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1. Abstract

Epithelial barriers of the skin, gastrointestinal tract, respiratory tract, and urogenital surfaces provide the first line of
defense against pathogenic invasion while supporting diverse commensal microbiota. These barriers rely on tight and
adherent junctions, mucosal secretions, and immune surveillance to maintain integrity. Pathogenic fungi overcome
these defenses by employing virulence strategies such as adhesion through specialized surface proteins,
morphological transitions, biofilm formation, secretion of hydrolytic enzymes, and release of toxins, including the
Candida albicans peptide candidalysin. These processes compromise junctional complexes, disrupt epithelial polarity,
and trigger inflammatory responses, resulting in increased permeability and barrier dysfunction. While many fungal
infections remain superficial, opportunistic pathogens such as C. albicans, Aspergillus fumigatus, and Cryptococcus
neoformans can breach epithelial barriers, disseminate systemically, and cause life-threatening disease, particularly
in immunocompromised individuals. Host epithelial and immune cells respond to fungal invasion through pattern
recognition receptors, cytokine release, and recruitment of phagocytes, yet fungal immune evasion frequently
undermines clearance. Understanding the molecular mechanisms of fungal-epithelial interactions and systemic
dissemination provides critical insights for developing targeted therapies that preserve barrier function and strengthen
antifungal immunity.

Keywords: fungal pathogenesis, epithelial barrier, Candida, Aspergillus, fungal toxins, barrier integrity, systemic
infection.

2. Introduction toxins. For this reason, these barrier sites are under
The host’s skin, gastrointestinal tract, and respiratory constant immune monitoring to maintain integrity and
tract serve as the principal points of interaction with the prevent infection. Epithelial surfaces, however, are not
external environment, where they are continually merely static physical shields; rather, they operate as

challenged by pathogenic microorganisms and their complex and dynamic barriers incorporating both
]
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chemical and biological defenses. In the gastrointestinal
tract, for instance, the acidic environment of the
stomach, protective mucus layers, and microbicidal
enzymes constitute effective strategies against microbial
invasion. At the same time, epithelial surfaces provide
niches for vast communities of commensal
microorganisms. Collectively termed the microbiota,
these organisms play essential roles in digestion,
immune regulation, and overall health. Colonization
begins immediately after birth, establishing the largest
population of symbiotic bacteria within the host and
shaping early immune development.!

Airway epithelial cells play a crucial role in the innate
immune system. In addition to promoting mucociliary
produce

substances as well as chemokines and cytokines that

clearance, epithelial cells antimicrobial
recruit and activate other leukocytes 2.

A rise in epithelial permeability is a hallmark of mucosal
inflammation, but the molecular pathways contributing
to this process have only begun to be elucidated in
recent years. Multiple environmental exposures,
including airborne pollutants, respiratory viral infections,
allergens, and cigarette smoke, have been shown to
impair airway epithelial barrier integrity without
inducing overt cell death. Mechanistically, these insults
are thought to disturb tight junction complexes and
promote barrier dysfunction. In support of this,
Schamberger and colleagues recently demonstrated that
cigarette smoke extract directly compromises epithelial
barrier properties, highlighting a key environmental
contributor to mucosal inflammation.3

Pathogenic bacteria, viruses, and fungi interact with lung
epithelial cells by exploiting host surface receptors,
adhesion, cellular

thereby enhancing promoting

invasion, and facilitating infection establishment.
Beyond serving as a physical barrier, epithelial cells
actively participate in immune surveillance through the
expression of pattern recognition receptors (PRRs), such
as Toll-like receptors (TLRs), NOD-like receptors (NLRs),
and RIG-I-like receptors (RLRs). These receptors detect
conserved pathogen-associated molecular
(PAMPs) on

signaling cascades that drive the production of

patterns
invading microorganisms and initiate
chemokines and cytokines. The resulting mediator
release not only recruits and activates immune cells but
also shapes the magnitude and nature of the host
immune response at the mucosal surface.*®> . In fungi,
mannans or glucans are examples of PAMPs that are

recognized by PRRs such as toll-like receptors (TLRs) and
dectins .

Pathogenic fungi breach or subvert these defenses via
adhesion, morphogenesis, enzymatic tissue damage, and
immune modulation, often in the context of barrier
(e.g., dysbiosis,
devices, immunosuppression). The result ranges from

disruption inflammation, medical
superficial colonization to invasive disease.’

This review focuses on a critical evaluation of the
strategies by which pathogenic fungi disrupt the
structural and functional integrity of epithelial barriers—
including those of the skin, oral cavity, gastrointestinal,
respiratory, and urogenital tracts—through mechanisms
such as enzymatic degradation, toxin release, biofilm

development, and evasion of host immune defenses.

3. Fungal Pathogens and Epithelial Barrier Interaction
3.1 Candida species

Opportunistic Candida species, particularly C. albicans,
employ morphogenetic switching between yeast and
hyphal forms as well as the expression of adhesins and
invasins (e.g., Als family proteins) to adhere to and
penetrate epithelial barriers 8. C. albicans represents a
major fungal pathogen of clinical concern. Although it
typically exists as a commensal within the human
microbiota, it can transition to a pathogenic state,
causing epithelial injury and immune activation °. This
organism is capable of infecting diverse mucosal and
cutaneous  sites, including the oral cavity,
in both

immunocompetent and immunocompromised hosts.

gastrointestinal tract, vagina, and skin,

More severe manifestations include invasive
candidiasis—a systemic infection of the bloodstream,
heart, and deep organs—which is particularly prevalent
in hospitalized patients and remains associated with
(~50%),

availability of antifungal treatment °,

substantial mortality rates despite the
A key virulence determinant of C. albicans is the recently
identified cytolytic peptide toxin candidalysin (CL) 1%, This
molecule is secreted during hyphal growth and interacts
directly with epithelial cell membranes, leading to
disruption of barrier integrity, dysregulated calcium
influx, and release of intracellular proteins into the
extracellular environment 2. Such cellular injury initiates
host signaling pathways that culminate in the production
of pro-inflammatory mediators'?3, thereby shaping the

epithelial immune response to C. albicans infection.
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Systemic implications. Systemic candidiasis arises when
Candida disseminates to normally sterile sites, most
commonly the bloodstream, and may extend to deep-
seated organs such as the central nervous system, liver,
spleen, heart, and kidneys. Infection can also localize
within the intra-abdominal cavity, with or without
concurrent candidemia. Despite the use of antifungal
agents, systemic candidiasis remains associated with
significant morbidity and persistently high mortality

rates.’.

3.2 Aspergillus species

Species of the genus Aspergillus, particularly A.
fumigatus, are responsible for aspergillosis, a spectrum
of diseases that predominantly affect individuals with
underlying conditions or immune deficiencies *°. As an
environmental filamentous fungus and opportunistic
pathogen, A. fumigatus can trigger outcomes ranging
from allergic responses to invasive, disseminated
infections. The infectious process typically begins with
inhaled conidia, whose initial interaction occurs with
airway epithelial cells (AECs) .

The integrity of the airway epithelial barrier plays a
Epithelial
interconnected by tight junctions (TJs)'"!8, which

pivotal role in host defense. cells are
maintain a selective and highly regulated barrier that
controls the passage of ions, water, and immune cells,
while restricting microbial translocation Y. TJs consist of
multiple structural and regulatory proteins, including
zonula occludens-1 (ZO-1), junctional adhesion molecule
A (JAM-A), occludins, and claudins 8. Disruption of this
barrier by A. fumigatus not only facilitates fungal
invasion but may also promote excessive neutrophil
infiltration and

secondary microbial colonization,

outcomes with particularly severe implications in
patients with chronic pulmonary disease *°.

Systemic implications. Aspergillus fumigatus possesses
multiple traits that facilitate immune evasion, resistance,
and impairment of host defenses. One key factor is the
pigmentation of its conidia, which shields fungal cells
from reactive oxygen species (ROS) generated by
macrophages and neutrophils. This protective
mechanism not only dampens oxidative killing but also
reduces complement activation, disrupts phagosome
maturation, and obscures immunologically relevant cell
wall components, thereby limiting recognition by the

host immune system 2°,

3.3 Other opportunistic fungi
3.3.1 Cryptococcus

Cryptococcus species are major causative agents of life-
threatening central nervous system (CNS) infections,
particularly in individuals with compromised immune
systems. C. neoformans is capable of breaching the
blood—brain barrier and inducing meningoencephalitis, a
process thought to begin with interactions between

hyaluronic acid (HA) and the host

4 21,22

cryptococcal
endothelial receptor CD4
A defining virulence attribute of C. neoformans is its
polysaccharide
glucuronoxylomannan (GXM)?23. This structure is central

capsule, composed primarily of
to immune evasion and pathogenicity?*. Genetic studies
have identified the CPS1 gene, which encodes a capsule
polysaccharide synthase essential for capsule integrity
and host interactions. Deletion of CPSI results in
ultrastructural defects at the capsule—cell wall interface
and markedly reduces fungal adherence to human brain
microvascular endothelial cells (HBMECs). Importantly,
HA is detectable in wild-type strains but absent in cps1A
mutants, and adherence assays demonstrate that
endothelial binding capacity correlates directly with HA
levels. These findings establish that CPS1 functions as an
HA synthase, and that HA acts as a cryptococcal adhesion
factor facilitating endothelial attachment during CNS
invasion.>2¢,

Systemic implications. For Cryptococcus neoformans to
establish infection within the central nervous system
(CNS), it must first traverse the blood-brain barrier
(BBB). Following primary infection of the respiratory
tract, the fungus disseminates hematogenously and
penetrates the BBB, culminating in meningitis or
meningoencephalitis, conditions responsible  for
substantial global mortality each year. Experimental
evidence indicates that C. neoformans employs multiple
routes to breach the BBB, including transcellular passage
through endothelial cells, paracellular migration
between them, and carriage within infected phagocytes
via the so-called “Trojan horse” mechanism. The
secretion of diverse virulence factors is critical for
promoting fungal dissemination beyond the BBB and

enabling the establishment of CNS infection.?’.

3.3.2 Mucorales (e.g., Rhizopus spp.)
Mucormycosis is a highly invasive and often fatal
infection caused by fungi of the order Mucorales, with
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Rhizopus oryzae representing the most frequently
implicated species?. A key step in disease progression is
the interaction of fungal elements with vascular
endothelial cells. Host endoplasmic reticulum stress
induces the upregulation of glucose-regulated protein 78
(GRP78), a transmembrane signal transducer that is also
expressed on the surfaces of endothelial and epithelial
cells. GRP78 has been identified as an essential receptor
exploited by Mucorales to mediate host cell invasion.
Among the fungal ligands, spore coat protein homologs
(CotH), particularly CotH3, function as critical surface
antigens that bind to GRP78, thereby promoting
adherence and facilitating tissue invasion.?.

Systemic implications. Mucorales are opportunistic
fungi that typically cause disease in the context of
impaired host defenses. Infections occur most frequently
in individuals with neutropenia, hematopoietic or solid-
organ transplantation, iron overload, uncontrolled
diabetes mellitus—particularly in the setting of diabetic
ketoacidosis (DKA)—malnutrition, or as breakthrough
therapy.

Across clinical manifestations, the defining feature of

infections following prolonged antifungal

mucormycosis is the capacity for rapid and extensive
angioinvasion, leading to vascular thrombosis, tissue
hematogenous

necrosis, and subsequent

dissemination®.

4. Mechanism of barrier disruption

The harmful impact of compounds that compromise
epithelial barriers has been well demonstrated using
approaches that evaluate both functional alterations and
molecular changes associated with reduced barrier
integrity. Such compounds can induce cytotoxicity,
metabolic dysregulation, proinflammatory signaling, and
oxidative stress, collectively disrupting the expression
and structural organization of epithelial junctional
molecules. This disruption may occur either through
altered regulation of junctional protein expression or
through direct injury to epithelial cells3.

Tight junction (TJ) molecules are key determinants of
epithelial barrier integrity, playing a central role in
Core TJ
components such as claudins, occludin, and junctional

regulating  paracellular  permeability.
adhesion molecules, together with scaffold proteins like
zonula occludens (ZO) proteins, coordinate to maintain
barrier function and regulate selective transport across

epithelial layers. Disruption of these complexes is closely

linked to impaired barrier integrity and increased
susceptibility to inflammation and infection®2. As the
primary regulators of paracellular permeability, Tls
prevent the uncontrolled translocation of apical
environmental factors—including microbiota,
pathogens, pollutants, and allergens—into subepithelial
tissues. Additionally, TJs are crucial for maintaining
epithelial polarity, coordinating intracellular signaling
pathways, and controlling cell proliferation and
differentiation. Consequently, TJ damage results in the
Numerous

breakdown of epithelial homeostasis®..

epithelial barrier—disrupting compounds have been
shown to modulate the expression of tight junction
proteins at both the transcriptional and translational
levels. Furthermore, components of adherens junctions,
including E-cadherin and catenins, may also be
compromised, further undermining barrier integrity®2.
Disruption of the microbiota and impaired interactions
between epithelial cells and commensal microbes are
frequently observed in the context of barrier
dysfunction. Microbial dysbiosis is a common feature
across numerous diseases associated with compromised
epithelial integrity3*3*. Consequently, agents that impair
epithelial barriers enhance permeability through direct
injury to epithelial cells, disruption of the microbiota and
induction of dysbiosis, and subsequent activation of the
immune system. These processes collectively drive cell
death, cellular stress, altered expression of adhesion
molecules, and the promotion of inflammation3..

Fungi interact with host epithelial surfaces by binding to
cell-associated carbohydrates and proteins, including
glycoproteins, glycolipids, and extracellular matrix
components such as fibronectin, laminin, and collagen.
These interactions are frequently mediated by fungal
adhesins, which are specialized surface proteins that
facilitate adhesion and colonization®.

Fungi interact with host epithelial surfaces by binding to
cell-associated carbohydrates and proteins, including
glycoproteins, glycolipids, and extracellular matrix
components such as fibronectin, laminin, and collagen.
These

adhesins, specialized surface proteins that facilitate

interactions are often mediated by fungal

colonization. Adherence is further reinforced through
biofilm formation, which promotes persistence and
enhances resistance to host immune defenses. In
Aspergillus fumigatus, extracellular polysaccharides such
as galactosaminogalactan (GAG) contribute to adhesion
as well as immune evasion. In addition, fungi can exploit
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epithelial tight junctions and surface receptors to
establish attachment, subsequently disrupting barrier
integrity and enabling invasion®®.

Fungal infections constitute a major global health
challenge, accounting for an estimated 1.5 million deaths
annually®’. Conidia of several pathogenic fungi can
attach to alveolar epithelial surfaces, where they
germinate and produce invasive hyphae3®. Interestingly,
despite hyphal penetration, epithelial cells frequently
maintain their overall morphology, raising debate as to
whether invasion necessitates direct cellular damage.
Experimental evidence indicates that hyphae may enter
bronchial epithelial cells through reorganization of the
actin cytoskeleton, without overt disruption of cell shape
or barrier integrity®’. However, the precise molecular
mechanisms underlying fungal invasion of epithelial
tissues remain incompletely understood?®.

Fungi infecting humans need to have thermal resistance
to the human body, locomotion through or around host
barriers, lysis and absorption of human tissue, and
resistance to immune defenses®.

Although the pathogenic mechanisms vary between
superficial and invasive infections, four core virulence
attributes are consistently required. The first step
involves fungal adhesion to epithelial surfaces, mediated
by cell surface adhesins—such as Hwp1 and Als3—that
are closely associated with hyphal morphology.
Subsequent epithelial damage arises both from the
mechanical force exerted by hyphal extension and from
the action of secreted hydrolytic enzymes and toxins*® 42,
A major advance in the understanding of fungal virulence
was the identification of the first peptide toxin from a
human-pathogenic fungus, Candida albicans. This toxin,
termed candidalysin, is a proteolytic fragment derived
from the hypha-associated polypeptide Ecel. During
hyphal growth, the ECE1 gene is upregulated, and the
Ecel polypeptide is processed by the Golgi proteases
Kex2 and Kexl before secretion. Among the eight
resulting peptides, candidalysin uniquely integrates into
host cell membranes, where it induces pore-like lesions
and epithelial damage. Beyond its cytotoxic effects,
candidalysin also functions as a danger-associated signal,
activating host epithelial danger response pathways. This
dual role highlights candidalysin as a central factor in the
commensal-to-pathogen transition of C. albicans at
epithelial surfaces*.

Both innate and adaptive immune responses are
essential for controlling and eliminating microbial

pathogens. In this context, mucosal barriers, together
with resident immune cells, not only shield underlying
tissues from infection but also actively participate in
microbial recognition and defense. Upon pathogen
encounter, mucosal epithelia release cytokines and
alarmins that coordinate the recruitment of innate and
adaptive immune effectors, including macrophages,
neutrophils, dendritic cells, and T cells. However, many
mycotoxins exert detrimental effects on mucosal barrier
integrity and can suppress cellular immune functions.
Such toxin-mediated disruptions of host defense
mechanisms may, in turn, heighten susceptibility to
infections by opportunistic pathobionts residing within
the commensal microbiota®.

5. Barrier Sites Affected

Fungal dysbiosis has been linked to a range of human
diseases across multiple barrier surfaces—including the
oral cavity, vagina, skin, lungs, and gastrointestinal tract,
where it can predispose to localized infection and, in
severe cases, facilitate systemic dissemination.*.

e Skin and mucosal epithelium.

The human host presents diverse and often challenging
niches for microbial colonization, including the mucosal
surfaces of the oropharyngeal, gastrointestinal, and
vaginal tracts. Candida albicans has adapted to persist
within these environments %°, where initial interactions
with the host are predominantly mediated by the yeast
form, followed by germ tube emergence and hyphal
development. Yeast cells utilize multiple adhesion
strategies®, including conserved tandem repeat
domains within adhesin proteins that facilitate binding
to a wide array of epithelial ligands and promote yeast—
yeast aggregation. Under conditions of impaired mucosal
immunity, these adaptations permit fungal penetration
into underlying tissues, frequently resulting in severe
pathology®”.

e Gastrointestinal tract.

The gut microbiota is a key determinant of human
health,

susceptibility to infection. Invasive intestinal candidiasis

influencing both immune function and

is closely linked to disruptions in microbial homeostasis.

4 Candida albicans is the

Among fungal colonizers
principal causative agent of invasive disease. Under
conditions of intestinal dysbiosis, C. albicans can
yeast-to-hypha  transition,

overgrow,  undergo

upregulate adhesins, secrete toxins, and compromise
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the gut mucosal barrier, ultimately breaching into the
bloodstream and causing sepsis and multi-organ failure,
outcomes frequently associated with high mortality®.

A central virulence determinant in this process is
candidalysin, a cytolytic peptide toxin with dual
functionality. It directly damages epithelial membranes
by pore formation and simultaneously activates host
responses®. Most mechanistic insights have been
derived from in vitro studies using oral epithelial cell
models, where candidalysin has been shown to stimulate
the release of cytokines, chemokines, alarmins, and
antimicrobial peptides °!; to induce cellular stress
responses such as mitochondrial dysfunction , ATP
depletion, and necrosis °%; and to promote Ca?* influx
with disruption of F-actin structures. While these
findings highlight the toxin’s pathogenic potential >3, it is
important to note that the gastrointestinal tract
represents the primary reservoir of C. albicans .

e Respiratory tract.

The respiratory epithelium is a structurally and
functionally complex barrier, with distinct cellular
compositions along the conducting airways and alveoli.
Beyond sustaining gas exchange and maintaining
pulmonary homeostasis, epithelial cells actively engage
with inhaled pathogens. These interactions can be
exploited by microbes, which manipulate host signaling
pathways to promote adhesion and tissue invasion. In
turn, epithelial cells contribute to host defense by
secreting cytokines and chemokines that coordinate
immune responses and shape inflammatory outcomes *°.
Diseases caused by Aspergillus species affect over 10
million individuals worldwide and are responsible for an
estimated 200,000 deaths annually *%. The initial step in
infection involves the adhesion of A. fumigatus conidia
to epithelial cell surfaces or to components of the
surrounding extracellular matrix (ECM)>’. Adhesion is
mediated through multiple mechanisms, including
binding to host membrane proteins, carbohydrates, and
mucins. For example, the conidial lectin FleA recognizes
fucosylated structures and binds avidly to lung mucins 2,
Host adhesion molecules such as E-cadherin have also
been implicated in facilitating fungal attachment . In
addition, the
galactosaminogalactan has been identified as a key

hyphal cell wall polysaccharide
mediator of adhesion to epithelial cells and to ECM
components such as fibronectin ©.

e Urogenital tract.

The vaginal mucosa represents a common site of fungal
infection, most notably vulvovaginal candidiasis (VVC)
caused by Candida albicans. Successful colonization
requires adhesion of the fungus to the epithelial surface,
a complex and dynamic process involving multiple
interactions between fungal cell wall components and
host epithelial proteins. This adhesion underlies both
commensal persistence and pathogenic invasion .

Host defense mechanisms also contribute to limiting
infection. The rapid turnover of squamous epithelial cells
within the vaginal mucosa is protected by counteracting
fungal adherence and invasion®?, thereby reducing the
likelihood of sustained colonization. Genetic factors
further influence susceptibility, with polymorphisms in
Toll-like (TLR2)—a pattern
receptor expressed by innate immune cells—being

receptor 2 recognition

associated with recurrent vulvovaginal candidiasis
(RVVC) ¢, Additionally, variable-number tandem repeats
in the NLRP3 inflammasome gene, which result in
exaggerated neutrophil-driven inflammatory responses
to Candida colonization, appear to play a more critical
role in RVVC pathogenesis than generalized immune

defects 646>,

6. Systemic effects

Fungi represent an immensely diverse kingdom, with
more than six million species estimated to exist globally;
however, fewer than 600 are known to be pathogenic to
humans % Most human fungal infections remain
superficial, yet a subset of species are capable of causing
severe, life-threatening disease ®. Among the most
clinically significant opportunistic fungi are Cryptococcus
and Candida

albicans . When these organisms disseminate beyond

neoformans, Aspergillus fumigatus,
their initial site of colonization, they can give rise to
invasive diseases such as meningoencephalitis, invasive
aspergillosis, and invasive candidiasis . Because of their
small size, fungal propagules can evade the mechanical
defenses of the respiratory tract, including cough
reflexes and mucociliary clearance, allowing them to
Within the
neoformans encounters resident immune cells that

reach the alveolar spaces. lungs, C
typically restrict fungal growth. In immunocompetent
hosts, infection is often resolved or maintained in a
latent state’®’!, By contrast, in immunocompromised
individuals such as patients with advanced HIV/AIDS,

organ transplant recipients, or those undergoing

IJMSDH

100



[JMSDH, (2025)
www.ijmsdh.org

PageNo0.95-109

immunosuppressive therapies Candida neoformans can
establish symptomatic pulmonary infection, leading to
pneumonia, acute respiratory distress syndrome, and
lungs’. Once in the
bloodstream, C. neoformans exhibits a strong tropism for
the central nervous system (CNS). Penetration of the
blood—brain barrier (BBB) allows the fungus to invade
the brain parenchyma, where it can cause cryptococcal
Globally,
meningoencephalitis accounts for more than 220,000

dissemination beyond the

meningoencephalitis. cryptococcal
cases each year and is responsible for an estimated
180,000 deaths annually’.

Free fungal cells may also access the circulation directly
via mechanisms such as transcytosis, paracellular
traversal, or passage through damaged epithelial and
endothelial barriers. Once in the bloodstream, host
immune components, particularly neutrophils and
Kupffer cells, contribute to the clearance of circulating
fungi. Notably, fungal pathogens within the vasculature
can exploit strategies analogous to those employed
during their escape from primary infection sites to
facilitate invasion of distant organs. Overall, fungal
dissemination is governed by complex host—pathogen
interactions that determine the balance between
immune containment and systemic spread”®.

The nature of the host immune response is highly
dependent on the fungal species involved, with the
relative contribution of innate and adaptive defense
mechanisms varying according to both the pathogen and
the site of infection. Moreover, within a single species,
example, the vyeast,

morphological plasticity—for

pseudohyphal, and hyphal forms of Candida albicans—
can serve as a critical determinant of how the host
immune system recognizes and responds to infection’®.
Yeast cells and fungal spores are generally amenable to
phagocytic clearance, whereas the larger dimensions of
hyphae hinder effective engulfment. To overcome such
barriers, pathogenic fungi have evolved diverse
strategies to evade or subvert host immune defenses.
Certain species exhibit facultative intracellular lifestyles,
enabling survival within phagocytes, which they exploit
both to resist microbicidal mechanisms and to facilitate
dissemination throughout the host. A defining feature of
antifungal immunity is the interdependence of innate
and adaptive responses, together with the dynamic
interplay between host defense pathways and fungal
virulence strategies. Notably, several core immune
mechanisms are broadly conserved in responses to
diverse fungal pathogens’. Neutrophils, macrophages,
and monocytes constitute central effector cells in
antifungal immunity. Resident phagocytes within
infected tissues serve as the first line of defense, while
rapidly

additional neutrophils and monocytes are

recruited in response to inflammatory mediators,

including cytokines, chemokines, and complement
factors. These cells exert antifungal activity primarily
through the generation of reactive oxygen species and
the release of antimicrobial peptides, leading to fungal
damage or killing. The reliance on intracellular versus
extracellular effector mechanisms is shaped by the
fungal species, morphotype, and the route by which the

pathogen enters the host’®,

Table 1 shows fungal pathogens vs mechanisms of action

Fungal Pathogen Site of Infection

Key Virulence Mechanisms References

Candida albicans Mucosal surfaces,

bloodstream, systemic

- Adhesins (Als protein family, 77
Hwp1) for epithelial/endothelial
binding
- Morphological plasticity (yeast—
hyphae switching) aiding invasion
- Biofilm formation conferring drug
resistance and persistence
- Secretion of hydrolytic enzymes
(SAPs, lipases, phospholipases)
degrading host tissue
- Immune evasion via B-glucan
masking and phenotypic switching

IJMSDH

101




[JMSDH, (2025)
www.ijmsdh.org

PageNo0.95-109

Aspergillus fumigatus

Lungs, sinuses, systemic
(especially
immunocompromised)

- Inhaled conidia resist phagocytosis
- Hyphal invasion of epithelial and
endothelial barriers
- Production of gliotoxin (induces
apoptosis, suppresses immunity)

- Secretion of proteases and
elastases for tissue damage
- Resistance to oxidative killing by
immune cells

78

Cryptococcus
neoformans

Lungs, CNS
(meningoencephalitis)

- Polysaccharide capsule inhibiting
phagocytosis and complement
activation
- Melanin production protecting
against oxidative stress
- Intracellular survival and
replication in macrophages (“Trojan
horse” mechanism)

- Ability to cross the blood—brain
barrier

79

Histoplasma capsulatum

Pulmonary and disseminated
histoplasmosis

- Survival inside macrophages via
altered phagolysosomal pH
- Expression of heat shock proteins
for intracellular persistence
- Cell wall a-glucan masking B-
glucan from host PRRs
- Modulation of host immune
response (suppression of TNF-a,
IFN-y pathways)

80

Blastomyces dermatitidis

Lungs, skin, disseminated
infection

- BAD1 adhesin mediating host
attachment and immune
suppression
- Thick yeast cell wall resisting
immune clearance
- Suppression of Thl responses,
promoting immune evasion

81

Coccidioides immitis /
posadasii

Pulmonary
coccidioidomycosis (“Valley
fever”), systemic spread

- Transformation of arthroconidia
into large spherules producing
endospores
- Secretion of proteases and
metalloproteases for tissue invasion
- Outer wall glycoproteins mediating
immune evasion
- Induction of host inflammatory
tissue damage

82

Pneumocystis jirovecii

IJMSDH

Lungs (Pneumocystis
pneumonia, PCP)

- Adhesion to alveolar epithelial cells
via major surface glycoprotein (gpA)
- Formation of cyst-like structures
resisting clearance

83
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- Antigenic variation to evade host
immunity
- Biofilm-like community persistence
in alveoli

Mucorales (e.g., Rhizopus Rhino-orbital-cerebral

spp.) Mucormycosis,

pulmonary/systemic

- Aggressive angioinvasion = vessel 84
thrombosis and tissue necrosis
- Rapid hyphal growth under
hyperglycemia and acidosis (diabetic
ketoacidosis)
- Iron uptake via siderophores and
high-affinity permeases
- Evasion of neutrophil killing

7. Future Perspectives
Future research should focus on the development of
innovative therapeutic strategies alongside the
application of advanced experimental models that more
accurately recapitulate human barrier physiology.

e Novel therapeutic strategies (microbiome
modulation, immunotherapy, barrier protectants).

- Microbiome modulation

Microbiome therapeutics refers to the use of microbes,
their metabolites, and associated factors to suppress
pathogenic communities while promoting the growth of
beneficial microorganisms 8. Unlike conventional drugs,
which may have adverse systemic effects, microbial
therapies exploit the natural residency of microbes
within the human body, offering a more physiological
means of disease management. Recent advances include
the engineering of microbial strains to enhance their
therapeutic efficacy 2.

Within the gut, fungi—particularly Candida species—
play a sophisticated role in shaping the composition and
function of the bacterial microbiome, a key regulator of
host physiology. This occurs through mechanisms such as
direct cell—cell interactions, competition or cooperation
for nutrients, secretion of secondary metabolites and
antimicrobial peptides, and modification of the local
These

interactions between gut fungi, bacteria, and host

physicochemical environment. multifaceted
immunity are fundamental to maintaining immune
homeostasis, and their dysregulation contributes to the
balance between health and disease -5,
-lmmunotherapy

Immunotherapy encompasses therapeutic strategies
that modulate or harness the immune system . In the

context of fungal infections, monoclonal antibodies

(mAbs)
represent a promising approach, providing antibody-

generated through hybridoma technology

mediated protection®. Cytokine-based interventions,
such as recombinant IFN-y and GM-CSF, are also under
investigation as adjunctive therapies to augment
antifungal immunity in immunocompromised hosts®:.
The fungal cell wall, composed primarily of carbohydrate
polymers interspersed with proteins, constitutes a major
target for opsonizing antibodies. Protective antibodies
against Candida albicans and Cryptococcus neoformans
typically recognize glycan structures or surface proteins
and are most often IgM or IgG subclass molecules. These
antibodies exert protective effects by promoting
phagocytic uptake and enhancing phagolysosomal
maturation, thereby strengthening antifungal immune
responses 2.

-Barrier protectants

The integrity and function of the intestinal barrier are
shaped by multiple environmental and host-related
factors, including diet and lifestyle. At the molecular
level, such influences can modulate the expression of
claudins and thereby alter epithelial tight junction (TJ)
assembly and permeability®®. TJs are critical for
maintaining epithelial cohesion and are composed of
transmembrane proteins such as claudins, occludin,
junctional adhesion molecules (JAMs), and tricellulin,
together with cytoplasmic plaque proteins including the
zonula occludens (Z0O) family®*. Among these, claudins
play a central role in establishing and regulating
intercellular junctional connections. Notably, dietary
components such as fungal mycotoxins and secondary
metabolites from diverse fungi can directly affect claudin
expression and compromise epithelial barrier function *°.
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In addition to structural integrity, epithelial innate
defenses provide essential protection against microbial
overgrowth. Early responses include the production of
antimicrobial peptides (AMPs) and cytokines. Reduced
AMP levels, particularly in saliva, are linked to increased
susceptibility to oral Candida infections. Certain AMPs,
such as human B-defensins 1-3, possess direct fungicidal
properties, underscoring their importance in epithelial
antifungal defense .

e Advanced models (organoids, organ-on-chip).

- Organoids

In the past decade and a half, advances in in vitro
methodologies have enabled the generation of three-
dimensional multicellular structures, termed organoids
or “mini-organs.” These stem cell-derived systems self-
organize into differentiated, functional cell types that
closely mimic their in vivo counterparts, thereby
recapitulating
physiology. Organoids provide a powerful tool for

essential features of whole-organ
dissecting the contribution of specific cell types,
particularly as they lack immune and endothelial cell
populations. In the respiratory system, adult human lung
stem cells, crucial for epithelial renewal and repair?,
have been shown to generate 3D lung organoids under
defined differentiation conditions. Importantly, patient-
derived organoids allow for high-fidelity modeling of
host fungal interactions in a physiologically relevant
context.

- Organ-on-chip

The emergence of organ-on-chip (OoC) technology
represents a major advancement in biomedical research,
driven by the need for physiologically relevant models
that more accurately reflect human biology, disease
mechanisms, and therapeutic responses. By bridging
gaps left by conventional in vitro systems and reducing
reliance on animal models, OoCs provide powerful
platforms for translational research. Lung-on-chip and
gut-on-chip systems are increasingly being applied to the
study of fungal infections, offering valuable insights into
barrier disruption and antifungal drug evaluation %,

A pivotal step toward lung organoid culture was the
development of the lung-on-chip device, a
microphysiological model that replicates the functional
unit of the

communication

breathing lung through dynamic

between alveolar epithelial and

endothelial cells across a microporous elastomeric
membrane. Similarly, intestine-on-chip models have
advanced microbial

enabled investigations  of

colonization and host responses in vitro. These systems
recapitulate hallmark features of intestinal disease,
including elevated

proinflammatory cytokine

production, reduced expression of epithelial
differentiation markers, impaired proliferation, and

compromised barrier integrity %.
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