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ABSTRACT

Most fungi are capable of disseminating into the central nervous system (CNS) commonly being
observed in immunocompromised hosts. Microglia play a critical role in responding to these
infections regulating inflammatory processes proficient at controlling CNS colonization by these
eukaryotic microorganisms. Nonetheless, it is this inflammatory state that paradoxically yields
cerebral mycotic meningoencephalitis and abscess formation. As peripheral macrophages and
fungi have been investigated aiding our understanding of peripheral disease, ascertaining the
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key interactions between fungi and microglia may uncover greater abilities to treat invasive
fungal infections of the brain. Here, we present the current knowledge of microglial physiology.
Due to the existing literature, we have described to greater extent the opportunistic mycotic
interactions with these surveillance cells of the CNS, highlighting the need for greater efforts to
study other cerebral fungal infections such as those caused by geographically restricted

dimorphic and rare fungi.

Introduction

The Central Nervous System (CNS) is protected from
toxins, drugs, and pathogens by an anatomical blood
brain barrier (BBB) and intrinsic immune system.
Microglia is the major surveillance cell of the CNS with
phagocytic abilities, similar to myeloid-derived periph-
eral macrophages, which respond to local injury and
infectious agents. Most fungi are capable of disseminat-
ing from the lungs to the CNS, particularly in immuno-
compromised individuals including AIDS and
neutropenic patients."”” Although there are shared char-
acteristics between various fungi and their interaction
with host’s immunity, each fungus has varying structural
and virulence factors which result in differing immune
responses.’

After inoculation of a healthy subject, most fungal
infections are self-limited due to the individual’s immu-
nity. Local immune cells, such as macrophages, dendritic
cells, and neutrophils first initiate the fungal defense
through phagocytosis, release of cytokines, and initiation
of the complement, humoral and cell mediated defenses,
keeping the fungi localized and further eliminating it. In
fact, the patient’s immunosuppression and fungal immu-
nity evasion mechanisms that have likely been acquired
from interacting with other organisms in the environ-
ment,* enable fungal opportunism and potential

dissemination to distal sites, such as the invasion of the
CNS, contributing to the conditions associated to this
process including: meningitis, encephalitis, abscess for-
mation, and death.

Fungi are ubiquitous eukaryotic organisms found
in the environment in association with soil, animal
feces, plant debris, or water, only requiring moisture
and organic matter for survival. The main route of
transmission is through inhalation as many fungi in
the form of spores enter into the respiratory system.
Some fungi are found commensally on skin and
mucosal flora only becoming a threat to human
health during immunosuppression. Moreover, most
fungal infections are confined to the skin, respiratory
and intestinal tracts, and vaginal mucosa. However,
in severe cases, systemic mycosis can arise and dis-
seminate hematogenously into the CNS.>® Direct
contiguous spread from the orbits, petromastoid
region, and the paranasal sinuses can also occur in
some patients.” Additionally, fungal infection with or
without dissemination may occur during trauma,
prosthetic valve placement, and intensive care or
intracranial procedures.” For example, outbreaks of
fungal meningitis caused by the extremely rare
human pathogens, Exserohilum rostratum’ and
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Exophiala (Wangiella) dermatitidis® in patients
receiving contaminated injectable steroids highlight
the opportunistic nature of fungi. These eukaryotic
microbes can be divided into 2 categories as they
relate to their usual infectivity in relation to the
human host immune system. The opportunistic
mycoses such as candidiasis, aspergillosis, cryptococ-
cosis, and mucormycosis, most exclusively are dis-
eases afflicting immunosuppressed hosts. Also,
thermally dimorphic fungi that live as filamentous
mold in the environment and morphologically
switch to yeasts or spherules at mammalian body
temperature causing deep organ systemic infections.
Fungi belonging to this group include Histoplasma
capsulatum, Blastomyces dermatitidis, Coccidiodes
immitis, and Paracoccidioides brasiliensis.

In this review, we will discuss the existing knowledge
of microglial physiology, including their origin, morpho-
logical characteristics, and their ability to recognize and
respond to the CNS infections. We are especially inter-
ested in describing the current knowledge about the
evolving interactions between fungi and resident micro-
glia of the CNS as this is crucial to understand the brain’s
capabilities of defending itself against infectious fungi.
Putting in perspective the information available about
how microglial cells recognize and combat fungal infec-
tions is important to influence and encourage further
investigation to mitigate the number of clinical cases
involving individuals with impaired immunity and
afflicted with CNS mycoses.

Microglia, guardians of the CNS against fungi
Origin

Microglial cells are known to comprise approximately
10-20% of the glial population in the CNS.” They can be
found throughout the brain parenchyma, most com-
monly in the hippocampus and the retina.'” The com-
parison between microglia and macrophage has
facilitated our understanding of microglial physiology.
However, distinctions must be made between them, since
microglial cells are entirely maintained by self-replica-
tion and derive from a different ontogeny.'' Microglia
precursors have been identified as early as embryonic
day 8.5-9.5 in the fetal yolk sac.'>'*"'*> These CD45~ and
CKIT cells in the yolk sac give rise to CX3CR1, CD45™"
microglia within the CNS.'®'” CX3CRl is a key regula-
tory receptor for maintenance of this population and has
been characterized to have exclusivity for microglia in
the CNS, even though is also expressed by peripheral
cells including monocytes, dendritic cells, and natural
killer (NK) cells."® In contrast to bone marrow-derived
cells, microglia develops prior to the development of the

fetal liver which becomes responsible for the first circu-
lating myeloid cells.'” Recent RNA sequencing studies
identified 29 specific genes that differentiate microglia
from other cells in the CNS and peripheral monocyte-
derived macrophages.'® In addition, microglial cells have
a sensome or transcriptomic signature, which regulate a
unique cluster of transcripts encoding proteins that are
important for detecting endogenous recognition mole-
cules and microbial antigens. Aging plays an important
role in the regulation of the sensome by increasing the
expression of microglial specific antimicrobial genes nec-
essary for neuroprotection.”

Murine microglial maintenance and proliferation is
dependent on the IRF8 transcription factor PU-1 and
colony stimulating factor 1 receptor (CSF1R).*' Particu-
larly, IL-34 produced by neurons acts on the CSFIR,"”**
thus not requiring ligands such as c-Myb and CSF-1,
which are essential for bone marrow-derived macro-
phage preservation.'' Perivascular microglial cells, also
known as perivascular macrophages, are bone marrow-
derived cells produced as early as embryonic day 13.5
and remain adjacent to the basement membrane of small
CNS parenchymal vessels. Similarly, macrophages aside
the choroid plexus or meninges are also derivatives of
this myeloid population.”"**> This specific population of
cells is continuously being maintained from the periph-
ery, while self-replication characteristics of parenchymal
microglia safeguard their maintenance.'""'>** In patho-
logical conditions, microglia and perivascular macro-
phages release chemokines that regulate the
neuroinflammatory response by increased recruiting of
dendritic cells, neutrophils, and lymphocytes from
peripheral tissue.'®*"** It is conceivable to think that the
interaction of microglia and perivascular macrophages
may be necessary to bridge the immunological commu-
nication between cells in the CNS and cells in the periph-
eral tissues. However, future and rigorous investigations
are needed to unequivocally establish this connection.

States of existence

In the CNS of healthy individuals, microglial cells mor-
phologically show refined branched processes oriented
radially to a small elliptical soma (Fig. 1A).>>*® These
cells share similar characteristics to peripheral macro-
phages consistently monitoring their microenvironment,
awaiting foreign pathogens and neurological insults,
maintaining healthy synaptic junctions, and responding
to apoptotic neuronal death.”” Under homeostatic condi-
tions, neurons and astrocytes communicate with micro-
glia via paracrine and autocrine pathways by expressing
receptors (e.g. CX3CR1, CD200R, CD45, etc.) that recog-
nize ligands (e.g., fractalkine (CX3CL1), CD200, CD22,
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Figure 1. States of existence of microglia. (A) Naive microglia in the neocortical region of CX3CR1-GFP mice exhibits delicate, branched
processes oriented radially to a small elliptical soma. (B) Interactions of microglia with Cryptococcus neoformans strain H99 in a brain
lesion of a CX3CR1-GFP mouse intratracheally infected for 14 days. Microglia became reactive or amoeboid or phagocytic-like in shape
upon interaction with yeast cells (white arrows). During this phase, there is hypertrophy of the soma including shortened and fewer pro-

cesses. Scale bar: 50 pm.

etc.) that keep microglia in a ramified state.”® When neu-
ronal death occurs, the release of adenosine triphosphate
and calcium activates microglia to morphologically
change into their active form. Many activation signals
trigger innate immune responses. Pattern recognition
receptors (PRRs) are maintained on their surface or
intracellularly and allow for recognition of foreign anti-
gens known as pathogen-associated molecular patterns
(PAMPs) and damage associated molecular patterns
(DAMPs). PRRs that are responsive to fungal antigens
among peripheral macrophages and naive microglia
include major histocompatibility complex II (MHC II),
CD45, Toll-like receptors (TLRs), complement receptors
(CR-3; CD11b/CD18), CD14, and CSF1R.*

Upon antigenic interaction, naive microglia switch
reactivity into an activated state taking on an amoeboid
and phagocytic-like shape, with hypertrophy of the cell
soma, retraction of ramifications, upregulation or de
novo synthesis of cell surface or intracellular molecules
(Fig. 1B)."»*"** This cellular transformation occurs in
steps which may include hyper-ramification in order to
improve motility and locomotion.*® Additionally, fungal
recognition by TLRs, Dectin-1, mannoproteins, and
scavenger receptors on these cells lead to release of dis-
tinctive cytokines, such as IFN-y, TNF-«, IL-18, IL-6,
and IL-12, which enhance phagocytosis and production
of free radicals, in the form of nitric oxide (NO) and
superoxide anion.’”?' Intracellular and extracellular
defense against fungi by microglia depend on cytokine
release, such as IFN-y, complement activation,”® and
opsonization of antigens.”> For example, microglia
expresses the S100B protein which surrounds the phago-
some of opsonized Cryptococcus neoformans, which in

the presence of IFN-y stimulates transcription of the
inducible NO synthase gene resulting in increased secre-
tion of NO.** These cells express a greater number of
PRRs, including TLRs and MHC II, allowing for
increased communication with other immune -cells
through the secretion of cytokines and chemokines.”
Nucleotide binding oligomerization domains-like recep-
tors on microglia stimulate the production of IL-18 and
IL-18 which assist in the recruitment of neutrophils into
the CNS infection site.*

Although the phenotypic variations of microglial cells
are complex, they are mainly involved in anti-inflamma-
tory and pro-inflammatory processes. Depending on the
stimuli, microglia can polarize into multiple phenotypes
and switch activity states.’” Similarly to the dual role of
macrophages in the periphery after Th1 or Th2 lympho-
cyte stimulation, microglia have also being implicated in
the M1 and M2 classification to describe and simplify
their activation states.”>*® The M1 cell, or “classical acti-
vated” microglia, acts as antigen presenting cell. In con-
trast, M2 microglial cells downregulate inflammation
aiming to minimize the potentially neurotoxic effects of
the immune response.”” However, recent evidence sug-
gests that the typical and perpetuated polarization com-
parison of microglia to macrophages and its terminology
is insufficient and controversial, only reflecting individ-
ual bias and reductionism with limited in vivo applica-
tions.”* For instance, elegant studies demonstrated that
microglial and monocyte-derived macrophage gene
expression profiles, functions, tissue life-span, and tridi-
mensional morphology are considerably different despite
of exhibiting similar number of cells during tissue
inflammation.*>*! These findings were later validated by
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showing that microglia’s transcriptomic activity is unam-
biguously different to those of peripheral monocyte-
derived macrophages, regardless of their anatomical
origin.'® Likewise, numerous studies have demonstrated
microglia’s own biological identity including the regula-
tion of synaptic pruning and plasticity,**** the spatial
distribution of axonal projections,45 46 and neuronal
homeostasis and survival.*”** Alternatively, a current
hypothesis proposes that microglial reactivity may be
stimulated by damaged neurons with deficient signaling,
the presence of circulatory plasma molecules in the
CNS due to the BBB disruption, and peripheral leuko-
cyte signaling mediated by cytokines after interactions
with microbes or their antigens.”* Major efforts in spe-
cifically dissecting the biology of microglia should
focused on using epigenomics, comparative transcrip-
tomics, proteomics, and other multidimensional tech-
nologies such as computational biology and 2-photon
imaging.**

Following activation of PRR due to fungal PAMPs recog-
nition, adaptor molecules are important to proper function-
ing of signal transduction pathways that lead to
inflammatory responses (Fig. 2). Myd88 is the key adaptor
molecule in the TLR activation pathway against fungi and
associates with the cytoplasmic part of TLR,"> and

subsequently recruits members of the IL-1p receptor associ-
ated kinase (IRAK) family, most importantly IRAK2 and
IRAK4, which through TRAF6 downstream signaling leads
to the translocation of NF-«B, and ultimately the release
of inflammatory cytokines and interferon inducible
genes.”'>**** Following Dectin-1 receptor activation by
fungal cell wall antigens, Syk-CARD? is the key adaptor
molecule,® independent of Myd88 pathways, leading to
NE-«B expression and Th17 responses.”

TLR-2, 4, and 9, are associated with recognition of most
fungal antigens, including the C. neoformans polysaccharide
capsule, Candida albicans pseudohyphae, and Aspergillus
spp. conidia.”* On the surface of microglia cells, the TLR-4
predominates, which is known to induce pro-inflammatory
processes favoring the development of a Th1 response that
is critical in protection against fungi.”>** For example,
knockout mice for the TLR-4 receptor are susceptible to dis-
seminated candidiasis and reduced clearance of conidias
produced by Aspergillus. TLR-2, Dectin-1, and CR-3 on the
surface of microglia and macrophages recognize carbohy-
drates such as mannose and S-glucans on the surface of A.
fumigatus and C. albicans.* In this regard, fungal PAMPs
are restricted to complex carbohydrates in the cell wall,
including chitin, mannoproteins, phospholipomannan, and
B-glucans, such as zymosan, which may subsequently

IFN-y, TNF-a, IL-1p, IL-23, IL-
12, IL-B, MIP-1a, Nitric oxide

IL-4, IL-10, IL-13, TNF-B

Pro-Inflammatory Processes
Phagocytosis, Cytotoxicity,
Proliferation, Recruitment of
Lymphocytes/Neutrophils, etc.

Anti-inflammatory Processes:
Tissue Repair, Debris
Phagocytosis

Cryptococcus spp.

Figure 2. Microglial activation after interaction with opsonized or non-opsonized fungal antigens (e.g., glucorunoxylomannan (GXM)
and B-glucans). Pattern recognition receptors (TLR-2/4, Dectin-1 and 2, CR-3, CD45, CD86, MHC I, FcyR1, CX3CR1 and CCR2) on the sur-
face of microglial cells or intracellularly (TLR-9) recognize fungal antigens triggering effector signal transduction pathways eventually
leading to NF-«B activation and the production of cytokine and chemokine production.



activate microglia yielding pro-lymphocytic and humoral
responses to control fungal infections.”

Currently, there is limited knowledge on the modula-
tion of anti-inflammatory processes by microglia in the
setting of fungal infection. In this regard, stressed mice
infected with C. neoformans, stimulate production of
anti-inflammatory chemokines such as CCL-2 by micro-
glia, increasing animal susceptibility to disease.” In con-
trast, certain fungi are also capable of using their
interaction with TLR and anti-inflammatory response to
evade host defenses. For example, C. albicans induces
immunosuppression by activating TLR-2, leading to the
release of IL-10, an anti-inflammatory cytokine that acti-
vates CD4"CD25" T regulatory cells.”*

Fungal interaction with the BBB and CNS
invasion

Fungi, particularly yeast cells, can spread hematoge-
nously and penetrate into the brain parenchyma trans-
cellularly, paracellularly, or inside of circulating
macrophages using the Trojan horse mechanism. Upon
exposure to the cerebral microcirculation, fungal cells
interact with microglia, as well as astrocytes and endo-
thelial cells, causing leptomeningitis, encephalitis, and
granulomas.”® The BBB aims to protect the CNS from
pathogen invasion, particularly those being transported
by the bloodstream. Activated PRRs on the surface of
luminal endothelial cells of the BBB release pro-inflam-
matory cytokines leading to the activation of microglia
and subsequent defense mechanisms.”” However, disrup-
tion of the BBB via trauma, surgery or in AIDS patients
increases the risk of CNS invasion. Microglial activation
and released cytokines such as TNF-a have also been
shown to disrupt the tight junctions of the BBB.>® Yeast
cells may also infect the mucosa and paranasal sinuses,
but they do not usually spread intracranially. In contrast,
hyphae are capable of contiguous spread through nearby
sources such as the cribriform plate or periorbital and
paranasal sinuses. Similarly, Aspergillus and the zygomy-
cetes can form abscesses in nearby lobar locations,
encephalitis, and vasculitis. Cerebral abscesses are typi-
cally localized, enhancing masses with degrees of sur-
rounding cerebral edema. In this regard, focal neurologic
deficits, seizures, and dementia are common manifesta-
tions of fungal CNS diseases.

Opportunistic fungal infections

Cryptococcosis. The most common cerebral manifesta-
tion of cryptococcosis, which is caused by C. neoformans
and C. gattii, after inhalation of their infectious particles,
is meningoencephalitis, which is characterized by
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granuloma or cryptococcoma formation. Cerebral cryp-
tococcosis caused by C. neoformans occurs in 90% of
infected immunocompromised hosts,” whereas C. gatti
preferentially infects apparently healthy hosts.*” The
mortality rate of C. neoformans cerebral infection has
been reported to be 30%.°" CNS penetration by Crypto-
coccus spp occurs via a transcytosis, paracellular, and the
Trojan horse pathways.***

Post-mortem neuropathological examinations of
patients’ brains have demonstrated that C. neofor-
mans main virulence factor, its polysaccharide cap-
sule which is extensively released during infection, is
ingested and localizes inside of microglia.®>®* In the
periphery, the capsular polysaccharide can interfere
with phagocytosis, antigen presentation, leukocyte
migration and proliferation, and specific antibody
responses, and can enhance HIV replication.®>®°
Alternatively, the black pigment melanin may play a
role in anti-phagocytic activity of C. neoformans.”” In
avirulent nonmelanogenic C. neoformans infected
mice produced numerous key cytokines as described
above without fatality, the virulent melanogenic fungi
produces little or no cytokine secretion in mice with
massive tissue damage and a number of fatalities.*®

The microglial response is critical against C. neoformans
after CNS invasion. Fungal PAMPs are recognized by
microglial cells and astrocytes. Cytokine and antimicrobial
molecules, that include IFN-y, TNF-«, IL-15,
IL-4, IL-6, IL-10, IL-12, IL-23, NO, and macrophage inflam-
matory protein-lo (MIP-1) upon exposure to fungal anti-
gens, recruit peripheral CD4™ and CD8™ T cells, peripheral
macrophages, and neutrophils that are able to seed into the
CNS.**”° CD40 and IL-2 enhanced the host cell response to
C. neoformans in intracerebrally injected mice by up-regu-
lating CD45, CD11 and MHC II on the surface of microglia
as well as infiltration of these cells to the site of injection.”"
Experiments performed with IFN-y knockout mice revealed
that this cytokine is essential for both microglial cell activa-
tion and the anti-cryptococcal efficacy especially after anti-
CD40/IL-2 administration. In spite of the observed
increased in the levels of circulating IFN-y and microglial
reactivity early after treatment, minimal levels of IFN-y
were detected in brain homogenates. Additionally, the
phagocytic function of microglia reduces C. neoformans
growth and increases expression of MHC II in the presence
of CD4" cells using murine cell lines.”” In another study,
alongside IL-12, the addition of IL-23p19 enhances the
microglial response to C. neoformans.”> Differences in
response to NO by animal models have been observed. In
contrast to murine microglia, human microglia may not be
capable of killing C. neoformans probably due to insufficient
production of NO as compared to the high levels of NO pro-
duction by murine microglia.”*
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Since macrophage physiology and iron metabolism
are intertwined, the influence of increased iron levels on
the effector functions of untreated and IFN-y plus lipo-
polysaccharide (LPS) microglial cells infected with
C. neoformans was investigated in vitro using the murine
cell line BV-2.> A high iron milieu augmented and
decreased the anti-cryptococcal activity of basal and
IFN-y plus LPS-treated BV-2 cells, respectively but had
no effect on their phagocytic activity. Likewise, mice sup-
plemented with iron and intracerebrally infected with
C. neoformans showed increased fungal burden and
reduced IL-12 production throughout the infection and
low levels of IFN-y especially in the late stages of the
infection relative to untreated control animals.”

In healthy individuals, the brain is devoid of antibod-
ies given that the BBB is intact and prevents these rela-
tively large molecules from entering the CNS.”””® Yet, in
cerebral inflammation, the BBB is disrupted and
becomes increasingly permeable to these opsonins which
pass through to help fight infections, augmenting the
microglial anti-cryptococcal activity. Peripheral macro-
phages have shown that opsonization by IgM and com-
plement activation is important for efficient
phagocytosis of cryptococci.”’ For example, increased
survival of healthy mice and immunosuppressed mice
infected with opsonized cryptococcal cells was observed
compared to unopsonized yeast cells.*>***' Within the
brain, the capabilities of a monoclonal anti-capsular IgG
enhance microglial cell phagocytosis of cryptococci.?
C. neoformans monoclonal antibody immune complex
promotes chemokine production and phagocytosis in
primary human microglia via activation of Fcy receptor
for IgG. Additionally, disruption of phosphatidylinosi-
tol-3 kinase pathway inhibits phagocytosis independent
of an effect on the MIP-la secretion.®’ Interestingly,
opsonization is required for human microglia to ingest
cryptococci whereas murine and porcine microglia can
phagocytize the yeast cells independently of opsonins
participation.®* Furthermore, G-protein coupled recep-
tors (GPCR), particularly GPR34 which is highly
expressed in murine retinal and cortical microglia, play a
crucial role in cryptococcal phagocytosis. GPR34 knock-
out microglia showed impaired phagocytosis of crypto-
coccal cells.*”

Studies with complement deficient animals indicate
that the complement system plays a critical role in resis-
tance to cryptococcosis.*>®” The complement system is
an important regulator of the inflammatory response
against C. neoformans and contributes to host resistance
by opsonization of the yeast to facilitate adhesion and
phagocytosis by peripheral ~phagocytic  cells.’>*®
Although all complement components can be locally
produced by resident brain cells, including astrocytes,

neurons, oligodendrocytes, and microglia, often in
response to injury, developmental signals, or infection,”
there is no data available on the role of complement in
controlling cerebral cryptococcosis by either microglia or
peripheral macrophages. For instance, Clq is expressed
in microglia and abundantly found in brain tissue, play-
ing a major role in neurodegenerative diseases such as
Alzheimer’s disease.* This is an exciting and promising
area of investigation considering the predilection of
C. neoformans for the CNS and the importance microglia
and complement may play in preventing fungal brain
colonization.”

Aspergillosis

A. fumigatus is recognized as the most frequent species
to cause aspergillosis and the most common cause of
fungal brain abscesses, followed by A. flavus, A. niger,
and A. oxyzaei. Cerebral aspergillosis is associated with
90-100% mortality, but only 10-20% of cases of invasive
aspergillosis compromise the brain.”’ Numerous factors
such as the site of infection, virulence of the strain, asso-
ciated immunodeficiency state, as well as limited treat-
ment options relate to these poor outcomes.”” Patients
with tuberculosis, neutropenia, asthma or chronic
obstructive pulmonary disease, chronic granulomatous
disease, cancer, and those taking prolonged immunosup-
pressant medications are most susceptible.”"*> Nosoco-
mial outbreaks have occurred especially during building
renovations or constructions when air conditioning
ducts become heavily contaminated and an ideal envi-
ronment for hyphal growth and dispersion of the infec-
tious conidia.’® After inhalation, dissemination to the
CNS occurs through the bloodstream and contiguous
spread from the orbits, periorbital regions, middle ear, or
paranasal sinuses.”

Similar to CNS granuloma formation in murine mod-
els of cryptococcosis, cerebral aspergillosis granuloma is
surrounded by microglia, leukocytes, and necrotic neu-
rons.”® When stimulated by Aspergillus B-glucans,
Dectin-1 leads to the release of TNF-«, IL-18, IL-6, IL-8,
IL-12, and CXCL-1.”7 In Dectin-1 knockout mice, an
increased mortality rate and impairment of cytokine pro-
duction in the presence of the mold is observed. TLR-2
can recognize both, the conidial and hyphal forms of
Aspergillus spp, but TLR-4 only recognizes the hyphal
form.”® IL-6 knockout mice are more susceptible to inva-
sive aspergillosis than wild-type animals.” This is impor-
tant because IL-6 is a neuroinflammatory cytokine
released by cells of the brain, including microglia, astro-
cytes, and neurons. IL-6 plays a role in sequestering
intracellular free iron, an important nutritional source
for microbial growth within phagocytes.'®



The virulence factors of Aspergillus spp may enhance
the evasion of immunity and penetration of the CNS.'"!
For example, mycotoxins, such as gliotoxin, can damage
and kill microglial cells, astrocytes, neurons via apopto-
sis. Mycotoxins also inhibit phagocytosis, reduce Reac-
tive Oxygen Species (ROS) production by neutrophils
and inhibit T cell responses.”>'** Secretion of gliotoxin
makes the fungal conidia less susceptible to opsonization
increasing the fungus propensity to invade the CNS
through endothelial cell endocytosis.”>'*> When this
mold is cultured in human cerebrospinal fluid (CSF)
secretes Alp-1, an alkaline protease that can cleave and
inactivate complement proteins.'”> For example, A.
fumigatus, the most frequent cause of cerebral aspergillo-
sis, destroyed complement activity more efficiently than
other Aspergillus spp'®* The degradation of complement
in CSF results in a drastic reduction of the capacity to
opsonize fungal hyphae. The Aspergillus-derived prote-
ase diminishes the amount of CR-3, a surface molecule
to mediate eradication of opsonized pathogens, on gran-
ulocytes and microglia. Furthermore, a reduction in CR-
3 expression of microglia cell surface causes a significant
reduction in phagocytosis of fungal cells. Moreover, sup-
plementation of CSF with nitrogen sources rescues the
complement proteins and abolishes any Alp-1 induced
cleavage, representing a potential therapy for aspergillo-
sis treatment.

Candidiasis

C. albicans is a commensal most commonly known to
cause oral and vaginal candidiasis in patients with
immunodeficiency. C. albicans can disseminate to all the
organs including the brain leading to meningitis, even
though brain abscesses can occur in 50% of patients.
Mortality due to invasive candidiasis ranges from 20 to
50%.'% Microglial cells are the principal effector cells in
invasive cerebral candidiasis, and when administered
intracerebrally can limit infection and tissue dam-
age.'°®'"” Notably, during systemic candidiasis, accumu-
lation of neutrophils predominate in all organs except
the brain, where microglia is the major cell type detected
interacting with the fungus.' In the retina of C. albicans
infected mice, microglia become reactive 3 days post-
infection, undergoing significant morphological transfor-
mations, increased expression of MHC II, CD11b, and
CD45, and close association with blood vessels.'*
Biofilm formation seems to protect C. albicans
from microglial damage impairing fungal cell phago-
cytosis, cytokine release, and NO production.'® The
B-glucans on the surface of C. albicans are detected
by TLR-2 and 4, as well as Dectin-1 expressed on the
surface of retinal and intraparenchymal microglia."'*"
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"> However, these carbohydrates may attenuate TLR-
mediated NF-«B activation, decreasing the capacity of
microglia to release inflammatory cytokines in
response to the pathogen.''> CARDY, an adaptor mol-
ecule linked to Dectin-1 receptors, responds to the
cell wall structures of the yeast, especially carbohy-
drates, and has been associated with cytokines pro-
duction by microglia leading to the recruitment of
neutrophils. This observation was confirmed in a
CARD9 knockout mouse that shows reduced neutro-
phil recruitment and increased CNS fungal burden.’’

Mucormycosis

Rhizopus and Mucor are zygomycetes known to cause
CNS infection. Rhinocerebral infection is a complication
of mucormycosis which is suspected in patients with a
triad of nasoorbital infection, diabetic ketoacidosis, and
meningoencephalitis.''* Cerebral infection occurs in
33-50% of all cases, and 70% of these cases are associated
to patients with diabetic ketoacidosis which display cellu-
lar defective phagocytosis function.''* In the diabetic
murine model, the monocytes are dysfunctional, incapa-
ble of suppressing spore germination in serum.''* Other
populations at risk are patients with compromised immu-
nity due to chemotherapy and a known history of haema-
topoietic stem cell transplantation (HSCT)."'>''® These
patients have suppressed expression of Dectin-1 and
TLR-2, due to possible polymorphisms, which may facili-
tate their susceptibility to acquire this fungal infection. In
fact, patients with mucormycosis have shown a deficient
population of CD4™ T cells that is responsive to IL-6 stim-
ulation.!'® Additionally, the adoptive transfer of NK cells
is promising alternative therapy that may restore host
immunity after HSCT, decreasing the patients’ suscepti-
bility to mucormycosis.'’> IL-2 pre-stimulation of NK
cells effectively killed a broad range of mucormycetes.
Surprisingly, NK cells displayed a reduced production of
IFN-y, which is important augmenting the fungicidal
activity of macrophages.''” Furthermore, neutrophils in
healthy individuals can be chemotactically recruited by
monocytes and induce damage to the pathogen by initiat-
ing ROS production. In the ketoacidotic state, this process
is impaired, enabling contiguous spread from the sinuses,
through the cribriform plate and into the brain. These
fungi also cause frontal lobe abscess and cavernous sinus
thrombosis.''® Although there is dearth of information in
the setting of mucormycosis, the brain parenchyma of a
locked in syndrome patient infected by Mucor spp
showed early ischemic damage in the presence of com-
plete neuronal loss, microglial activation, edema, and vas-
cular engulfment.'"’
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Dimorphic and rare fungi

Dimorphic fungi cause geographically restricted myco-
ses, corresponding to the areas in the world where warm
temperature and dry conditions exist. These fungal
pathogens found in the environment in association with
soil and bird or pigeon excreta, primarily infect the skin,
bone, or lung parenchyma in immunocompromised
hosts or individuals that practice outdoor activities (e.g.,
farming, hiking, spelunking, etc.) in endemic geographi-
cal regions that can progressively disseminate to the
CNS. The prevalence of CNS invasion by the majority of
these fungi is 5-25% with clinical manifestations that
may include subacute and chronic meningitis, focal brain
or spinal cord lesions, or encephalitis. Despite the impor-
tance in understanding the direct interaction between
dimorphic fungi and microglia, there is limited informa-
tion available in this area. Only data on the H. capsula-
tum cell wall protein Yps3p has been described to
interact with TLR-2 receptors on microglia promoting
the release of CCL-2 after activation of the NF-«B path-
way.'?" Likewise, the B-glucan zymosan appears to be
engulfed by both CR-3 and Dectin-1 PRRs on microglia
regardless of complement opsonization. This slightly dif-
fers from macrophages as Dectin-1 predominately medi-
ates phagocytosis of opsonized zymosan, while CR-3
predominates in non-opsonized carbohydrate.”> Simi-
larly, rodents intracerebrally infected with P. brasiliensis
demonstrated progressive neuroinflammation character-
ized by substantial infiltration of peripheral phagocytic
cells and increased chemokine expression that resulted
in granulomatous meningoencephalitis.'*'

Following the inhalation of conidia, the rare, but inva-
sive pigmented or black fungi, including Cladophialophora
bantiana, Exophiala dermatitidis, and Ramichloridium
mackenziei, have been isolated as the causative agent of
primary cerebral phaeohyphomycosis in individuals with
both, competent and compromised immunity lacking
medical intervention.'** Melanin production may interfere
with microglial recognition and eradication of fungi in the
brain parenchyma resulting in high mortality due to
meningoencephalitis and granulomatous disease, in which
the fungus located within the giant cells walled in by
fibrosis and reactive gliosis."> Therapy against black fungi
in the setting of CNS involvement using combinations of
amphotericin B, 5-flucytosine, and itraconazole has dem-
onstrated improved survival."**

Fusarium verticilliodes is a fungus that produces myco-
toxins, commonly contaminating corn and other grains,
leading to diseases of both animals and humans.'*> Fumo-
nisin B,, the fungus most common mycotoxin, has been
associated with cases of cerebral fungal invasion leading to
neuronal axon demyelination. Fumonisin B is cytotoxic

to microglia causing the accumulation of phospholipids in
the cell membrane and altering cellular respiration by
impairing mitochondrial function.'**"*

Cases of CNS infection due to Penicillium marneffei
are becoming increasingly a common opportunistic
infection in patients with AIDS in Southeast Asia."*® In
contrast, recent studies suggest the neuroprotective role
of Penicillium spp related components in fermented
dairy products. Particularly, dehydroergosterol and olea-
mide show reduced microglial-induced inflammation, an
important manifestation in the pathogenesis of dementia
and Alzheimer’s disease.!”® Furthermore, oleamide
reduce A accumulation via enhanced microglial phago-
cytosis, and suppresses microglial inflammation after Ap
deposition in the hippocampus.'*® Although these find-
ings are provocative, further validation is necessary.

Conclusion

We have highlighted the role microglia play in fungal brain
infection. Uncovering the innate abilities of microglial medi-
ated phagocytosis, the factors that impair and enhance this
process, and the transduction once fungal antigenic detec-
tion occurs will provide a greater path toward decreasing the
burden of pathologies caused by fungi. It is apparent that to
optimize microglial function against fungi, the presence of
opsonins and T cells is crucial, yet as we have described fun-
gal virulence and immune deficiencies may hamper the
host’s ability to properly attenuate these pathogens. Still in
the face of fungi, many areas of research must be investi-
gated, such as astrocyte and microglia interactions,
improved models of research that duplicate actual disease
processes, such as anti-fungal processes in the setting of T
cell deficiency as is seen in HIV/AIDS, and solid organ
transplant recipients on long-lasting corticosteroid therapy,
that does not include systemic fungi that also lead to brain
disease. Due to the worldwide prevalence and the challenges
encountered once these vulnerable populations acquire
invasive fungal diseases, the urge to study the opportunistic
neurotropism of fungi is imperative for prophylaxis and
patient care, including the development of efficacious anti-
fungal therapy.
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