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Abstract

Fungi represent emerging infectious threats to human populations worldwide. Mice and other
laboratory animals have proved invaluable in modeling clinical syndromes associated with
superficial and life-threatening invasive mycoses. This review outlines salient features of common
vertebrate animal model systems to study fungal pathogenesis, host antifungal immune responses,
and antifungal compounds.

1. Introduction

Fungal pathogens are associated with significant infectious morbidity and mortality in
humans and with extinctions in amphibian (i.e. collapse of frog species due to
chytridioidomycosis) and mammalian (i.e. white nose bat syndrome in the Northeastern
United States) populations (Heitman, 2011; Brown et al., 2012; Fisher et al., 2012). The
emergence of Cryptococcus gattii as a primary pathogen in the Pacific Northwest (Byrnes et
al., 2011), the description of a novel opportunistic fungus (Emmonsia parva) in South
African AIDS patients (Kenyon et al., 2013), and the recent outbreak of fungal meningitis
due to contaminated corticosteroid injections (Kainer et al., 2012; Smith et al., 2013) all
exemplify novel public health threats posed by fungi.

Superficial and mucosal fungal infections, though rarely life-threatening, affect
approximately one-quarter of humans worldwide and cause discomfort, disfigurement,
diminished reproductive function, and social isolation. Although life-threatening invasive
fungal infections are much less frequent, a recent publication estimated that ~2 million such
infections occur annually (Brown et al., 2012). Mortality rates associated with invasive
infections remain unacceptably high due to lack of access (in the developing world) and
limited efficacy of antifungal drugs, and the presence of significant co-morbidities (e.g.
AIDS, receipt of immunosuppression for organ transplantation, receipt of myeloablative
therapy for cancer) in many patient groups [reviewed in (Brown et al., 2012)]. Furthermore,
no vaccines have been licensed for human use to prevent or mitigate fungal infections.
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Over the past 4 to 5 decades, researchers have developed a plethora of animal models to
investigate fungal pathogenesis, host immune responses, and to examine antifungal
properties of chemical and biological compounds. Although inbred strains of laboratory
mice are most commonly used to model clinical syndromes associated with pathogenic
fungi, other vertebrate hosts (e.g. rats, guinea pigs, rabbits, and zebrafish) have gained
popularity, since each model system affords distinct advantages (e.g. repeated body fluid
sampling and drug administration in rabbits, availability of genetically defined strains in
mice, non-invasive imaging of the infection process in transparent zebrafish larvae) as well
as limitations. The purpose of this review is to provide an overview of common syndromes
caused by pathogenic fungi and of relevant vertebrate animal models developed to gain
insight into fungal pathogenesis process, host immune responses, and the diagnosis and
treatment of fungal infections. Due to the broad nature of the topic, it is not possible to
emphasize technical detail in all vertebrate animal models discussed herein and the reader is
referred to references in Table I. Several outstanding recent reviews summarize the
emergence of fruit flies (Drosophila melanogaster) (Lionakis and Kontoyiannis, 2012), wax
moths (Galleria mellonella) (Achterman et al., 2011; Lionakis, 2011), and nematodes
(Caenorhabditis elegans) (Muhammed et al., 2012a) as invertebrate mini-hosts that are
particularly suited for high-throughput screening of chemical libraries for antifungal drug
discovery, high-throughput analysis of fungal mutants, and for host-pathogen studies at
ambient temperature (Fuchs and Mylonakis, 2006; Desalermos et al., 2012). Similarly, the
review does not aim to summarize the wealth of insight gained from animal models into the
pathogenesis, host immune response, diagnosis, and treatment of fungal infections and the
reader is referred to recent publications (Sable et al., 2008; Brown, 2011; Steele and
Wormley, 2012; Wuthrich et al., 2012; Drew et al., 2013; Lanternier et al., 2013).

2. Human Pathogenic Fungi and Clinical Syndromes

The Earth harbors an estimated 5 million species of fungi that prosper in all natural habitats
and collectively play a vital role in decomposing organic matter (Blackwell, 2011). Fungi
assume different cellular morphologies. Yeasts form round, oval, or spherical cells that
divide by budding, or in rare cases, by fission. Molds form branching tubular filaments,
termed hyphae, that grow by elongation and propagate by forming conidia (asexual spores),
most of which are dispersed in the air. Dimorphic fungi can switch between morphologic
states and typically exist as yeast cells in human tissues and as hyphae within natural
environments. Medically relevant yeasts, molds, dimorphic fungi, and the most common
sites of clinical disease in humans are summarized in Fig. 1A.

Several hundred species of fungi have been documented to cause superficial, deep tissue,
and disseminated diseases in humans. Dermatophytes are the primary causes of superficial
infections of the skin (in the epidermal layer) and nails, primarily due to species from the
genera Trichophyton, Epidermophyton, and Microsporum (Havlickova et al., 2008).
Dermatophytes thrive on human keratin and commonly give rise to infections of the scalp
(Tinea capitis, a.k.a as ringworm; over 200 million cases in children worlwide), glabrous
skin (Tinea corporis), groin (Tinea cruris), feet (Tinea pedis), and nails (Tinea unguium,
a.k.a. onychomycosis; up to a 10% prevalence worldwide, particularly in diabetics and the
elderly), yet rarely invade deep tissues or enter the circulation (Achterman and White,
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2012). In skin areas rich in sebaceous glands, several species of the lipophilic fungus
Malassezia are a common cause of dandruff and seborrheic dermatitis. Subcutaneous
infections that extend into the deeper dermal layer (e.g. chromoblastomycosis or
phaeohyphomyecosis) are typically acquired by traumatic inoculation of fungal elements into
human skin and give rise to chronic, slow-growing infections that can be highly destructive
at local sites, yet rarely disseminate systemically. A variety of Candida species cause
superficial infections of the skin, oral and genital mucosa. For example, 10 million estimated
cases of oral or esophageal thrush occur annually, most of which are linked to the HIV
pandemic. Vulvovaginal candidiasis is common in adult women, with approximately one-
half of women experiencing at least one symptomatic episode during their childbearing
years, and an estimated 50 million women that suffer from recurrent disease, defined as four
or more episodes annually. Primary immunodeficiency syndromes, particularly defects in
the respiratory burst (i.e. chronic granulomatous disease) or in the interleukin-17 (1L-17)
cytokine signaling pathway predispose to mucocutaneous candidiasis (Lanternier et al.,
2013).

The majority of fungi associated with life-threatening infections are inhaled as infectious
propagules, invade sinopulmonary tissues, and in specific instances, disseminate to
extrapulmonary sites. Candida species are the major exception to this rule and reside in the
gastrointestinal tract as commensal organisms in humans. Of the estimated 2 million annual
life-threatening invasive infections, 90% are caused by Candida, Cryptococcus, Aspergillus,
and Pneumocystis species (Brown et al., 2012). Geographically restricted dimorphic fungi
(i.e Blastomyces dermatiditis, Coccidioides immitis, Histoplasma capsulatum,
Paracoccidioides brasiliensis, and Penicillium marnefeii) and non-Aspergillus molds (i.e.
Mucorales order; agents of mucormycosis) account for most remaining life-threatening
infections.

Candida species are the fourth most common cause of nosocomial bloodstream infections in
the United States (Wisplinghoff et al., 2004). Candidemia is typically observed in severely
ill patients with breaches in gastrointestinal or mucocutaneous barrier function (e.g.
indwelling vascular access catheters or following abdominal surgeries). The pathogenesis of
invasive candidiasis typically involves colonization of the gastrointestinal tract or mucosal
surface, followed by translocation across damaged barrier structures and into internal organs
and compartments such as the bloodstream, mesenteric lymph nodes, spleen, and liver, often
in the setting of neutropenia. Fungus-attributable mortality rates for nosocomial candidemia
are approximately 40% (Gudlaugsson et al., 2003). The increase in invasive medical
procedures, the use of broad-spectrum antibiotics, the advent of intensive care units, and the
use of medical therapies that cause damage to barrier function (i.e. mucositis) and
neutropenia have all contribute to the emergence of and to the clinical risk of developing
invasive candidiasis in modern medical practice. The use of fluconazole for antifungal
prophylaxis has led to a gradual increase in clinical isolates of non-albicans Candida species
that exhibit drug resistance (e.g. Candida glabrata, Candida krusei).

Cryptococcosis arises from the inhalation of infectious propagules that belong to
Cryptococcus neoformans (worldwide distribution) or Cryptococcus gattii (in the Pacific
Northwest; see (Byrnes et al., 2011) for review of outbreak). Although most infections
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resolve in an asymptomatic manner, in susceptible individuals (i.e. patients with AIDS,
patients on corticosteroid or other immunosuppressive therapy) local disease typically
develops in the lung in the form of pneumonia and can spread to the meninges and central
nervous system. The global case-fatality rate for the estimated 1 million cases of
cryptococcal meningitis is approximately 60% (Park et al., 2009) and, in developed
countries, remains at 15-20% despite receipt of combination therapy (Day et al., 2013). In
Sub-Saharan Africa, HIV-related cryptococcosis ranks behind malaria and diarrheal diseases
as a cause of death, but ahead of other infectious scourges such as tuberculosis, hepatitis B,
and hepatitis C (Park et al., 2009).

Humans inhale conidia of the genus Aspergillus daily and this fungus is associated with
invasive and allergenic disease, the latter observed primarily in patients with pre-existing
asthma and atopy or in patients with cystic fibrosis. Aspergillus fumigatus represents the
most common cause of invasive aspergillosis (1A), a disease initiated by conidial
germination into tissue-invasive hyphae that can disseminate and cause vascular thrombosis
and tissue infarction at affected sites. A occurs primarily in individuals with defects in
neutrophil number or function, in patients with hematologic malignancies, in hematopoietic
and solid organ transplant recipients, and in recipients of immunosuppressive drugs such as
corticosteroids. Advances in medical technologies, the development of potent myeloablative
and immunosuppressive therapies for cancer and autoimmunity and the increasing use of
transplantation for end organ failure, has led to a significant increase in 1A incidence,
estimated at approximately 200,000 life-threatening infections annually. Despite modern
antifungal therapies and improvements in limited diagnostic approaches (i.e. the
introduction of fungal surrogate antigen testing), mortality rates associated with 1A remain at
30-50% and the disease is usually fatal when diagnosis is delayed or dissemination to
extrapulmonary sites has occurred (Steinbach et al., 2012). Beyond sinopulmonary disease,
Aspergillus (and Fusarium) species cause fungal keratitis, particularly among agricultural
workers in India and Africa, when airborne conidia penetrate and germinate in abraded
corneal tissue (Shah et al., 2011).

The global HIV pandemic revealed Pneumocystis jiroveci pneumonia (commonly referred to
as PJP or PCP) as one of the most common AIDS-defining illnesses, with an estimated
contemporary incidence of 400,000 life-threatening infections worldwide (Brown et al.,
2012). PJP is observed in other classes of patients with impaired adaptive immune function,
particularly in those receiving corticosteroid or T lymphocyte-directed therapies. Humans
are the sole known host of Pneumocystis jiroveci and the initial infection, asymptomatic in
immune competent individuals, usually occurs in childhood via aerosol transmission. Since
Pneumocystis cannot be cultured in the laboratory, it remains unclear whether clinical
disease in immune compromised patients occurs following de novo infection or due to re-
activation of latent infection.

3. General Aspects of Vertebrate Fungal Infection Models

3.1. Choice of Vertebrate Fungal Infection Model

The broad range of clinical syndromes associated with human fungal infections has spawned
numerous vertebrate animal models to examine fungal pathogenesis and disease progression,
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host resistance and sterilizing immunity, vaccination strategies, diagnostic tests, and
antifungal drugs. The capacity to exert control over experimental variables that include the
fungal strain, host species, inoculum size, route of administration, and administration of
pharmacotherapies, all represent major advantages of animal experimentation, particularly
when combined with statistically validated models that mimic clinical disease states
observed in humans. The most commonly used laboratory animals are inbred mice, though
fungal infection models have been developed in primates, rabbits, guinea pigs, rats,
hamsters, birds, zebrafish, and canines. The widespread availability of defined
immunological reagents and murine strains, including the increasing number gene-deficient
and transgenic strains (Deepe et al., 2000), and the relative low cost and space associated
with colony maintenance compared to larger host species, has propelled the laboratory
mouse to the forefront of vertebrate fungal infection models.

In selecting a specific vertebrate model of fungal infection relates, the choice of host, the
fungal strain used for inoculation, and the route of administration represent critical variables
for experimental outcomes. In general, large animal models allow for more facile and
repeated surveillance and collection of tissue, cerebrospinal fluid, and serological samples
and the formation of structured fungal biofilms on medical devices. The ability to visualize
anatomic detail by computed tomography and to sample the bloodstream repeatedly for the
presence of fungal surrogate antigen (i.e. galactomannan) is particularly advantageous to
visualize the progression of focal fungal infections and responses to antifungal therapy, as
demonstrated in a neutropenic rabbit model of invasive aspergillosis (Walsh et al., 1995;
Petraitiene et al., 2002). In rats, placement of a jugular venous catheter in rats facilitates the
study of Candida biofilms within a physiologically relevant context that includes vascular
sheer forces, antibodies, other serum proteins, as well as infiltrating immune cells. Rat
biofilm models using vascular catheters (Nett et al., 2012) or oral dentures (Nett et al., 2010)
facilitated the identification of a C. albicans regulatory network that controls biofilm
structure and consists of six transcription factors with nearly 1,000 subordinate genes
(Nobile et al., 2012). In pharmacologic studies, murine metabolism of antifungal drugs may
not resemble the pharmacokinetics or pharmacodynamics observed in humans. For this
reason, guinea pigs have been used in studies on the efficacy of voriconazole in treating
fungal infections, since the drug undergoes rapid gut mucosal metabolism in outbred mice
(Sugar and Liu, 2000; MacCallum and Odds, 2002; Grayhill et al., 2003). However, animals
that are larger in size than mice impose greater expense and husbandry requirements, require
more intense monitoring during experimental infection, have fewer available molecular
reagents (e.g. antibodies), and are not available as genetically defined strains, all of which
limit the types of studies that can be performed.

In recent years, researchers refined methods for intravital imaging of transparent zebrafish
larvae to examine the pathogenesis of invasive candidiasis (i.e. following hindbrain ventricle
injection of C. albicans blastoconidia) (Brothers et al., 2011; Brothers and Wheeler, 2012;
Brothers et al., 2013). The generation of transgenic lines that express fluorescent proteins in
defined innate immune cell populations, the development of fluorescent fungal strains for in
vivo applications, and the availability of modified anti-sense oligonucleotides (i.e.
Morpholinos) to lower protein expression in zebrafish larvae all contribute to the strength of
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this animal model, the non-invasive visualization and quantitation of host cell-fungal cell
interactions and outcomes within an intact host tissue environment (Tobin et al., 2012).
Though the larval zebrafish model lacks adaptive immune cells, this deficiency is not highly
relevant for fungal infections that are primarily cleared by the innate immune system.

Laboratory mice represent the host species of choice for most questions related to mycologic
infections. However, it is instructive to note important differences between mice (or other
model hosts) and humans that must be taken into account when interpreting experimental
data. An important example is differences in indigenous fungal flora, particularly for the
interpretation of studies of mucosal fungal infections. As mentioned above, healthy human
individuals are often in an asymptomatic relationship with Candida albicans and other
Candida species on gastrointestinal, epidermal, and genital surfaces. An early study on
laboratory mice using culture-based methods suggested that mice are not naturally colonized
by human pathogenic Candida species (Savage and Dubos, 1967). However, passage of C.
albicans through the murine gastrointestinal tract induces expression of the transcriptional
regulator WOR1 and is associated with a phenotypic switch that favors the expression of
genes involved in a commensal phenotype (Pande et al., 2013). A contemporary study using
high-throughput sequencing methods indicated a rich diversity of over 100 well-annotated
fungal species (representing at least 50 genera) within the murine gastrointestinal tract and a
predominance of the human pathogen Candida tropicalis (lliev et al., 2012). Besides the
murine gastrointestinal tract, Candida albicans, the most common pathogenic Candida
species in humans, also does not appear to colonize the murine reproductive tract and
establishment of murine vulvovaginal candidiasis requires prolonged exogenous estrogen
administration to maintain an infected doe in a state of pseudoestrus.

Differences in biochemical pathways in laboratory mice and in humans must also be
considered when extrapolating experimental murine data into human treatment strategies.
For example, murine chronic granulomatous disease (CGD), a genetic defect in NADPH
oxidase activity, is associated with susceptibility to invasive aspergillosis and with defects in
tryptophan metabolism (i.e. the formation of anti-inflammatory kynurenines) that drives
lethal, dysregulated inflammatory responses (Romani et al., 2008). In human CGD patients,
NADPH oxidase does not regulate kynurenine formation and therapeutic approaches
targeting this pathway are thus not predicted to be effective beyond the murine model (De
Ravin et al., 2010).

Inbred mouse strains can vary significantly in their susceptibility to the same fungal
inoculum administered via the same route. For example, different inbred mouse strains vary
significantly in disease susceptibility when challenged with Cryptoccocus neoformans
(Zaragoza et al., 2007) or with Paracoccidioides brasiliensis (Calich et al., 1985).
Differences in alternative complement pathway activity segregate with the murine
phenotype, underlining the central role of opsonophagocytosis in murine host defense
against intravenous cryptoccoccal challenge (Rhodes et al., 1980). This observation extends
to the species level with the observation that loss of rat alveolar macrophages, potent
anticryptococcal effector cells, coincides with an increase in disease severity, while loss of
murine alveolar macrophages, weak or anticryptococcal effector cells, coincides with a
reduction in disease severity (Shao et al., 2005).
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Similar to immune competent humans, mice are naturally highly resistant to intratracheal
challenge with Aspergillus fumigatus conidia and conidia do not form tissue-invasive
hyphae within the respiratory tree. Thus, several models of invasive pulmonary aspergillosis
have been developed; these rely on administration of different immunosuppressive agents
(i.e. corticosteroids or myelotoxic chemotherapy) or on genetic deficiency of antifungal
defense mechanisms such as NADPH oxidase. In these different murine models, the
pathogenesis and disease progression is distinct and reflects the underlying injury to host
immune function (Balloy et al., 2005). In chemotherapy-treated mice, unchecked fungal
growth, dissemination, and destruction of parenchymal architecture by invasive hyphae is
the primary mechanism of tissue injury and death and murine survival is prolonged by
administration of the antifungal drug amphotericin B. In corticosteroid-treated mice, fungal
growth is significantly reduced in comparison to chemotherapy-treated mice, and the
massive influx of functionally impaired neutrophils triggers dysregulated responses
associated with tissue damage, hypoxia, and immunopathology and lack of responsiveness
to amphotericin B administration (Balloy et al., 2005; Grahl et al., 2011).

In turn, variations in host tissue microenvironments associated with different models of
invasive aspergillosis impact fungal growth and virulence. The Aspergillus fumigatus
secondary metabolite gliotoxin has effects on NF-kb-dependent host cell apoptosis and on
phagocyte NADPH oxidase function. Investigating the pathogenesis of gliotoxin-producing
and non-producing isogenic strains of A. fumigatus, a series of studies demonstrated that the
secondary metabolite contributes to virulence in a non-neutropenic murine model of disease
but not in neutropenic murine models (Kupfahl et al., 2006; Sugui et al., 2007; Spikes et al.,
2008). These data are consistent with the notion that neutrophils represent the primary target
of gliotoxin and indicates that fungal factors can contribute to disease outcomes in specific
settings of host immune damage. Thus, when the administration of immunosuppressive
agents (e.g. corticosteroids, cyclophosphamide) forms the basis for an animal model of
invasive mycoses, it is imperative not to extrapolate data to other susceptible or non-
susceptible host states in the absence of experimental confirmation.

3.2. Routes of Administration in Vertebrate Animal Models

The route of administration represents a critical variable in vertebrate animal models of
fungal disease. In most instances, the inoculum should be administered via the
physiologically relevant route of infection (Figure 1). Vertebrate animal models have
utilized a plethora of injection and infection sites to model systemic (intravenous,
intraperitoneal), pulmonary (intranasal, intratracheal, inhalational), mucosal (oropharyngeal,
vaginal), gastric (i.e. by gavage), superficial (i.e. skin abrasion and local application), dermal
(subcutaneous), ocular (corneal), and central nervous system (intracranial, intracisternal, or
intrathecal) mycoses (see Table | and Fig. 1B).

Systemic fungal diseases can be modeled by intravenous injection of fungal cells, though
this route bypasses mucosal host defenses that are typically breached prior to the
development of fungemia. Koh and colleagues demonstrated that mucosal damage and
neutropenia are both required for C. albicans dissemination from the murine gastrointestinal
tract (Koh et al., 2008). The major target organ of systemic candidiasis represents the kidney
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in mice, and similar to humans, mice succumb to progressive sepsis and renal failure
(Spellberg et al., 2005; Lionakis et al., 2011) due to ineffective fungal clearance by resident
renal macrophages and the relative sluggish recruitment of infiltrating neutrophils and
monocytes compared to the spleen and liver, leading to pseudohyphal tissue invasion,
uncontrolled inflammation, and organ failure (Lionakis et al., 2011; Majer et al., 2012;
Lionakis et al., 2013; Ngo et al., 2014).

Fungal diseases acquired by inhalation of infectious propagules can be recapitulated by
intranasal or intratracheal injection of a liquid fungal suspension or inhalation of dry fungal
cells in murine models. The advantage of using liquid fungal suspensions for intranasal or
intratracheal infection is that the inoculum can be precisely quantified and calibrated for
minimal inter-experimental variability. In addition, instillation permits a wide range of
experimental inocula to be administered and, combined with intratracheal delivery, assures
that the actual dose reaches the lungs. The use of liquid suspensions for pulmonary delivery
is also practical for organisms (e.g. Cryptococcus neoformans) from which it is prohibitive
to isolate pure cultures of spores.

Although intranasal delivery of fungal cells is commonly used to induce pulmonary disease,
in part because the technique is easy to learn and execute (Machholz et al., 2012), a
disadvantage of this method is that delivery of fungal cells to the lungs can be variable,
particularly since fungal cells often fail to reach terminal airways. In rodent intranasal
infection models, fungal lesions are likely to arise from Aspergillus fumigatus conidia
deposited in larger airways rather than in alveoli, the characteristic site of human disease
(Tang et al., 1993; Shibuya et al., 1999; Steinbach et al., 2004). An alternative to intranasal
infection is to insert a catheter beyond the vocal cords to facilitate intratracheal delivery of
fungal cells in a process akin to endotracheal intubation. In recent years, several non-
surgical approaches have been refined to enable the delivery of aqueous solutions of fungal
cells under visual guidance into the trachea [see videos in (Hasenberg et al., 2011;
Rayamajhi et al., 2011; Cai and Kimura, 2013) for non-surgical approaches to intratracheal
delivery]. These advances are likely to replace techniques that rely on surgical incision of
the trachea for instillation of fungal cells [see videos in (Helms et al., 2010; Reddy et al.,
2012)]. Dispersion of fungal cells into the pulmonary parenchyma may be enhanced by brief
mechanical ventilation (Hasenberg et al., 2011) or by use of a microsprayer attached to the
syringe tip (Kelly et al., 2008). The detergent Tween-20 is commonly used to prepare fungal
cell suspensions for intranasal and intratracheal delivery. Inclusion of Tween-20 in aqueous
suspensions alters the surface charge of A. fumigatus conidia (Stephens-Romero et al.,
2005), though the physiologic relevance of this observation remains undefined.

A major advantage of inhalational infection methods using a sealed chamber is that airborne
fungal conidia can delivered homogenously into pulmonary tissue, either by aerosolization
of an aqueous solution (Steinbach et al., 2004; Sheppard et al., 2006a) or by insufflation of a
conidial lawn grown on an agar plate (Stephens-Romero et al., 2005). The latter technique
recapitulates human infection faithfully since inhaled conidia are not solubilized in solutions
that typically contain detergents. However, experimental flexibility is limited since it is
difficult to vary the infectious dose and since the number of mice that can be fitted into the
specialized inhalation chamber is modest. The standardization of pulmonary infection by
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inhalation of an aqueous solution is particularly suited for pharmacologic studies since the
course of invasive aspergillosis is highly reproducible between experiments and among
different laboratories (Patterson, 2005; Sheppard et al., 2006a).

Extrapulmonary dissemination does not occur in immune competent murine models of
aspergillosis and mucormycosis, though it is observed in murine models of
coccidioidomycosis and cryptococcosis. In vulnerable human populations, dissemination
and spread to the central nervous system (CNS) is a feared and devastating complication of
pulmonary disease caused by these agents. Thus, researchers have developed techniques to
inject fungal cells into the CNS, particularly to conduct pharmacologic studies. An
advantage of direct inoculation into the CNS is that mice do not have to receive exogenous
immunosuppression to develop extrapulmonary disease. To model fungal meningitis in a
reproducible manner, delivery of the inoculum into the cerebrospinal fluid (CSF) represents
the preferred route and has been achieved in a murine model of coccidioidal meningitis by
creating a skin incision over the lumbar vertebrae and advancing a catheter into the
subarachnoid space to inject arthroconidia, spherules, or endospores into the CSF (Kamberi
et al., 2003). The recent outbreak of fungal meningitis due to contaminated corticosteroid
injections, primarily caused by the dematiaceous mold Exserohilum rostratum, underscores
the relevance of this model for studies that seek to enhance the diagnosis and treatment of
fungal meningitis (Kainer et al., 2012; Smith et al., 2013).

Similar to cryptococcal disease in humans, mice infected via intrapharyngeal aspiration with
C. neoformans strain H99 develop meningoencephalitis and this cerebral tropism underlies
the cause of death in the animals (Ngamskulrungroj et al., 2012). In HIV-infected
individuals, C. neoformans primarily causes meningoencephalitis and only one-third of
patients present with pulmonary infections. In contrast, C. gattii causes cryptococosis
primarily in non-HIV infected individuals and the lung is the most common site of infection
at the time of clinical presentation. Murine infection with C. gattii strain R265 closely
mimics this observation in the murine intrapharyngeal aspiration model, with a higher lung
fungal burden compared to C. neoformans strain H99 and less frequent dissemination to the
CNS despite a more fulminant disease and accelerated murine mortality (Ngamskulrungroj
etal., 2012).

Although the intraperitoneal infection route does not recapitulate a physiologic route of
disease acquisition in humans, a murine model of chromoblastomycosis using this route of
disease yielded important immunologic insights that can be translated for therapeutic
purposes in humans (Sousa Mda et al., 2011). Fonsecaea pedrosoi, a causative agent of
chromoblastomycosis, is typically associated with chronic skin and soft tissue infections that
respond poorly to antifungal therapies, cryotherapy, and to surgical management (La Hoz
and Baddley, 2012). The intraperitoneal murine model revealed that fungal clearance is
defective and that the underlying mechanism relates to an absence of myeloid differentiation
factor 88 (MyD88; i.e. an adaptor of Toll-like receptor and IL-1 and IL-18 receptor signal
transduction) co-stimulation of the immune response. Thus, although F. pedrosoi stimulates
the C-type lectin receptor Mincle to trigger innate immune responses, these are insufficient
to clear the infection (Sousa Mda et al., 2011). Restoration of pattern recognition receptor
signaling by administration of the Toll-like receptor 7 agonist imiquinod, an activator of
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MyD88 signaling, is therapeutic in mice. This approach could be readily adapted and tested
as a treatment strategy for human disease.

3.3. Fungal Strain Selection in Vertebrate Animal Models

For most pathogenic fungi, studies have borne out that host responses to individual strains
differ in magnitude and in quality. For example, a recent study quantified variations in
immune responses to three commonly used and sequenced A. fumigatus clinical isolate
strains in a murine pulmonary infection model (Rizzetto et al., 2013). The authors found that
A. fumigatus strain CEA10 caused murine death and that this phenotype coincided with a
higher frequency of neutrophils within the airway fluid and a greater induction of specific
pro-inflammatory cytokines compared to the Af293 and Af300 strains, consistent with the
notion that CEA10 elicited dysregulated inflammatory responses that contribute to
inflammatory pathology. The molecular mechanisms that underlie strain-specific differences
in pathogenesis and host responses remain largely undefined. Several authors have
suggested that the rate of in vivo fungal germination (when applicable) and growth in the
context of mammalian tissue environments provides a barometer for virulence in animal
studies (Paisley et al., 2005; Rhodes, 2006).

A subset of C. albicans strains from different clades induce host signals via the C-type lectin
receptor dectin-1 that contribute to host protection and survival in a murine model of
systemic candidiasis. Other C. albicans strains do not induce host protective responses via
dectin-1, irrespective of the murine host strain examined (Marakalala et al., 2013). Dectin-1
represents the prototypic and best-characterized C-type lectin receptor involved in antifungal
immunity; it binds and recognizes fungal B-glucan carbohydrate moieties and activates
spleen tyrosine kinase (Syk) and CARD9 signaling components that are critical for eliciting
T helper 17- and IL-17-dependent immune responses (LeibundGut-Landmann et al., 2007).
Mendelian defects in this signaling cascade underlie human susceptibility to mucocutaneous
candidiasis and to dermatophytosis (Lanternier et al., 2013). Although dectin-1-dependent
and -independent phenotypes of C. albicans strains were surprisingly not linked to
differences in -glucan exposure in vivo, it is possible that differences in other cell surface
immunoreactive polymers may account for the observed phenotypic differences among C.
albicans strains. Potential strain-dependent differences in the fungal cell wall components
chitin and mannan may contribute to these observations. The recent in vivo functional
characterization of signaling receptors [i.e. dectin-2/CLEC4e (Saijo et al., 2010) and
dectin-3/CLECsf8 (Zhu et al., 2013)] that recognize C. albicans mannans indicates that
multiple receptors could functionally compensate for dectin-1 in host defense, with the
contribution of each receptor defined by the strain-specific content of immunoreactive
compounds within the C. albicans cell wall. Thus, studies on fungal virulence and on host
resistance mechanisms need to consider that molecular and strain-specific differences in
fungal cell composition can account for significant experimental variation.

In addition, C. albicans strains differ with respect to pathogenesis at different portals of
infection. For example, the strain SC5314, a clinical blood stream isolate and poor colonizer
of mucosal surfaces, does not induce vulvovaginal candidiasis in female mice maintained in
a state of pseudoestrus (Rahman et al., 2012). This complicates studies of fungal
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pathogenesis in this and other mucosal models of candidiasis since SC5314 and derivative
strains represent the most common background for the construction of mutant strains
(Naglik et al., 2008). In contrast, other C. albicans strains (e.g. 529L) permit persistent
fungal colonization in two commonly used inbred mouse strains, namely Balb/c and
C57BL/6 mice (Rahman et al., 2012). The recent recognition that C. albicans can form
structured biofilms within the murine vaginal mucosa will undoubtedly inform studies on
the genetic requirements for biofilm formation and its role in pathogenesis on biotic surfaces
versus abiotic medical devices (Harriott et al., 2010).

3.4. Experimental Readouts in Vertebrate Animal Models

Classical experimental parameters that are almost universally measured in vertebrate animal
models of fungal infection include organ fungal burden, organ histopathology, and survival,
though restrictions often preclude monitoring the latter endpoint due to ethical concerns
about the humane care of animals. Since animals are typically euthanized when they reach
predefined surrogate endpoints mandated by Institutional Animal Care and Use Committees
(e.g. 20% weight loss), it is important to clarify the criteria for euthanasia and define these
on quantitative terms whenever possible. Ideally, researchers without a priori knowledge
about the treatment and control groups of mice should determine whether criteria for
euthanasia are met on an individual basis.

Although the determination of fungal tissue burden is straightforward for yeast cells (e.g.
Cryptococcus neoformans) and a sensitive measure for the progression of infectious process,
quantitation of fungal hyphae is more cumbersome and a universal standard does not exist
(Clemons and Stevens, 2009). CFU determinations do not scale linearly scale with hyphal
burden in infected tissues. Thus, for the prototypic filamentous organism, A. fumigatus,
several alternate methods have been developed. These include determination of tissue chitin
content, though chitin deposition is not synonymous with the presence of viable organism.
Quantitative measurements of fungal DNA (using the 18S rRNA gene as a target) have been
developed using polymerase chain reaction-based methods on DNA extracted from
homogenized lung tissue (Bowman et al., 2001; Sheppard et al., 2006b). The release of
fungal antigens (i.e. galactomannan for Aspergillus species, polysaccharide antigen for
Histoplama capsulatum) during vertebrate tissue invasion by enzyme-linked
immunoabsorbent assays also provides a quantitative readout for fungal tissue burden in
murine experiments (Wheat et al., 1986; Connolly et al., 2000; Sheppard et al., 2006b).

The expanding murine immunological toolbox to monitor the recruitment and functional
activation of immune cells as well as the fate of fungal cells in mammalian tissues informs
immunologic studies that seek to identify the molecular and cellular basis of antifungal
immunity. Standard immunologic assays measure the production of cytokines and other
inflammatory mediators in host tissues (e.g. by ELISA) and quantify host leukocyte
populations that reside in or are recruited to portals of infection (e.g. by flow cytometry of
enumerated single cell suspensions from infected organs). Recently, the dynamics of fungus-
specific CD4 T cell responses have been analyzed using mice that uniformly express a T cell
receptor (TCR) transgene in CD4 T cells; these transgenic CD4 T cells bind an antigenic
epitope that is derived from A. fumigatus (Rivera et al., 2006) or that is shared among the
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dimorphic fungi B. dermatidites, C. posadasii, and H. capsulatum (Wuthrich et al., 2011b).
These mouse strains facilitate the adoptive transfer of congenically marked TCR-transgenic
CDA4 T cells into hosts, and transferred CD4 T cells undergo priming, activation, functional
differentiation, contraction, and memory formation (Rivera et al., 2006; Rivera et al., 2011,
Wouthrich et al., 2011a; Wang et al., 2014).

In a model of murine blastomycosis, the formation of vaccine-induced T-helper (Th) 17
CDA4 T cells is critical is both necessary and sufficient to confer vaccine immunity following
challenge with a lethal inoculum. Mechanistically, vaccine-induced Th17 cells appear to act
by enhancing the antifungal activity of neutrophils and macrophages at the portal of
infection and this effect can be reversed by blocking the Th17 effector cytokine IL-17A or
its cognate receptor (Wuthrich et al., 2011a). The induction of protective immunity relies on
the recognition of vaccine yeast by C-type lectin receptors dectin-1 and dectin-2 (H.
capsulatum, C. posadasii) or dectin-2 alone (B. dermatidites) (Wang et al., 2014). Although
vaccine yeast strains are not safe for human use, particularly in immune compromised
patients, they are a valuable reagent to decipher molecular and cellular requirements for
vaccine-induced protection and sterilizing immunity. For candidiasis, a vaccine formulation
of recombinant Als3 (a fungal adhesin) and of the adjuvant alum, is protective in a
preclinical murine model and has advanced to clinical trials. Vaccine-induced formation of
Thland Th17 CD4 T cells and subsequent enhancement of innate immune antifungal
effector activity appears to be its relevant mechanism of action (Lin et al., 2009).

On the fungal side, researchers have developed fungal strains that emit genetically
encodable luminescence and fluorescence signals (Doyle et al., 2006; Brock et al., 2008;
Brothers et al., 2011). These advances permit intravital imaging using fluorescence
microscopy in transparent zebrafish larvae and using charge coupled device cameras in
mice. The technologies differ with regard to requirements for exogenous substrate (i.e.
luciferin for bioluminesce, no exogenous substrate for imaging of fluorescent proteins) and
with regard to spatial resolution and imaging depth. Bioluminescent tools can be applied to
image intact mice during systemic (Doyle et al., 2006) and oropharyngeal candidiasis
(Mosci et al., 2013), while fluorescence is generally restricted to transparent animals or to
externalized organs.

A novel experimental read-out relates to the functional outcomes of fungal cell-host cell
interactions at portals of infection. Jhingran and colleagues developed a fluorescent
Aspergillus reporter (FLARE) strain that incorporates a two-component sensor mechanism
that alters its fluorescence emission in response to fungal viability (Jhingran et al., 2012).
FLARE conidia emit two fluorescence signals when the cells are viable and lose one
fluorescent signal upon fungal cell killing in host leukocytes. This principle enables
researchers to sort host leukocytes on the basis of conidial uptake and killing and to perform
cell profiling in these distinct populations. Since FLARE conidia report the outcome of
individual fungal cell-host cell encounters with single event resolution by flow cytometry,
imaging cytometry, or fluorescence microscopy, this fungal strain can be applied to
interrogate genetic, immunologic, and pharmacologic manipulations on anticonidial activity
in defined host cell populations (Jhingran et al., 2012). Thus, newer experimental readouts
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that measure innate and adaptive fungus-specific responses in defined cell populations are
supplementing traditional experimental parameters of fungal disease states.

4. Conclusions

The goal of this review has been to provide an overview of human diseases associated with
medically relevant fungi and of vertebrate animal models used to study human mycoses. The
choice of model host immune status and species, route of infection, and fungal strain all
represent important variables that have a profound impact on experimental data and
outcomes. The conclusions that can be drawn from animal studies depend on a critical
understanding of the inherent limitations and parallels of common vertebrate models of
fungal infection to human disease states. The emergence of fungal pathogens as causes of
infectious morbidity and mortality over the past 2-3 decades will likely spur further growth
and improvement in this field and lead to new advances in our understanding of fungal
pathogenesis, host defense mechanisms, diagnostics, therapeutics, and vaccination
strategies.
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BRAIN/MENINGES

EYES
Keratitis: Aspergillus, Fusarium
Endophthalmitis: Candida (diss.)

LUNGS/RESPIRATORY TREE
Aspergillus
Blastomyces
Coccidioides
Cryptococcus
Mucorales
Paracoccidioides
Penicillium marnefeii
Pneumocystis jiroveci

BLOODSTREAM
Candida (diss.)

GENITAL TRACT
Vulvovaginitis: Candida (mucosal

NAILS
Dermatophytes
Candida

INTRAVENOUS (tail vein - Candida)
* models disseminated candidiasis, renal and CNS dissemination
* models extrapulmonary dissemination for

Crypto + molds but does not
correspond to natural route of infection

VAGINAL (Candida)

* models vulvovaginal candidiasis

« Candida sp. are not constituents of
murine vaginal flora

* maintain mice in state of pseudoestrus

INTRAGASTRIC (gavage - Candida)

» Candida: Gl tract natural site of colonization

* no systemic disease w/o damage to mucosal damage + innate immune sys.
« useful to examine Candidia genetic requirements for commensalism

Figure 1.

Cryptococcus, Coccidioides, Aspergillus (diss.)
Exserohilum (2012 outbreak; contaminated injections)

OROPHARYNX/ESOPHAGUS
Thrush: Candida (mucosal)

LIVER/SPLEEN/URINARY TRACT
Candida (diss.)

SKIN (epidermis/superficial layers)
Dermatophytes (keratin-rich areas)
Malassezia (sebaceous glands)

SKIN (dermis/subcuta ti )
Chromoblastomycosis (e.g. Fonsecaea)
Pheohyphymycosis

Eumycetoma

Sporothrix (lymphatic diss.)

SKIN/MUCOUS MEMBRANES (diss. or trauma)
Blastomyces

Candida

Coccidiodes

Cryptococcus

Histoplasma

Mucorales

Paracoccidioides

OCULAR (Aspergillus, Fusarium)

» models fungal keratitis

* hyphal growth in immune competent mice
* non-invasive monitoring of fungal growth
by fluorescence microscopy

OROPHARYNGEAL (immunosuppression * abrasion - Candida)
* models thrush in humans
« useful to examine host mucosal antifungal immunity

INTRATRACHEAL/INHALATIONAL (Pneumocystis, Molds,
geographically restricted dimorphic fungi)

* natural route of infection

* Crypto - inbred mouse strains vary with regard to susceptibility;
susceptible strains develop CNS disease

* Aspergillus, Mucorales - immune competent mice clear infection,
no tissue-invasive hyphae; immunosuppression or genetic lesions
for pharmacologic studies or to observe hyphal growth

Medically relevant fungi, syndromes, and murine models of disease.

A, The schematic depicts the primary anatomic sites commonly affected by medically
relevant fungal diseases in humans. Most fungal diseases are acquired when infectious
particles are inhaled, inoculated via trauma, or penetrate breaches in mucosal integrity.
Common sites of fungal dissemination (diss.) are indicated. B, The schematic depicts
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common routes of fungal administration in vertebrate models of disease. Specific features
and experimental considerations associated with each infection route are indicated.

J Immunol Methods. Author manuscript; available in PMC 2015 August 01.



yduasnuel Joyny Yd-HIN

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

Hohl

Table |

References for Vertebrate Models of Human Fungal Diseases.
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Mycosis

Human Syndrome

Route of Administration
in Animal Models

Selected References for
Vertebrate Animal Models

Aspergillosis
(Aspergillus fumigatus)

Pulmonary aspergillosis

Intratracheal, intranasal,
inhalational

(Dixon et al., 1989; Sheppard et al., 2004;
Clemons and Stevens, 2005;
Stephens-Romero et al., 2005;
Sheppard et al., 2006a; Desoubeaux and
Chandenier, 2012; Muhammed et al., 2012b)

Allergic bronchopulmonary

aspergillosis

Sensitization with extract £
inhalational or intratracheal
challenge with conidia

(Kurup et al., 1992; Hoselton et al., 2010;
Samarasinghe et al., 2011)

Cerebral aspergillosis Intracranial (Chiller et al., 2002)
Aspergillus sinusitis Intranasal (Rodriguez et al., 2007)
Aspergillus keratitis Intraocular (Leal etal., 2010)

Blastomycosis

(Blastomyces dermatidites)

Pulmonary blastomycosis

Intratracheal, intranasal

(Williams and Moser, 1987; Stevens, 1997;
Sorensen et al., 1999)

Not applicable

Subcutaneous,
vaccine strain

(Wauthrich et al., 2000)

Candidiasis
(Candida albicans)

Disseminated candidiasis

Intravenous

(de Repentigny, 2004; Spellberg et al., 2005;
Lionakis et al., 2011; MacCallum, 2012;
MacCallum, 2013)

Disseminated candidiasis

Via drinking water
(+ mucosal damage +
immunosuppression)

(Koh et al., 2008)

Neonatal disseminated

Intraperitoneal
in day+2 mouse pups

(Tsai et al., 2011)

Oropharyngeal
candidiasis

Oropharyngeal

(Samaranayake and Samaranayake, 2001; Bar
etal., 2012; Rahman et al., 2012; Solis and
Filler, 2012; Mosci et al., 2013)

Vaginal candidiasis

Vaginal

(Fidel et al., 1993; Naglik et al., 2008;
Rahman et al., 2012)

Catheter- or denture-
associated candidiasis
(biofilm)

Instillation in catheter or
dentures

(Nett et al., 2010; Nett et al., 2012)

Chromoblastomycosis
(Fonsecaea pedrosoi)

Subcutaneous chromo-
blastomycosis

Intraperitoneal

(Sousa Mda et al., 2011)

Coccidioidomycosis*
(Coccidioides immitis,
Coccidioides posadasii)

Pulmonary
coccidioidomycosis

Intratracheal, intranasal,
inhalational

(Sorensen et al., 1999; Clemons et al., 2007;
Muhammed et al., 2012b)

Coccidioides meningitis

intracisternal

(Williams et al., 1998; Kamberi et al., 2003;
Clemons et al., 2007)

Cryptococcosis

(Cryptococcus neoformans,

Cryptococcus gattii)

Pulmonary cryptococcosis

intratracheal or
intranasal

(Torres-Rodriguez et al., 2003;
Muhammed et al., 2012b)

Cryptococcal meningitis

Intracerebral or intrathecal

(Ding et al., 1997; Najvar et al., 1999;
Kirkpatrick et al., 2007; Thompson et al.,
2012)

Dermatophytoses

(Epidermophyton, Micro-
sporum, Trichophyton sp.)

Tinea
(denotes fungal infection of
skin)

Cutaneous =+ tape stripping
or skin shaving

(Hay et al., 1983; Van Cutsem and Janssen,
1984; Van Cutsem, 1989;
Saunte et al., 2008; Koga, 2009)

Fusariosis
(Fusarium solani,
Fusarium oxysporum)

Fusarium keratitis

Intraocular injection or
abrasion + infected contact
lens

(Tarabishy et al., 2008; Sun et al., 2010)
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Mycosis

Human Syndrome

Route of Administration
in Animal Models

Selected References for
Vertebrate Animal Models

Pulmonary fusariosis

intratracheal

(Muhammed et al., 2012b)

Histoplasmosis
(Histoplasma capsul atum)

Pulmonary histoplasmosis

intranasal

(Sorensen et al., 1999; Muhammed et al.,
2012b; Smulian, 2012)

Mucormycosis

Pulmonary mucormycosis

Intratracheal or intranasal

(Reinhardt et al., 1981; Waldorf et al., 1982;

(Rhizopus oryzae) Kamei, 2001; Liu et al., 2010; Muhammed et
al., 2012b)
Paracoccidioidomycosis Pulmonary intranasal (Brummer et al., 1984; McEwen et al., 1987)
(Paracoccidioides paracoccidioidomycosis
brasiliensis)
Penicilliosis Pulmonary penicilliosis Intratracheal (Kudeken et al., 1996)
(Penicillium manefeii)
Pytisporosis Tinea versicolor cutaneous (Van Cutsem, 1989; Koga, 2009)
(Malassezia sp.)
Pneumocystosis Pneumocystis pneumonia intratracheal (Dei-Cas et al., 1998)
(Pneumocystis jiroveci)
Sporothricosis Cutaneous sporothricosis subcutaneous (Charoenvit and Taylor, 1979; Brito et al.,

(Sprorothrix schenkii)

(+ lymphatic spread)

2007)

*
classified as a Biosafety level 3 pathogen and potential agent of bioterrorism; US laboratories working with this organism must be registered with
the Select Agent Program under the CDC or US Department of Agriculture.
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