan; 2016 34(1):
53-61. [PubMed: 26578620]

(17). Teixeira GM, Bittencourt H, de Macedo AV, Martinho GH, Colosimo EA, Rezende SM.
Assessing the influence of different comorbidities indexes on the outcomes of allogeneic
hematopoietic stem cell transplantation in a developing country. PLoS One. 2015;
10(9):e0137390. [PubMed: 26394228]

(18). Jaime-Perez JC, Heredia-Salazar AC, Cantu-Rodriguez OG, Gutierrez-Aguirre H, Villarreal-
Villarreal CD, Mancias-Guerra C, et al. Cost structure and clinical outcome of a stem cell
transplantation program in a developing country: the experience in northeast Mexico. Oncologist.
Apr; 2015 20(4):386-92. [PubMed: 25746343]

(19). Bazuaye N, Nwogoh B, Ikponmwen D, Irowa O, Okugbo S, Isa I, et al. First successful
allogeneic hematopoietic stem cell transplantation for a sickle cell disease patient in a low
resource country (Nigeria): a case report. Ann Transplant. 2014; 19:210-3. [PubMed: 24792997]

(20). Romani L. Immunity to fungal infections. Nat Rev Immunol. Apr; 2011 11(4):275-88. [PubMed:
21394104]

(21). Colombo AL, Tobon A, Restrepo A, Queiroz-Telles F, Nucci M. Epidemiology of endemic
systemic fungal infections in Latin America. Med Mycol. Nov; 2011 49(8):785-98. [PubMed:
21539506]

(22). Pan B, Deng S, Liao W, Pan W. Endemic mycoses: overlooked diseases in China. Clin Infect Dis.
May; 2013 56(10):1516-7. [PubMed: 23362290]

(23). Taicz M, Rosanova MT, Bes D, Lisdero ML, Iglesias V, Santos P, et al. [Paracoccidioidomycosis
in pediatric patients: a description of 4 cases]. Rev Iberoam Micol. Apr; 2014 31(2):141-4.
[PubMed: 23792123]

(24). Lortholary O, Charlier C, Lebeaux D, Lecuit M, Consigny PH. Fungal infections in
immunocompromised travelers. Clin Infect Dis. Mar; 2013 56(6):861-9. [PubMed: 23175562]

Curr Clin Microbiol Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Mukkada et al.

Page 13

(25). Bravo R, Pelayo-Katsanis LO, Shehab ZM, Katsanis E. Diagnostic and treatment challenges for
the pediatric hematologist oncologist in endemic areas for coccidioidomycosis. J Pediatr Hematol
Oncol. Jul; 2012 34(5):389-94. [PubMed: 22510771]

(26). Guarner J, Brandt ME. Histopathologic diagnosis of fungal infections in the 21st century. Clin
Microbiol Rev. Apr; 2011 24(2):247-80. [PubMed: 21482725]

(27). Vallabhaneni S, Mody RK, Walker T, Chiller T. The global burden of fungal diseases. Infect Dis
Clin North Am. Mar; 2016 30(1):1-11. This manuscript describes fungal diseases, especially
those with global impact, and identifies major knowledge gaps. [PubMed: 26739604]

(28). Wang X, van de Veerdonk FL, Netea MG. Basic genetics and immunology of Candida infections.
Infect Dis Clin North Am. Mar; 2016 30(1):85-102. [PubMed: 26897063]

(29). Yapar N. Epidemiology and risk factors for invasive candidiasis. Ther Clin Risk Manag. 2014;
10:95-105. [PubMed: 24611015]

(30). Palazzi DL, Arrieta A, Castagnola E, Halasa N, Hubbard S, Brozovich AA, et al. Candida
speciation, antifungal treatment and adverse events in pediatric invasive candidiasis: results from
441 infections in a prospective, multi-national study. Pediatr Infect Dis J. Dec; 2014 33(12):
1294-6. [PubMed: 24892850]

(31). Mylonakis E, Clancy CJ, Ostrosky-Zeichner L, Garey KW, Alangaden GJ, Vazquez JA, et al. T2
magnetic resonance assay for the rapid diagnosis of candidemia in whole blood: a clinical trial.
Clin Infect Dis. Mar 15; 2015 60(6):892-9. [PubMed: 25586686]

(32). Benjamin DK Jr. Stoll BJ, Gantz MG, Walsh MC, Sanchez PJ, Das A, et al. Neonatal candidiasis:
epidemiology, risk factors, and clinical judgment. Pediatrics. Oct; 2010 126(4):e865—-e873.
[PubMed: 20876174]

(33). Santolaya ME, Alvarado T, Queiroz-Telles F, Colombo AL, Zurita J, Tiraboschi IN, et al. Active
surveillance of candidemia in children from Latin America: a key requirement for improving
disease outcome. Pediatr Infect Dis J. Feb; 2014 33(2):e40—e44. This manuscript describes the
epidemiology of candidemia in children in the Latin American region. [PubMed: 23995591]

(34). Pfaller MA, Diekema DJ, Gibbs DL, Newell VA, Ellis D, Tullio V, et al. Results from the
ARTEMIS DISK Global Antifungal Surveillance Study, 1997 to 2007: a 10.5-year analysis of
susceptibilities of Candida species to fluconazole and voriconazole as determined by CLSI
standardized disk diffusion. J Clin Microbiol. Apr; 2010 48(4):1366-77. [PubMed: 20164282]

(35). Doi AM, Pignatari AC, Edmond MB, Marra AR, Camargo LF, Siqueira RA, et al. Epidemiology
and microbiologic characterization of nosocomial candidemia from a Brazilian national
surveillance program. PLoS One. 2016; 11(1):e0146909. [PubMed: 26808778]

(36). Bothra M, Seth R, Kapil A, Dwivedi SN, Bhatnagar S, Xess I. Evaluation of predictors of adverse
outcome in febrile neutropenic episodes in pediatric oncology patients. Indian J Pediatr. Apr;
2013 80(4):297-302. [PubMed: 23255077]

(37). Bhattacharyya A, Krishnan S, Saha V, Goel G, Bhattacharya S, Hmar L. Microbiology, infection
control and infection related outcome in pediatric patients in an oncology center in Eastern India:
Experience from Tata Medical Center, Kolkata. Indian J Cancer. Oct; 2014 51(4):415-7.
[PubMed: 26842142]

(38). Sahbudak BZ, Yilmaz KD, Karadas N, Sen S, Onder SZ, Akinci AB, et al. Proven and probable
invasive fungal infections in children with acute lymphoblastic leukaemia: results from an
university hospital, 2005-2013. Mycoses. Apr; 2015 58(4):225-32. [PubMed: 25728069]

(39). Ye Q, Xu X, Zheng Y, Chen X. Etiology of septicemia in children with acute leukemia: 9-year
experience from a children's hospital in China. J Pediatr Hematol Oncol. Jul; 2011 33(5):e186—
el191. [PubMed: 21617561]

(40). Riches ML, Trifilio S, Chen M, Ahn KW, Langston A, Lazarus HM, et al. Risk factors and
impact of non-Aspergillus mold infections following allogeneic HCT: a CIBMTR infection and
immune reconstitution analysis. Bone Marrow Transplant. Feb; 2016 51(2):277-82. [PubMed:
26524262]

(41). Wattier RL, Dvorak CC, Hoffman JA, Brozovich AA, Bin-Hussain I, Groll AH, et al. A
prospective, international cohort study of invasive mold infections in children. J Pediatric Infect
Dis Soc. Dec; 2015 4(4):313-22. This manuscript reports the current epidemiology and spectrum
of invasive mold infections in children with immunosuppresion. [PubMed: 26582870]

Curr Clin Microbiol Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Mukkada et al.

Page 14

(42). Castagnola E, Cesaro S, Giacchino M, Livadiotti S, Tucci F, Zanazzo G, et al. Fungal infections
in children with cancer: a prospective, multicenter surveillance study. Pediatr Infect Dis J. Jul;
2006 25(7):634-9. [PubMed: 16804435]

(43). Walsh TJ, Anaissie EJ, Denning DW, Herbrecht R, Kontoyiannis DP, Marr KA, et al. Treatment
of aspergillosis: clinical practice guidelines of the Infectious Diseases Society of America. Clin
Infect Dis. Feb 1; 2008 46(3):327-60. [PubMed: 18177225]

(44). Chakrabarti A, Chatterjee SS, Das A, Shivaprakash MR. Invasive aspergillosis in developing
countries. Med Mycol. Apr; 2011 49(Suppl 1):S35-S47. [PubMed: 20718613]

(45). Jain S, Kapoor G. Invasive aspergillosis in children with acute leukemia at a resource-limited
oncology center. J Pediatr Hematol Oncol. Jan; 2015 37(1):e1—eS. [PubMed: 24686246]

(46). Morris SK, Allen UD, Gupta S, Richardson SE. Breakthrough filamentous fungal infections in
pediatric hematopoetic stem cell transplant and oncology patients receiving caspofungin. Can J
Infect Dis Med Microbiol. 2012; 23(4):179-82. [PubMed: 24294271]

(47). Walsh TJ, Teppler H, Donowitz GR, Maertens JA, Baden LR, Dmoszynska A, et al. Caspofungin
versus liposomal amphotericin B for empirical antifungal therapy in patients with persistent fever
and neutropenia. N Engl J Med. Sep 30; 2004 351(14):1391-402. [PubMed: 15459300]

(48). Cuervo G, Garcia-Vidal C, Nucci M, Puchades F, Fernandez-Ruiz M, Obed M, et al.
Breakthrough candidaemia in the era of broad-spectrum antifungal therapies. Clin Microbiol
Infect. Feb; 2016 22(2):181-8. [PubMed: 26460064]

(49). Kremery V, Demitrovicova A, Kisac P. Breakthrough fungemia due to Candida glabrata during
posaconazole prophylaxis in hematology patients treated with anidulafungin - report of 5 cases. J
Chemother. Oct; 2011 23(5):310-1. [PubMed: 22005067]

(50). Myoken Y, Kyo T, Fujihara M, Sugata T, Mikami Y. Clinical significance of breakthrough
fungemia caused by azole-resistant Candida tropicalis in patients with hematologic malignancies.
Haematologica. Mar; 2004 89(3):378-80. [PubMed: 15020289]

(51). Suzuki K, Sugawara Y, Sekine T, Nakase K, Katayama N. Breakthrough disseminated
zygomycosis induced massive gastrointestinal bleeding in a patient with acute myeloid leukemia
receiving micafungin. J Infect Chemother. Feb; 2009 15(1):42-5. [PubMed: 19280300]

(52). Vande B, Schots R. Fatal cerebral zygomycosis breakthrough in a patient with acute
lymphoblastic leukemia on voriconazole prophylaxis after cord blood SCT. Bone Marrow
Transplant. Dec; 2009 44(11):765-6. 1. [PubMed: 19421169]

(53). Mousset S, Bug G, Heinz W], Tintelnot K, Rickerts V. Breakthrough zygomycosis on
posaconazole prophylaxis after allogeneic stem cell transplantation. Transpl Infect Dis. Jun; 2010
12(3):261-4. [PubMed: 19954497]

(54). Franco-Paredes C, Womack T, Bohlmeyer T, Sellers B, Hays A, Patel K, et al. Management of
Cryptococcus gattii meningoencephalitis. Lancet Infect Dis. Nov.2014 :26.

(55). Maziarz EK, Perfect JR. Cryptococcosis. Infect Dis Clin North Am. Mar; 2016 30(1):179-206.
[PubMed: 26897067]

(56). Rajasingham R, Rolfes MA, Birkenkamp KE, Meya DB, Boulware DR. Cryptococcal meningitis
treatment strategies in resource-limited settings: a cost-effectiveness analysis. PLoS Med. 2012;
9(9):¢1001316. [PubMed: 23055838]

(87). Schelenz S, Barnes RA, Barton RC, Cleverley JR, Lucas SB, Kibbler CC, et al. British Society
for Medical Mycology best practice recommendations for the diagnosis of serious fungal
diseases. Lancet Infect Dis. Apr; 2015 15(4):461-74. [PubMed: 25771341]

(58). Hage CA, Knox KS, Wheat LJ. Endemic mycoses: overlooked causes of community acquired
pneumonia. Respir Med. Jun; 2012 106(6):769-76. [PubMed: 22386326]

(59). Marques SA. Paracoccidioidomycosis: epidemiological, clinical, diagnostic and treatment up-
dating. An Bras Dermatol. Sep; 2013 88(5):700-11. [PubMed: 24173174]

(60). Lopez-Martinez R, Hernandez-Hernandez F, Mendez-Tovar LJ, Manzano-Gayosso P, Bonifaz A,
Arenas R, et al. Paracoccidioidomycosis in Mexico: clinical and epidemiological data from 93
new cases (1972-2012). Mycoses. Sep; 2014 57(9):525-30. [PubMed: 24698656]

(61). Ramos-E-Silva, Saraiva LE. Paracoccidioidomycosis. Dermatol Clin. Apr; 2008 26(2):257—-69.
vii. [PubMed: 18346557]

Curr Clin Microbiol Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Mukkada et al.

Page 15

(62). Saccente M, Woods GL. Clinical and laboratory update on blastomycosis. Clin Microbiol Rev.
Apr; 2010 23(2):367-81. [PubMed: 20375357]

(63). Bradsher RW Jr. The endemic mimic: blastomycosis an illness often misdiagnosed. Trans Am
Clin Climatol Assoc. 2014; 125:188-202. [PubMed: 25125734]

(64). Chapman SW, Dismukes WE, Proia LA, Bradsher RW, Pappas PG, Threlkeld MG, et al. Clinical
practice guidelines for the management of blastomycosis: 2008 update by the Infectious Diseases
Society of America. Clin Infect Dis. Jun 15; 2008 46(12):1801-12. [PubMed: 18462107]

(65). Mandegari E, Fu L, Arambu C, Montoya S, Pena A, Johnson KM, et al. Mucormycosis
rhinosinusitis at diagnosis of acute lymphoblastic leukemia: diagnostics and management
challenges in a low-middle-income country. J Pediatr Hematol Oncol. Apr; 2015 37(3):e173—
el77. [PubMed: 24942033]

(66). Horn DL, Freifeld AG, Schuster MG, Azie NE, Franks B, Kauffman CA. Treatment and
outcomes of invasive fusariosis: review of 65 cases from the PATH Alliance((R)) registry.
Mycoses. Nov; 2014 57(11):652—-8. [PubMed: 24943384]

(67). Ascioglu S, Rex JH, de Pauw B, Bennett JE, Bille J, Crokaert F, et al. Defining opportunistic
invasive fungal infections in immunocompromised patients with cancer and hematopoietic stem
cell transplants: an international consensus. Clin Infect Dis. Jan 1; 2002 34(1):7-14. [PubMed:
11731939]

(68). de Pauw BE, Walsh TJ, Donnelly JP, Stevens DA, Edwards JE, Calandra T, et al. Revised
definitions of invasive fungal disease from the European Organization for Research and
Treatment of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of
Allergy and Infectious Diseases Mycoses Study Group (EORTC/MSG) Consensus Group. Clin
Infect Dis. Jun 15; 2008 46(12):1813-21. [PubMed: 18462102]

(69). Pappas PG, Kauffman CA, Andes DR, Clancy CJ, Marr KA, Ostrosky-Zeichner L, et al. Clinical
practice guideline for the management of candidiasis: 2016 update by the Infectious Diseases
Society of America. Clin Infect Dis. Feb 15; 2016 62(4):e1-e50. Excellent guidelines for the
management of candidiasis, and essential reading for those caring for patients at risk for candidal
infection. [PubMed: 26679628]

(70). Irmer H, Tarazona S, Sasse C, Olbermann P, Loeffler J, Krappmann S, et al. RNAseq analysis of
Aspergillus fumigatus in blood reveals a just wait and see resting stage behavior. BMC
Genomics. 2015; 16:640. [PubMed: 26311470]

(71). Gorton RL, Ramnarain P, Barker K, Stone N, Rattenbury S, McHugh TD, et al. Comparative
analysis of Gram's stain, PNA-FISH and Sepsityper with MALDI-TOF MS for the identification
of yeast direct from positive blood cultures. Mycoses. Oct; 2014 57(10):592-601. [PubMed:
24862948]

(72). Patiroglu T, Unal E, Karakukcu M, Ozdemir MA, Tucer B, Yikilmaz A, et al. Multiple fungal
brain abscesses in a child with acute lymphoblastic leukemia. Mycopathologia. Dec; 2012
174(5-6):505-9. [PubMed: 22777270]

(73). Silva GM, Silveira AR, Betania CA, Macedo DP, Neves RP. Disseminated fusariosis secondary to
neuroblastoma with fatal outcome. Mycopathologia. Oct; 2013 176(3-4):233—6. [PubMed:
23813153]

(74). Bonifaz A, Tirado-Sanchez A, Calderon L, Romero-Cabello R, Kassack J, Ponce RM, et al.
Mucormycosis in children: a study of 22 cases in a Mexican hospital. Mycoses. Dec; 2014
57(Suppl 3):79-84. [PubMed: 25175081]

(75). Powers-Fletcher MV, Hanson KE. Nonculture diagnostics in fungal disease. Infect Dis Clin North
Am. Mar; 2016 30(1):37-49. This manuscript provides an excellent overview of fungal
diagnostics using non-culture methods. [PubMed: 26897062]

(76). Saha DC, Goldman DL, Shao X, Casadevall A, Husain S, Limaye AP, et al. Serologic evidence
for reactivation of cryptococcosis in solid-organ transplant recipients. Clin Vaccine Immunol.
Dec; 2007 14(12):1550—4. [PubMed: 17959819]

(77). Miceli MH, Maertens J. Role of non-culture-based tests, with an emphasis on galactomannan
testing for the diagnosis of invasive aspergillosis. Semin Respir Crit Care Med. Oct; 2015 36(5):
650-61. [PubMed: 26398532]

Curr Clin Microbiol Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Mukkada et al.

Page 16

(78). Duarte RF, Sanchez-Ortega I, Cuesta I, Arnan M, Patino B, Fernandez de SA, et al. Serum
galactomannan-based early detection of invasive aspergillosis in hematology patients receiving
effective antimold prophylaxis. Clin Infect Dis. Dec 15; 2014 59(12):1696-702. [PubMed:
25165088]

(79). Schwarzinger M, Sagaon-Teyssier L, Cabaret O, Bretagne S, Cordonnier C. Performance of
serum biomarkers for the early detection of invasive aspergillosis in febrile, neutropenic patients:
a multi-state model. PLoS One. 2013; 8(6):e65776. [PubMed: 23799048]

(80). Ruhnke M, Bohme A, Buchheidt D, Cornely O, Donhuijsen K, Einsele H, et al. Diagnosis of
invasive fungal infections in hematology and oncology—guidelines from the Infectious Diseases
Working Party in Haematology and Oncology of the German Society for Haematology and
Oncology (AGIHO). Ann Oncol. Apr; 2012 23(4):823-33. [PubMed: 21948809]

(81). Nguyen MH, Wissel MC, Shields RK, Salomoni MA, Hao B, Press EG, et al. Performance of
Candida real-time polymerase chain reaction, beta-D-glucan assay, and blood cultures in the
diagnosis of invasive candidiasis. Clin Infect Dis. May; 2012 54(9):1240-8. [PubMed:
22431804]

(82). Onishi A, Sugiyama D, Kogata Y, Saegusa J, Sugimoto T, Kawano S, et al. Diagnostic accuracy
of serum 1,3-beta-D-glucan for pneumocystis jiroveci pneumonia, invasive candidiasis, and
invasive aspergillosis: systematic review and meta-analysis. J Clin Microbiol. Jan; 2012 50(1):7—
15. [PubMed: 22075593]

(83). Marty FM, Koo S. Role of (1-->3)-beta-D-glucan in the diagnosis of invasive aspergillosis. Med
Mycol. 2009; 47(Suppl 1):S233-S240. [PubMed: 18720216]

(84). Dornbusch HJ, Groll A, Walsh TJ. Diagnosis of invasive fungal infections in
immunocompromised children. Clin Microbiol Infect. Sep; 2010 16(9):1328-34. [PubMed:
20678175]

(85). Pfeiffer CD, Fine JP, Safdar N. Diagnosis of invasive aspergillosis using a galactomannan assay:
a meta-analysis. Clin Infect Dis. May 15; 2006 42(10):1417-27. [PubMed: 16619154]

(86). Guo YL, Chen YQ, Wang K, Qin SM, Wu C, Kong JL. Accuracy of BAL galactomannan in
diagnosing invasive aspergillosis: a bivariate metaanalysis and systematic review. Chest. Oct;
2010 138(4):817-24. [PubMed: 20453070]

(87). Walsh TJ, Shoham S, Petraitiene R, Sein T, Schaufele R, Kelaher A, et al. Detection of
galactomannan antigenemia in patients receiving piperacillin-tazobactam and correlations
between in vitro, in vivo, and clinical properties of the drug-antigen interaction. J Clin Microbiol.
Oct; 2004 42(10):4744-8. [PubMed: 15472335]

(88). Nucci M, Carlesse F, Cappellano P, Varon AG, Seber A, Garnica M, et al. Earlier diagnosis of
invasive fusariosis with Aspergillus serum galactomannan testing. PLoS One. 2014; 9(1):e87784.
[PubMed: 24489964]

(89). Wheat LJ, Azar MM, Bahr NC, Spec A, Relich RF, Hage C. Histoplasmosis. Infect Dis Clin
North Am. Mar; 2016 30(1):207-27. [PubMed: 26897068]

(90). Frost HM, Novicki TJ. Blastomyces antigen detection for diagnosis and management of
blastomycosis. J Clin Microbiol. Nov; 2015 53(11):3660-2. [PubMed: 26338856]

(91). Durkin M, Estok L, Hospenthal D, Crum-Cianflone N, Swartzentruber S, Hackett E, et al.
Detection of Coccidioides antigenemia following dissociation of immune complexes. Clin
Vaccine Immunol. Oct; 2009 16(10):1453—-6. [PubMed: 19675225]

(92). Perfect JR, Dismukes WE, Dromer F, Goldman DL, Graybill JR. Clinical Practice Guidelines for
the Management of Cryptococcal Disease: 2010 Update by the Infectious Diseases Society of
America. Clin Infect Dis. Feb 1; 2010 50(3):291-322. [PubMed: 20047480]

(93). Downey LC, Smith PB, Benjamin DK Jr. Cohen-Wolkowiez M. Recent Advances in the
detection of neonatal candidiasis. Curr Fungal Infect Rep. Mar 1; 2010 4(1):17-22. [PubMed:
20454602]

(94). Tissot F, Lamoth F, Hauser PM, Orasch C, Fliickiger U, Siegemund M, et al. Beta-glucan
antigenemia anticipates diagnosis of blood culture-negative intraabdominal candidiasis. Am J
Respir Crit Care Med. Nov 1; 2013 188(9):1100-9. [PubMed: 23782027]

(95). Huang HR, Fan LC, Rajbanshi B, Xu JF. Evaluation of a new cryptococcal antigen lateral flow
immunoassay in serum, cerebrospinal fluid and urine for the diagnosis of cryptococcosis: a meta-

Curr Clin Microbiol Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Mukkada et al.

Page 17

analysis and systematic review. PLoS One. May 14.2015 10(5):e0127117. doi: 10.1371/
journal.pone.0127117. eCollection 2015. [PubMed: 25974018]

(96). Pfaller MA. Application of culture-independent rapid diagnostic tests in the management of
invasive candidiasis and cryptococcosis. Journal of Fungi. 2015; 1(2):217-51.

(97). White PL, Wingard JR, Bretagne S, Loffler J, Patterson TF, Slavin MA, et al. Aspergillus
polymerase chain reaction: systematic review of evidence for clinical use in comparison with
antigen testing. Clin Infect Dis. Oct 15; 2015 61(8):1293-303. [PubMed: 26113653]

(98). Ambasta A, Carson J, Church DL. The use of biomarkers and molecular methods for the earlier
diagnosis of invasive aspergillosis in immunocompromised patients. Med Mycol. Aug; 2015
53(6):531-57. [PubMed: 26026174]

(99). Mandhaniya S, Igbal S, Sharawat SK, Xess I, Bakhshi S. Diagnosis of invasive fungal infections
using real-time PCR assay in paediatric acute leukaemia induction. Mycoses. Jul; 2012 55(4):
372-9. [PubMed: 22420668]

(100). Nett JE, Andes DR. Antifungal agents: spectrum of activity, pharmacology, and clinical
indications. Infect Dis Clin North Am. Mar; 2016 30(1):51-83. This manuscript provides an
excellent overview of currently available antifungals. [PubMed: 26739608]

(101). Mehta PS, Wiernikowski JT, Petrilli JA, Barr RD. Essential medicines for pediatric oncology in
developing countries. Pediatr Blood Cancer. May; 2013 60(5):889-91. [PubMed: 23450774]

(102). Kirby J, Ojha RP, Johnson KM, Bittner EC, Caniza MA. Challenges in managing infections
among pediatric cancer patients: Suboptimal national essential medicines lists for low and middle
income countries. Pediatr Blood Cancer. Oct.2014 :12. [PubMed: 25174337]

(103). Xia Z, Yang R, Wang W, Cong L. Genotyping and antifungal drug susceptibility of
Trichosporon asahii isolated from Chinese patients. Mycopathologia. Mar; 2012 173(2-3):127-
33. [PubMed: 21979867]

(104). Sabatelli F, Patel R, Mann PA, Mendrick CA, Norris CC, Hare R, et al. In vitro activities of
posaconazole, fluconazole, itraconazole, voriconazole, and amphotericin B against a large
collection of clinically important molds and yeasts. Antimicrob Agents Chemother. Jun; 2006
50(6):2009-15. [PubMed: 16723559]

(105). Felton T, Troke PF, Hope WW. Tissue penetration of antifungal agents. Clin Microbiol Rev. Jan;
2014 27(1):68-88. This manuscript is a good reference for tissue penetration of the various
antifungals. [PubMed: 24396137]

(106). Galgiani JN, Ampel NM, Blair JE, Catanzaro A, Johnson RH, Stevens DA, et al.
Coccidioidomycosis. Clin Infect Dis. Nov 1; 2005 41(9):1217-23. [PubMed: 16206093]

(107). Skiada A, Lanternier F, Groll AH, Pagano L, Zimmerli S, Herbrecht R, et al. Diagnosis and
treatment of mucormycosis in patients with hematological malignancies: guidelines from the 3rd
European Conference on Infections in Leukemia (ECIL 3). Haematologica. Apr; 2013 98(4):
492-504. [PubMed: 22983580]

(108). Girmenia C, Cimino G, Di CF, Micozzi A, Gentile G, Martino P. Effects of hydration with salt
repletion on renal toxicity of conventional amphotericin B empirical therapy: a prospective study
in patients with hematological malignancies. Support Care Cancer. Dec; 2005 13(12):987-92.
[PubMed: 15756584]

(109). Turcu R, Patterson MJ, Omar S. Influence of sodium intake on Amphotericin B-induced
nephrotoxicity among extremely premature infants. Pediatr Nephrol. Mar; 2009 24(3):497-505.
[PubMed: 19082636]

(110). Fleming S, Yannakou CK, Haeusler GM, Clark J, Grigg A, Heath CH, et al. Consensus
guidelines for antifungal prophylaxis in haematological malignancy and haemopoietic stem cell
transplantation, 2014. Intern Med J. Dec; 2014 44(12b):1283-97. [PubMed: 25482741]

(111). Cortez KJ, Roilides E, Quiroz-Telles F, Meletiadis J, Antachopoulos C, Knudsen T, et al.
Infections caused by Scedosporium spp. Clin Microbiol Rev. Jan; 2008 21(1):157-97. [PubMed:

18202441]

(112). Wong EH, Revankar SG. Dematiaceous molds. Infect Dis Clin North Am. Mar; 2016 30(1):
165-78. [PubMed: 26897066]

(113). Kudo K, Terui K, Sasaki S, Kamio T, Sato T, Ito E. Voriconazole for both successful treatment
of disseminated Trichosporon asahii infection and subsequent cord blood transplantation in an

Curr Clin Microbiol Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Mukkada et al.

Page 18

infant with acute myelogenous leukemia. Bone Marrow Transplant. Feb; 2011 46(2):310-1.
[PubMed: 20436525]

(114). Lackner M, de Hoog GS, Verweij PE, Najafzadeh MJ, Curfs-Breuker I, Klaassen CH, et al.
Species-specific antifungal susceptibility patterns of Scedosporium and Pseudallescheria species.
Antimicrob Agents Chemother. May; 2012 56(5):2635-42. [PubMed: 22290955]

(115). Schmitt-Hoffmann A, Roos B, Heep M, Schleimer M, Weidekamm E, Brown T, et al. Single-
ascending-dose pharmacokinetics and safety of the novel broad-spectrum antifungal triazole
BALA4815 after intravenous infusions (50, 100, and 200 milligrams) and oral administrations
(100, 200, and 400 milligrams) of its prodrug, BAL8557, in healthy volunteers. Antimicrob
Agents Chemother. Jan; 2006 50(1):279-85. [PubMed: 16377698]

(116). Walsh TJ, Driscoll T, Milligan PA, Wood ND, Schlamm H, Groll AH, et al. Pharmacokinetics,
safety, and tolerability of voriconazole in immunocompromised children. Antimicrob Agents
Chemother. Oct; 2010 54(10):4116-23. [PubMed: 20660687]

(117). Ashbee HR, Barnes RA, Johnson EM, Richardson MD, Gorton R, Hope WW. Therapeutic drug
monitoring (TDM) of antifungal agents: guidelines from the British Society for Medical
Mycology. J Antimicrob Chemother. May; 2014 69(5):1162-76. [PubMed: 24379304]

(118). Park WB, Kim NH, Kim KH, Lee SH, Nam WS, Yoon SH, et al. The effect of therapeutic drug
monitoring on safety and efficacy of voriconazole in invasive fungal infections: a randomized
controlled trial. Clin Infect Dis. Oct; 2012 55(8):1080-7. [PubMed: 22761409]

(119). Laverdiere M, Bow EJ, Rotstein C, Autmizguine J, Broady R, Garber G, et al. Therapeutic drug
monitoring for triazoles: A needs assessment review and recommendations from a Canadian
perspective. Can J Infect Dis Med Microbiol. Nov; 2014 25(6):327-43. [PubMed: 25587296]

(120). Andes D, Pascual A, Marchetti O. Antifungal therapeutic drug monitoring: established and
emerging indications. Antimicrob Agents Chemother. Jan; 2009 53(1):24-34. [PubMed:
18955533]

(121). Reboli AC, Shorr AF, Rotstein C, Pappas PG, Kett DH, Schlamm HT, et al. Anidulafungin
compared with fluconazole for treatment of candidemia and other forms of invasive candidiasis
caused by Candida albicans: a multivariate analysis of factors associated with improved outcome.
BMC Infect Dis. 2011; 11:261. [PubMed: 21961941]

(122). Sandhu P, Lee W, Xu X, Leake BF, Yamazaki M, Stone JA, et al. Hepatic uptake of the novel
antifungal agent caspofungin. Drug Metab Dispos. May; 2005 33(5):676-82. [PubMed:
15716364]

(123). Morrissey CO, Slavin MA, O'Reilly MA, Daffy JR, Seymour JF, Schwarer AP, et al.
Caspofungin as salvage monotherapy for invasive aspergillosis in patients with haematological
malignancies or following allogeneic stem cell transplantation: efficacy and concomitant
cyclosporin A. Mycoses. 2007; 50(Suppl 1):24-37. [PubMed: 17394607]

(124). Groetzner J, Kaczmarek I, Wittwer T, Strauch J, Meiser B, Wahlers T, et al. Caspofungin as
first-line therapy for the treatment of invasive aspergillosis after thoracic organ transplantation. J
Heart Lung Transplant. Jan; 2008 27(1):1-6. [PubMed: 18187079]

(125). Morris MI, Villmann M. Echinocandins in the management of invasive fungal infections, part 1.
Am J Health Syst Pharm. Sep 15; 2006 63(18):1693-703. [PubMed: 16960253]

(126). Israels T, Renner L, Hendricks M, Hesseling P, Howard S, Molyneux E. SIOP PODC:
recommendations for supportive care of children with cancer in a low-income setting. Pediatr
Blood Cancer. Jun; 2013 60(6):899-904. [PubMed: 23441092]

(127). Geist MJ, Egerer G, Burhenne J, Riedel KD, Mikus G. Induction of voriconazole metabolism by
rifampin in a patient with acute myeloid leukemia: importance of interdisciplinary
communication to prevent treatment errors with complex medications. Antimicrob Agents
Chemother. Sep; 2007 51(9):3455-6. [PubMed: 17606672]

(128). Caniza, MA.; Melgar, M.; Cojulun, AC. Infecciones en el paciente pediatrico con cancer.
Capitulo 59. 3ra. Madero, L.; Lassaleta, A.; Sevilla, J., editors. Hematologia y Oncologia
Pediétricas; Ergon, Madrid, Espaia: y

Curr Clin Microbiol Rep. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Mukkada et al.

Table 1

Frequent fungal pathogens in pediatric cancer (adapted from Ref. [128])

Identifier Structure

Fungus

Candida albicans

Candida tropicalis

Candida parapsilosis
Pseudohyphae
Candida krusei
Candida lusitaniae
Candida guilliermondii
No pseudohyphae | Candida glabrata

Usually no hyphae, or pseudohyphae, yeast with thick capsule

Cryptococcus neoformans

Cryptococcus gattii
Yeast Arthroconidia | 7Zrichosporon spp.
Banana-shaped, multicellular macroconidia | Fusarium spp.
Aspergillus flavus
Conidiophores with terminal vesicles and chains of Aspergillus fumigatus
conidia Aspergillus niger
Aspergillus terreus
Single conidia | Scedosporium apiospermum
Branching conidiophores | Paecilomyces spp.
Conidia aggregated at the apex of phialides | Acremonium spp.
Microsporum spp.
Dermatophytes | 7Zrichophyton spp.
Epidermophyton spp.
Blastomyces dermatitidis
Histoplasma capsulatum
Coccidioides spp.
Thermally dimorphic
Paracoccidioides spp.
Sporothrix schenckii
Hyaline Penicillium marneffei
Acropetal, multi-celled conidia in chains | Alternaria spp.
Fusiform pseudoseptate conidia, bipolar germination | Bipolaris spp.
Septate conidia with 4 cells the central being larger | Curvularia spp.
Septate | Dematiaceous Conidia cylindrical, septate, smooth wall | Drechslera sp.
Big, terminal, globose multispored sporangia; no rhizoid | Mucor sp.
Stolons and pigmented rhizoids | Rhizopus spp.
Mold | Aseptate | Zygomycetes | Swollen terminal vesicle and emerging single cell spores | Cunninghamella sp.

* Pseudallescheria boydii isthe sexual state of Scedosporium

Curr Clin Microbiol Rep. Author manuscript; available in PMC 2017 September 01.

Page 19



	Abstract
	Introduction
	FUNGAL DISEASES IN IMMUNOCOMPROMISED HOSTS
	Overview
	Candida
	Molds

	FUNGAL DIAGNOSTICS
	Overview
	Molecular diagnostics

	ANTIFUNGALS
	Polyene group
	Triazole group
	Echinocandin group

	USE OF DIAGNOSTICS AND ANTIFUNGALS IN LOW-RESOURCE SETTINGS
	CONCLUSIONS
	References
	Table 1

