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Abstract

Fungal infections of the central nervous system (CNS) represent severe clinical
threats with high mortality, stemming from intricate molecular interplay between
neurotropic fungi and specialized host defenses. This review dissects the mechanisms
underpinning fungal CNS invasion—including enzymatic blood-brain barrier (BBB)
disruption, transcellular transport, and "Trojan horse" evasion within
phagocytes—alongside evolved immune escape tactics such as molecular camouflage
by capsular polysaccharides, biofilm-mediated resistance, and immunosuppressive
microenvironment shaping. Critically, CNS-resident immune cells including
microglia, utilize surface C-type lectin receptors (CLRs) and Toll-like receptors
(TLRs) to initiate antifungal immunity through Syk/CARD9-dependent signaling and
inflammasome activation. However, fungi subvert these defenses by neutralizing
phagosomal acidity, inducing non-lytic expulsion, and hijacking metabolic pathways
to enhance virulence and drug tolerance. The dynamic coevolutionary arms race

manifests in chronic CNS colonization via Th2 polarization, contrasting with the
dual-edged role of adaptive immunity where CD4* T cell responses aid pathogen

clearance yet exacerbate neuroinflammation. Overcoming therapeutic challenges,
particularly limited antifungal BBB penetration and rising drug resistance, requires
deciphering these host-pathogen molecular dialogues to design targeted interventions

disrupting immune evasion or bolstering CNS-specific immunity.



Introduction

Fungal infections of the CNS pose a significant clinical burden, characterized by

high mortality and poor prognoses [1]. Although less frequent than bacterial
or viral counterparts, CNS fungal infections can lead to severe complications such as
meningitis, encephalitis, and cerebral abscesses [2-4], posing substantial diagnostic
and therapeutic challenges. Survivors frequently suffer persistent neurological
sequelae, such as cognitive impairment, seizures, or motor dysfunction [4].
Immunocompromised individuals constitute the core vulnerable cohort ,
encompassing patients with AIDS, chemotherapy recipients, individuals with diabetic
ketoacidosis, and solid organ transplant recipients [5-7]. The incidence of CNS fungal
infections rises in parallel with this expanding population, wherein such infections

significantly contribute to elevated mortality . Among transplant recipients,
CNS fungal involvement occurs in 0.9% of renal, 0.8% of hepatic, 1.4% of pulmonary,
and 1.1% of cardiac cases [8], with associated 90-day mortality reaching 20.7%. In
AIDS patients, these infections account for >20% of fatalities [5], while cryptococcal
meningitis in Africa exhibits mortality rates as high as 44% within two weeks of
diagnosis [9]. Furthermore, Cryptococcus neoformans causes approximately 7.7% of
CNS infections in patients with malignancies [10]. Critically, the
immunodeficient state impairs host defense mechanisms, establishing a permissive
niche for fungal invasion and immune evasion in the CNS—a pivotal predisposing

factor in this pathophysiological interplay

1. Major Pathogenic Lineages of Invasive Central Nervous System Fungi
Approximately 10-15% of human-pathogenic fungi cause central nervous
system (CNS) infections [4]. Major pathogenic groups include yeasts (Candida and
Cryptococcus  spp.), filamentous  fungi (Aspergillus  spp.), and
dimorphic fungi (Histoplasma and Coccidioides spp.) [11]. Notably,
Cryptococcus, Coccidioides, Candida and Histoplasma species also infect

immunocompetent hosts, eliciting CNS manifestations[21][22] (Figure 1).



Fungal virulence as a prerequisite for CNS infection

Fungal virulence constitutes the foundational prerequisite for successful host
invasion, immune evasion, and central nervous system (CNS) colonization. Unlike
obligate pathogens, most human-pathogenic fungi are environmental organisms
whose virulence traits have evolved primarily for environmental fitness, yet
fortuitously enable survival within mammalian hosts. These virulence attributes
encompass structural components, metabolic adaptability, stress resistance, and
secreted effectors that collectively permit fungi to withstand host-imposed constraints
and exploit permissive niches[1].

A defining feature of fungal virulence is the capacity to resist host immune
recognition and killing. Cell wall architecture and dynamic remodeling regulate the
exposure of pathogen-associated molecular patterns (PAMPs), such as B-glucans,
mannans, and chitin, thereby modulating engagement with host pattern recognition
receptors. Metabolic flexibility represents another core virulence determinant,
allowing fungi to exploit alternative carbon and nitrogen sources, reprogram
mitochondrial activity, and modulate lipid metabolism in response to host-derived
pressures[2]. These adaptations not only enhance survival within immune cells but
also contribute to antifungal drug tolerance and persistence[3]. Collectively, fungal
virulence traits establish the biological preconditions for CNS invasion, shaping the
downstream processes of BBB traversal, immune evasion, and host—pathogen
coevolution discussed in subsequent sections.

Cryptococcus spp.

Cryptococcus species are the primary etiological agents of fungal
meningoencephalitis, predominantly C. neoformans and C. gattii. C. neoformans both
targets immunocompetent and immunocompromised individuals (notably
HIV-positive patients) [12], whereas C. gattii exhibits a heightened neurotropism in
immunocompetent hosts in china[23]. Inhalation of C. neoformans—in animal feces
(primarily pigeon excreta) and soil—initiates pulmonary infection, followed by
haematogenous or lymphatic dissemination to the CNS. Invasion manifests as severe
symptoms including headache, fever, vomiting, altered mental status, meningismus,
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visual disturbances, and cranial nerve palsies [2; 12]. Critically, a key virulence factor
is its capsular polysaccharide (e.g., glucuronoxylomannan, GXM), which mediates
both immune evasion and CNS tropism.

Candida spp.

Opportunistic pathogens causing invasive candidiasis in contexts such as solid
organ transplantation, chemotherapy, HIV infection, or trauma. CNS involvement
typically arises secondary to neurosurgical interventions or disseminated disease [13].
Incidence in neurosurgical cohorts has increased from 6% to 17% [14].
Approximately 50% of disseminated candidiasis patients develop CNS symptoms,
with mortality rates of 10-30% [1]; 18-29% of survivors experience persistent
neurological sequelae [15]. Species implicated include C. albicans, C. tropicalis, C.
lusitaniae, C. guilliermondii, C. auris and C. parapsilosis [16]. Infants exhibit
particular vulnerability : CNS involvement occurs in 66% of neonates with
disseminated candidiasis and 80% with Candida endocarditis, resulting in meningitis,
abscesses, granulomas, vasculitis, haemorrhagic necrosis, and demyelination [17; 18].
Aspergillus spp.

Ubiquitous  environmental fungi causing significant morbidity in
immunocompromised hosts. High-risk cohorts include bone marrow transplant
recipients (32% incidence), patients with haematological malignancies (8%), and
those with underlying pulmonary disease (9%) [1], particularly during neutropenia or
corticosteroid therapy. While pulmonary involvement predominates, extrapulmonary
infection occurs in 40% of cases, with CNS dissemination developing in 10-20% of
invasive aspergillosis patients [19; 20]. CNS aspergillosis demonstrates

geographic predilection , with higher prevalence in tropical/subtropical
regions (e.g., India, Sudan, Pakistan, Saudi Arabia, Turkey, USA) [21; 22].
Complications diverge significantly by host immune status: immunosuppressed
patients are predisposed to cerebral infarction, haemorrhage, encephalomalacia,
cerebrovascular accidents, aneurysms, and solitary or multiple abscesses[19; 23-25],

whereas immunocompetent hosts more commonly manifest cranial
nerve/cavernous sinus syndromes, orbito-sinus involvement, granulomas, or abscesses
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[19; 23; 26]. Critically, the angioinvasive propensity of Aspergillus
underpins CNS pathogenesis.

Susceptible populations: immuno-
compromised individuals, primarily
including patients with HIV infection
and those receiving long-term immuno-
suppressive therapy.

The incidence has increased year
by year, and the mortality rate remains
high.
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Figure 1 . Major human fungal pathogens associated with CNS invasion and their key
clinical characteristics.

Schematic diagram (left) illustrates the six major pathogenic fungal lineages that infect the
central nervous system, including Cryptococcus spp., Candida spp., Aspergillus spp., Mucor spp.,
Histoplasma capsulatum, and Coccidioides spp., together with their primary routes of CNS
invasion (haematogenous dissemination, Trojan horse mechanism, contiguous spread, and
angioinvasion). The table (right) summarizes representative species, high-risk populations, core

clinical manifestations, major invasion routes, and key mortality data for each pathogen.

Other Pathogens

Mucor spp. cause rhinocerebral mucormycosis, with risk factors encompassing
diabetic  ketoacidosis, stem cell transplantation, iron chelation, AIDS,
hypocomplementaemia, and prolonged voriconazole exposure[27]. Dimorphic fungi
(Histoplasma capsulatum, Coccidioides spp., Blastomyces dermatitidis), endemic to

the Americas, provoke CNS infections—particularly in immunocompromised hosts [1;



28; 29]. Fusarium spp (including F. solani, F. oxysporum, and F. moliniforme) cause
single or multiple brain abscesses and meningitis[24]. Dematiaceous fungi,
Trichosporon spp and Pneumocystis jirovecii also contribute to CNS pathology[1].
Some dimorphic fungi are also capable of causing CNS infections. Histoplasma
capsulatum is a classical endocytosed and intracellularly persistent fungal pathogen;
CNS involvement most commonly occurs in the setting of disseminated
histoplasmosis, but may also present as isolated CNS disease or as chronic meningitis
without clear evidence of extracranial involvement, a feature that frequently leads to
delayed or missed diagnosis in clinical practice[5]. Coccidioides spp. (C. immitis and
C. posadasii) can also disseminate hematogenously, and one of the most severe
complications of disseminated coccidioidomycosis is coccidioidal meningitis (CM),

which is characteristically a chronic and progressive form of meningitis[6].

2. Invasion Routes and Pathogenic Mechanisms of Fungal CNS Invasion

2.1 Transmission Pathways

Fungi invade the CNS through three principal routes: haematogenous
dissemination , direct inoculation , and contiguous spread from
adjacent  foci , with haematogenous dissemination predominating. In

immunocompromised hosts (e.g., AIDS patients), fungi such as C. albicans establish
disseminated infections that subsequently breach the BBB to access the CNS via
the bloodstream[30]. Direct inoculation occurs following trauma or neurosurgical
exposure of brain tissue[31], while deep craniofacial fungal infections (e.g., involving
sinuses, orbits, or middle ear) may contiguously propagate intracranially[32]. A.
fumigatus can also disseminate intracranially through the mechanisms described
above. Distinct from C. albicans, however, A. fumigatus possesses the capacity for
hyphal angioinvasion, whereby fungal hyphae penetrate vascular walls, triggering
thrombosis, tissue ischemic necrosis, and hemorrhage, ultimately resulting in
ischemic and hemorrhagic lesions within the CNS[4].
2.2 Molecular Strategies for CNS Invasion
Fungi deploy sophisticated molecular strategies to breach the BBB, including
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enzymatic degradation of tight junctions where C. albicans-secreted
hydrolases (e.g., aspartyl proteases) cleave proteins such as E-cadherin,
compromising structural integrity[33]; transcellular transport mediated by
Als3 binding gp96 on brain microvascular endothelial cells, inducing
endocytosis-dependent entry[34]; Trojan horse evasion where phagocytosed
C. neoformans hijacks macrophages to traverse the BBB—macrophage-depletion
studies validate this mechanism, though intracellular survival machinery remains
unresolved[35]; This is also a common mechanism by which Histoplasma capsulatum
invades the CNS[7]; and paracellular migration initiated by hyaluronic
acid-CD44 engagement on endothelia[36]. In vitro models demonstrate that A.
fumigatus hyphae can invade endothelial cells from different surfaces and induce

endothelial inflammation and procoagulant responses, including expression of tissue
factor, E-selectin, and TNF- o [8]. Emerging evidence further implicates the

orogenic-brain axis as a direct neural invasion pathway[37]. As eukaryotes,
fungi exhibit multidimensional pathogenic mechanisms that surpass the

complexity of bacterial or viral CNS invasion, underpinned by evolutionary

adaptations for immune evasion and host tropism (Figure 2).
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Figure 2. Molecular mechanisms of fungal invasion into the central nervous system by
breaching the blood-brain barrier (BBB). The upper panel shows a schematic diagram of the
BBB structure, consisting of brain microvascular endothelial cells (BMECs) connected by tight
junctions (TJs, with key proteins including E-cadherin, occludin, and ZO-1), basement membrane,
pericytes, and astrocyte endfeet, which collectively maintain the structural integrity of the BBB.
The lower panel illustrates five major molecular mechanisms of fungal CNS invasion: (1)
Enzymatic degradation: Candida albicans secretes hydrolases (e.g., aspartyl proteases) to degrade
TJ proteins, disrupting BBB integrity; (2) Transcellular transport: C. albicans mediates entry into
BMECs via the interaction of Als3 (fungal) with gp96 (BMECs), followed by
endocytosis-dependent transcytosis; (3) Trojan horse evasion: Cryptococcus neoformans and
Histoplasma capsulatum hijack macrophages to traverse the BBB and release into the brain
parenchyma; (4) Paracellular migration: C. neoformans initiates TJ loosening through hyaluronic
acid-CD44 engagement, facilitating paracellular crossing; (5) Special mechanisms: Aspergillus
fumigatus invades the CNS via hyphal angioinvasion (involving GRP78 and glitoxin) that induces
thrombosis and tissue necrosis, while Mucor spp. spreads intracranially contiguously from

adjacent foci (e.g., paranasal sinuses) to cause rhinocerebral mucormycosis.



2.3 Histopathological Responses

Fungal invasion of the central nervous system (CNS) elicits either

meningitis —manifesting classical meningeal irritation—or focal
parenchymal lesions causing localized neurological deficits[38]. Lesions
frequently develop granulomatous structures composed of macrophages,

lymphocytes, and multinucleated giant cells that sequester pathogens. Upon
colonization, resident microglia and astrocytes, alongside recruited macrophages and
neutrophils, rapidly infiltrate infection sites. Stimulated by fungal surface molecules
and inflammatory mediators, these cells undergo membrane fusion and reactive
gliosis, driving granuloma formation[39]. Angioinvasive fungi (e.g., A
fumigatus) penetrate vasculature via hyphal growth, precipitating mycotic thrombosis

or haemorrhagic necrosis, which may culminate in cerebral infarction[40].

3. Fungal Immune Evasion: Molecular Tactics for Subverting Host Defenses

Fungal pathogens causing CNS infections evolve complex immune evasion
mechanisms to escape immune recognition, phagocytic clearance, and
microbicidal activity. These adaptations enable local proliferation at infection
sites and systemic dissemination , thereby exacerbating disease severity
or precipitating fatal outcomes. Key strategies encompass:

3.1 Molecular Camouflage: Evading Immune Recognition

Fungal cell walls harbour pathogen-associated molecular patterns (PAMPs)
recognisable by host pattern recognition receptors (PRRs) [41-44], and a core immune
evasion strategy involves concealing these PAMPs with surface components. C.
neoformans utilises its dense polysaccharide capsule—comprising
glucuronoxylomannan (GXM) and galactoxylomannan (GalXM)—to shield
underlying cell wall PAMPs, thereby impeding PRR engagement[45; 46]. C. albicans
employs surface mannans to obscure immunostimulatory B-glucan layers, inhibiting
phagocyte uptake, microbicidal activity, and complement pathway activation[42-44]
[47-51] [52; 53]. This concealment mechanism is evidenced by enhanced immune
recognition in mannan-deficient C. auris mutants[54]. Elevated chitin content
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similarly obstructs immune cell detection of B-glucan, attenuating cytokine
responses[55]. A. fumigatus exploits its outer cell wall
constituents—galactosaminogalactan (GAG) and the hydrophobin RodA—to mask
immunogenic B-glucan, melanin, and a-mannans, dampening host immunity and
promoting intracellular persistence[56-58]. Coccidioides forms spherules within the
host, and interactions between spherule cell wall/external components and host
pattern recognition receptors (including CLRs and TLRs) can shape the resultant
immune milieu toward Th1/Th17- versus Th2-biased adaptive responses. Adaptive
immunity is critical for controlling dissemination (including to the CNS), but host
immune responses can also contribute to immunopathology in certain contexts[9][10].

3.2 Construction of Biofilm Barriers and Secretion of Aggressive Effectors

Fungi form biofilms—microbial communities embedded in an extracellular
matrix[59]—at infection sites, physically shielding resident fungi from immune cell
attack and facilitating persistent infections[60]. These structures resist amphotericin B
and caspofungin while exhibiting complete azole resistance (e.g., fluconazole,
voriconazole) [61; 62], significantly enhancing host survival. Concurrently, fungi
secrete immunosuppressive proteases and virulence determinants to disrupt immune
cell function. C. neoformans synthesizes phospholipase B (PLB), which augments
CNS survival and proliferation[63] while impairing glial function to cause neural
damage[64]. Urease secretion promotes haematogenous CNS invasion and
cryptococcosis pathogenesis[65; 66]; it facilitates non-lytic exocytosis from
macrophages during intracellular transit, enabling dissemination, and accelerates C.
gattii proliferation and host mortality[67]. In addition, C. albicans secretes diverse
proteases that directly damage host cells. In addition to soluble virulence factors,
fungi actively secrete extracellular vesicles (EVs) as organized delivery platforms for
virulence-associated molecules, a mechanism increasingly recognized as critical for
CNS invasion[11]. These nanoscale vesicles traverse the fungal cell wall and transport
a complex cargo of enzymes, lipids, polysaccharides, and immunomodulatory
molecules. In C. neoformans, EVs have been shown to contain capsular
polysaccharides, phospholipases, urease, and antioxidant enzymes, collectively
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enhancing fungal survival, host cell manipulation, and tissue invasion[12].
Simultaneously, EV-associated cargo modulates innate immune responses by altering
macrophage and microglial activation states, dampening antifungal cytokine
production, and skewing immune polarization. This vesicle-mediated strategy enables
fungi to exert coordinated, long-range effects on CNS barriers and immune defenses,
complementing biofilm-associated protection and soluble effector activity.

3.3 Active Suppression of Immune Cell Function

Fungi actively subvert immune cell function through multifaceted strategies:

inhibition of cellular migration and recruitment , exemplified by C. albicans
suppressing macrophage trafficking via CLR-mediated modulation of the Spleen
tyrosine  kinase -B-cell  linker protein  (Syk—BLNK)  pathway[68];

manipulation of the phagosomal microenvironment , demonstrated when C.
neoformans capsule polysaccharides buffer phagosomal pH to optimize intracellular
replication and macrophage lysis[69], while C. albicans utilizes the Stp2-Ato5 axis to
neutralize phagosomal pH, enabling hyphal morphogenesis and escape[70; 71];

induction of direct cytolysis or non-lytic expulsion , 1llustrated by C.
albicans permeabilizing host membranes through candidalysin toxin and NLRP3
inflammasome/gasdermin D activation[72], while both C. albicans and C. neoformans
trigger caspase-1-dependent pyroptosis to achieve non-lytic expulsion preserving
pathogen-cell integrity[73-75]; and disruption of intracellular killing via
O-mannosylation-mediated interference with GTPase Rab protein activation and
phagolysosomal recruitment[76]. C. neoformans additionally impedes lymphocyte
proliferation[77].

3.4 Shaping an Immunosuppressive Microenvironment and Metabolic

Hijacking
Driving the Immunosuppressive Phenotype

A.  fumigatus, C. albicans, and C. neoformans collectively foster
immunosuppressive microenvironments to evade host immunity. C. albicans polarizes
resting and tissue-resident macrophages toward an arginase-1 (Argl) and
transforming growth factor-f (TGF-B)-producing M2 phenotype, reducing nitric oxide
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output and impairing antimicrobial functions[78; 79]. Similarly, the C.
neoformans-secreted effector CPL1 drives M2 polarization in pulmonary infection
models, whose production enhances fungal infectivity by initiating TLR4-dependent
type 2 immunity through interstitial macrophages[80].
Interfering with Key Cytokine Signaling

C. albicans subverts interleukin-17 (IL-17) and type I interferon (IFN-I)
responses through secreted soluble proteins—Cmil, pH-regulated antigen 1 (Pral),
enolase 1 (Enol), and Lip2—which disrupt cytokine signaling pathways[81-83]. Lip2
(a C. albicans-secreted lipase) catalyzes substrate conversion to palmitic acid,
functioning as a TLR 2/4 antagonist that suppresses renal dendritic cell activation. By
inactivating these dendritic cells—essential sources of interleukin-23A (IL-23A) for
v6 T cell-derived IL-17a expression—Lip2 compromises IL-17-mediated antifungal
immunity and enhances renal colonization[81]. Cmil localizes intracellularly,
inhibiting TANK-binding kinase 1 (TBKI1) to block interferon regulatory factor 3
(IRF3) phosphorylation and subsequent IFN-I transcription[82]. Unlike Lip2 and

Cmil, Pral directly binds CD4* T cells zinc-dependently, inhibiting interferon-y

(IFN-y) and tumour necrosis factor production in vitro[83].
Metabolic Adaptation and Drug Resistance

Fungal pathogens sense host metabolic status and co-opt essential elements to
enhance drug resistance. C. neoformans evolves enhanced amphotericin B tolerance
within the brain via glucan-induced activation of the Migl-inositol
phosphorylceramide pathway, wherein inositol phosphorylceramide competitively
binds the drug's target ergosterol, reducing efficacy[84]. Concurrently,
copper—essential for antimicrobial immunity and accumulated in macrophages
during cryptococcal infection[85]—is exploited through high-level expression of the
high-affinity copper transporter CTR4, augmenting virulence during cerebral
infection[86]. Iron availability and hypoxia are additional metabolic constraints that
critically shape antifungal tolerance and virulence in angioinvasive molds, particularly

Mucorales (mucormycosis) and 4. fumigatus (aspergillosis). Mucormycosis is
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strongly linked to conditions that increase labile serum iron (e.g., diabetic
ketoacidosis) or provide iron via xenosiderophores (e.g., deferoxamine), underscoring
that efficient iron acquisition is a prerequisite for rapid tissue invasion and poor
clinical outcomes|[13]. Mechanistically, Mucorales employ high-affinity iron uptake

systems (including the iron permease FTR1) and specialized receptors that utilize

ferrioxamine-bound iron, and host “ nutritional immunity © within macrophages

restricts iron to curb fungal growth[14]. In parallel, invasive aspergillosis develops
within hypoxic inflammatory foci, where hypoxia adaptation programs are tightly
coupled to sterol and iron homeostasis. In A. fumigatus, the SREBP pathway (notably
SrbA/SrbB) coordinates responses to hypoxia while intersecting with iron regulation
and ergosterol biosynthesis, thereby influencing triazole susceptibility and persistence

in vivo[15].

4. Host Defense Network: Cooperation and Arms Race in Multilayered
Immunity

4.1 Innate Immune Defense: Barriers and Resident Sentinels

Mirroring the barrier functions of skin and mucosa, the BBB constitutes the
primary defense against CNS-invading fungal pathogens. This structure integrates
brain microvascular endothelial cells interconnected by tight junction
proteins (e.g., occludin) that establish paracellular impermeability, a basement
membrane network of type IV collagen and laminin blocking hyphal penetration
(including A. fumigatus), pericytes, and astrocytes [87]. Critically, astrocytes generate
antimicrobial peptides exerting direct fungicidal activity at the barrier interface,
thereby bolstering innate immune protection [88].

Nevertheless, fungal pathogens employ diverse mechanisms to breach the BBB
and invade the CNS. Following parenchymal entry, microglia—the resident
macrophage-like cells—rapidly initiate innate immunity through surface-expressed
CLRs (e.g., Dectin-1, mannose receptor, Mincle) and TLRs (e.g., TLR2/4), with

established roles in antifungal defense[89]. Dectin-1 recognizes B-glucans via its
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immunoreceptor tyrosine-based activation motif (ITAM)-like domain, triggering
Syk/CARD9-dependent signaling that activates NF-kB and ERK pathways to mediate
inflammatory cytokine production (e.g., TNF-a)[90] [91]. Fungal components further
induce TLR-mediated upregulation of Mincle—enhancing phagocytosis and NF-«B
activation in macrophages[92]. Additionally, Dectin-3 upregulates Mincle through the
CARDY9/Bcl10/MALT1-dependent NF-kB pathway[93], while the understudied
receptor Clec2d forms homodimers with TLR2 to modulate interferon regulatory
factor 5 (IRF-5) activation[94]. During C. albicans challenge, microglia activate
CLR-dependent CARD9Y signaling and inflammasomes, driving interleukin-1§
release[95]. These cascades collectively underscore the pivotal coordination of CLRs
and TLRs in antifungal innate immunity. However, emerging evidence indicates that
microglial activation during fungal CNS infections represents a double-edged sword.
While these innate immune pathways contribute to fungal containment, sustained or
excessive inflammatory signaling can promote a local microenvironment permissive
for fungal persistence, for example by altering nutrient availability, metabolic cues, or
immune polarization within infected brain regions[16]. Moreover, exaggerated CLR-
and TLR-driven cytokine production may precipitate pathological neuroinflammation,
leading to collateral neuronal injury and disruption of CNS tissue integrity[17]. Thus,
the balance between antifungal immunity and inflammation-induced neuropathology
critically shapes disease outcome in fungal CNS infections. Beyond microglia, the
CNS contains border-associated macrophages (BAMs) residing in meninges, choroid
plexus, and perivascular spaces. The involvement of BAMs in fungal CNS infections
remains poorly characterized. Emerging evidence indicates that C. neoformans may
cross post-capillary venule endothelium via phagocyte-dependent transport to reach
perivascular ~ spaces—suggesting BAM  participation in  cryptococcal

neuroinvasion[96]. Functional distinctions further differentiate BAMs from microglia:
monocyte-derived BAMs critically activate antifungal CD4* T cell responses in the

brain, a capacity absent in microglia, underscoring their unique immunoregulatory

role[97]. The precise role of BAMS in fungal neuroinvasion remains poorly defined.
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Determining whether they act as early sentinels, facilitate transport, or modulate the
perivascular immune response is a crucial frontier.
4.2. Adaptive Imnmune Modulation and its Dual-Edged Role

The adaptive immune response is crucial for host defense against fungal CNS

infections. Gut microbiota-regulated CD4* T cells activated peripherally can migrate

into and reside within the CNS[98]. Current understanding of CD4* T cells in

antifungal CNS  immunity derives primarily from studies of C.
neoformans—reflecting the capsular polysaccharide-mediated impairment of
macrophage/neutrophil fungicidal activity against this pathogen, whereas C. albicans

and A. fumigatus clearance predominantly relies on these innate effectors. Upon CNS
invasion by C. neoformans, astrocytes produce CXCL10, which recruits CD4* T cells

via CXCR3 binding[99]. These T cells drive a Thl-polarized response through

interferon-y (IFN-y) secretion, enhancing macrophage cryptococcal clearance.
However, CD4* T cell-derived IFN-y exerts a dual function: while promoting

pathogen elimination, it simultaneously induces immunopathology that exacerbates
meningitis and cerebral edema[ 100].

Beyond the Thl axis, Th17 responses participate in host defense against C.
albicans infection—though current evidence focuses on mucosal contexts. Thl7
deficiency increases susceptibility to mucosal C. albicans infections, likely due to
impaired neutrophil recruitment [101]. While Th17 immunity is essential for mucosal
C. albicans defense, its role within the CNS parenchyma is virtually unexplored. Its
potential synergy or antagonism with Th1 responses in the brain merits investigation.
In contrast, Th17 immunity has been extensively investigated in cryptococcal
meningoencephalitis and appears to play context-dependent roles in CNS protection
and immunopathology. In human HIV-associated cryptococcal meningitis, higher
CSF concentrations of Th17-type cytokines (including IL-17) track with a broader
intrathecal inflammatory signature and have been associated with enhanced innate

effector activation, faster cryptococcal clearance, and improved early survival[18],
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suggesting that Th17-related responses can contribute to protective CNS immunity
when appropriately balanced with Thl programs. Mechanistically, Cryptococcus
neoformans can induce IL-17 production via STAT3-dependent pathways in human
immune cells, consistent with an inducible Th17 axis during infection[19]. Moreover,
clinical deterioration syndromes such as cryptococcal IRIS highlight that CNS

immune activation can become pathogenic; although Th17-associated cytokines can

be detected intrathecally, dysregulated inflammatory amplification—often dominated

by reconstituted T cell - monocyte signaling — may drive damaging

neuroinflammation[20]. Collectively, current evidence supports a nuanced model in
which Th17 responses can aid fungal control in cryptococcal meningitis, but their net
effect depends on timing, host immune status, and interaction with Thl-driven
macrophage activation within the CNS.
4.3. Dynamic Immune Interplay and Coevolution

Fungal pathogens and hosts perpetually adapt through reciprocal evolutionary
strategies to gain survival advantages. Long-term coevolution has driven adaptations
in both parties: natural selection eliminates individuals harboring deleterious
mutations that impair antifungal resistance, thereby enhancing population-level
defense capabilities. This principle is exemplified by CARD9 deficiency—first
identified in 2009 within a consanguineous family with fatal systemic C. albicans
infections [102]—where mutations critically compromise antifungal immunity and
heighten susceptibility to diverse fungi [103]. Concurrently, fungal pathogens
leverage substantially higher mutation rates to evolve enhanced virulence and immune
evasion mechanisms, dominating this immunological arms race through sophisticated
CNS invasion strategies. Modern clinical practices amplify this dynamic, as
widespread immunosuppressant use elevates infection rates in the CNS (creating
pathogen  adaptation  opportunities)  while  antifungal  overuse  drives

multidrug-resistant strain emergence [104].
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As established, fungal neuroinvasion entails breaching the BBB, evading

immune surveillance, and manipulating host responses.

The spectrum of CNS

infection outcomes extends beyond complete pathogen clearance or host fatality to

include chronic persistence. Fungi such as C. neoformans induce Th2-polarized

responses within the CNS, generating an immunosuppressive microenvironment that

permits chronic colonization [105]. Although Th2 immunity fails to eradicate

pathogens,

it conversely mitigates immunopathology and may improve clinical

outcomes in the CNS—thereby facilitating fungal persistence [106]. C. albicans

further evades host defenses through biofilm formation and dormant spore states,

conferring resistance to both immune effectors and antimicrobial agents. These

ongoing molecular adaptations in the CNS drive coevolutionary trajectories that refine

host defenses while enhancing fungal virulence and drug resistance, highlighting

pathogenesis complexity and the pressing need for novel therapeutics (Figure 3).
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Figure 3. Host—fungus molecular interplay and immune arms race within the CNS

microenvironment. Schematic overview of the dynamic host—fungus interaction in the central

nervous system. Left: Fungal immune evasion strategies deployed by major CNS-invasive fungi,

including (1) molecular camouflage via capsule/mannan/GAG to shield PAMPs; (2) biofilm
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formation for physical protection and drug resistance; (3) secretion of extracellular vesicles (EVs)
to deliver virulence factors and modulate immunity; (4) metabolic hijacking (iron, copper, hypoxia
adaptation, phagosomal pH neutralization); and (5) induction of anti-inflammatory M2
macrophage polarization (Argl®, TGF-p*); Right: Host anti-fungal defense network, comprising
innate immunity (microglia activation via TLRs and CLRs, followed by Syk/CARD9 signaling,
NF-kB activation, and inflammasome-mediated cytokine release) and adaptive immunity (CD4* T
cell subsets: Th1/IFN-y, Th17/IL-17, and Th2 responses); Center: The reciprocal molecular arms
race between fungal immune evasion and host defense pathways determines the outcome of CNS

fungal infections (clearance, persistence, or immunopathology).

5. Therapeutic Challenges in Central Nervous System Fungal Infections

CNS fungal infections represent acute, high-mortality conditions with complex
therapeutic management. Clinical challenges arise from multifactorial interactions
between pathogen virulence, host immunity, antifungal pharmacokinetics, and
diagnostic delays[107]. A critical obstacle is restricted CNS penetration of antifungals,
resulting in subtherapeutic parenchymal concentrations. The BBB-—comprising
endothelial cells with tight junctions (claudin-5, occludin, zonula occludens-1),
pericytes, basement membrane, and astrocytic end-feet—confers protection through
three synergistic mechanisms[108]: 1) physical barrier via intercellular tight
junctions[109]; 2) metabolic filtration by efflux transporters (P-glycoprotein,
multidrug resistance-associated proteins) [110]; and 3) enzymatic detoxification via
cytochrome P450[111]. Consequently, most antifungals exhibit minimal BBB
penetration (plasma-to-CSF ratios <5%)[112], notably hydrophilic polyenes (e.g.,
conventional amphotericin B) and echinocandins. Even lipophilic triazoles with
moderate CNS  bioavailability (e.g., voriconazole) undergo accelerated
efflux-mediated clearance, frequently failing to achieve minimum inhibitory
concentrations in brain foci, further compounded by C. neoformans fluconazole
resistance[113]. Recent reports demonstrate that nanocarrier drug delivery enhances
the therapeutic efficacy of CNS viral and tuberculosis infections[25][26].
Erythrocyte-membrane-coated liposomal amphotericin B exhibits superior efficacy to
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conventional amphotericin B, suggesting that nanocarriers have great potential for the
treatment of CNS fungal infections[27], but the clinical efficacy remains elusive.
Additionally, the priority in developing improved therapeutic approaches lies in
elucidating the mechanistic basis of host-fungal interactions, which will facilitate the
rational design of novel and efficacious therapeutic strategies based on these

molecular pathways.

6. Conclusion & Future Perspectives

This review has deconstructed the molecular arms race that defines CNS fungal
infections, spanning from barrier invasion to deep parenchymal immune conflict.
While significant progress has been made, critical voids remain: molecular models of
fungal BBB invasion require validation, and immune manipulation networks remain
incompletely defined. Beyond acute pathology, Emerging, though controversial,
hypotheses suggest chronic CNS fungal colonization may contribute to
neuroinflammation and protein aggregation seen in neurodegenerative diseases.
Investigating this long-term interplay represents a paradigm-shifting frontier.
Moreover, the role of the gut mycobiota as a potential reservoir for CNS-pathogenic
fungi and its systemic immunomodulatory effects remain largely unknown. This axis
may influence baseline CNS immune readiness and deserves exploration. Importantly,
a deeper dive into the metabolic competition within the CNS niche—how fungi
scavenge nutrients like glucose, iron, and copper to starve immune cells or fuel drug
resistance—is essential for developing metabolic interference strategies. Future
research must leverage multi-omics integration and computational modeling to move
from studying isolated pathways to understanding the complex, dynamic network of
host-fungal interactions. This systems-level approach is key to identifying robust
therapeutic nodes.

Deciphering CNS fungal-host interplay necessitates sustained convergence of
immunology, microbiology, and neurobiology. Profound understanding of these
interaction networks will enable mechanism-based interventions targeting host
defense vulnerabilities or fungal virulence factors to improve clinical outcomes.
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