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Immunity to fungal infections of the central nervous system (CNS) is one of the most poorly understood subjects
within the field of medical mycology. Yet, the majority of deaths from invasive fungal infections are caused by
brain-tropic fungi. In recent years, there have been several significant discoveries in the regulation of neuro-
inflammation and the role of the immune system in tissue homeostasis within the CNS. In this review, I highlight
five important advances in the neuroimmunology field over the last decade and discuss how we should capitalise
on these discoveries to better understand the pathogenesis of fungal CNS infections. In addition, the latest in-
sights into fungal invasion tactics, microglia-astrocyte crosstalk and regulation of antifungal adaptive immune

responses are summarised in the context of our contemporary understanding of CNS-specific immunity.

Neuroimmunology is the relatively new field studying interactions
between the immune and peripheral/central nervous systems. Several
recent studies have indicated that tissues of the central nervous system
(CNS) are populated with immune cells that regulate homeostatic
function and are critical for neuronal development. Also, glial cells and
neurons have been shown to participate and regulate immune responses
both locally and systemically during sterile inflammation and infection.
These advances have driven an intense interest in understanding how
the immune and nervous systems converge and integrate, particularly in
the context of diseases that afflict the CNS.

The CNS is prone to infection from viruses, bacteria, parasites and
fungi, ranging from mild disease to life-threatening illnesses. Fungal
CNS infections are typically life-threatening, partly because they infect
patients with underlying vulnerabilities and there is limited treatment
options for these infections. The majority of fungal CNS infections in
humans are caused by Cryptococcus neoformans, leading to cryptococcal
meningitis that is a major complication of AIDS [1]. Many other fungal
species can invade the CNS, although these infections tend to be rarer
and associate with specific risk factors such as inherited primary im-
munodeficiency = CARD9  deficiency, and treatment with
immune-modulating drugs (Table 1).

This review will outline five major areas of interest in the neuro-
immunology field and their relevance for CNS fungal infections, high-
lighting recent advances in CNS-specific antifungal immunity as well as
insights from non-fungal CNS infections and what we can learn from
those studies.

E-mail address: r.drummond@bham.ac.uk.
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1. Heterogeneity of tissue-resident CNS myeloid cells

The CNS is home to functionally distinct populations of tissue-
resident macrophages including the meninges (meningeal macro-
phages), cerebral blood vessels (perivascular macrophages) and brain
parenchyma (microglia) [2] (Fig. 1). Each of these populations can be
further broken down into different subsets, of which our understanding
is still in its infancy.

The most numerous CNS-resident macrophage is microglia [2].
These long-lived specialised cells are critical for brain development,
derive from embryonic precursors and are important mediators of CNS
inflammation and response to infection. Microglia are decorated with
pattern recognition receptors (PRRs) that enable them to survey their
environment and phagocytose pathogens and initiate downstream pro-
tective immunity. Microglia rapidly respond to the yeast Candida albi-
cans via C-type lectin-dependent CARD9 signalling [3]. Microglia
recognise Candidalysin toxin produced by the fungus, which activate the
inflammasome in a CARD9-dependent pathway causing IL-1f} release.
Activated microglia then produce the chemoattractant CXCL1 to recruit
neutrophils to the brain to clear infection (Fig. 1) [3]. Human CARD9
deficiency results in a failure to activate this pathway, predisposing
patients to spontaneous CNS fungal infections caused by Candida species
[4]. The organ-specific susceptibility seen in CARD9 deficiency is
therefore likely attributable to microglia dysfunction, which reside in
the CNS but not in other organs (e.g. the kidney) where CARD?9 is
redundant for neutrophil recruitment [5]. Microglia responses to other
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types of fungal CNS infections remain poorly defined. Early studies using
microglia cell lines showed that microglia may respond to acapsular
strains of C. neoformans but wild-type encapsulated strains elicit much
poorer microglia responses [6], and as such these cells appear to be
susceptible to intracellular infection similar to other macrophage pop-
ulations [7,8].

In all of these studies, microglia have been examined as a whole
population yet in the neurodegeneration field microglia have been
shown to functionally diverge into specific activation states. For
example, in mouse models of Alzheimer’s disease, microglia that cluster
around amyloid plaques had gene expression patterns and a lipid
metabolic signature that was distinct from other microglia in the brain
[9]. These plaque-associated microglia, termed ‘damage-associated
microglia’ (DAMs), have subsequently been found in multiple CNS in-
flammatory diseases, including infection [10,11]. In a mouse model of
chronic C. neoformans infection, microglia upregulated DAM markers
CD11c and MHC Class II, indicating that these activation states may
form in response to fungal infection as well (Fig. 1) [12]. However, other
studies utilising single-cell transcriptomics and/or proteomics on
microglia have revealed further subsets in the ageing brain and in
response to LPS injection that are not aligned to the DAM signature [13,
14]. It is therefore tempting to speculate that microglia form
disease-specific subsets and/or activation states, guided by signals they
receive from their environment and the pattern of PRR engagement and
signalling. However, it is important to remember that while single-cell
technologies have significantly advanced our understanding of im-
mune cell heterogeneity, they do not always reveal the existence of new
subsets. For example, immune cells transitioning between activation
states may appear as distinct clusters within datasets [13]. That is
particularly important to consider when studying myeloid cells which
are inherently plastic in their polarisation and responses to inflamma-
tion. Although single-cell technologies provide in-depth information
about heterogeneous populations, more effort should be taken to
compare data across multiple datasets to look for similarities between
different infection and disease models, as this could lead to better un-
derstanding of common triggers for microglia activation states.

In addition to microglia, there are several populations of CNS-
resident border macrophages that populate the meninges, choroid
plexus and perivascular spaces. During infection, these populations can
be replenished and/or expanded by infiltrating monocytes that differ-
entiate into inflammatory macrophages after CNS entry [2]. How these
cells function in the context of invasive fungal infection is largely un-
known, but there is some evidence from other fields that microglia and

Table 1
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border macrophages exhibit divergent roles during infection. In mice
infected with the parasite Toxoplasma gondii, microglia rapidly produced
the cytokine IL-la that was required for infection control [15]. In
contrast, macrophages produced IL-1f. Parasite infection was uncon-
trolled in mice lacking IL-1R1, and this was replicated in mice lacking
IL-1a but not IL-1f, pinpointing microglia as the main regulators of
protective anti-parasite immunity in the brain [15]. This study also
revealed that microglia and macrophages are differentially equipped to
deal with infection, and have functionally distinct roles in infection
control. Whether such divergence occurs in CNS fungal infection has not
been formally shown, although early work on CNS macrophage re-
sponses to C. neoformans indicated that the monocyte-derived border
macrophages may be critical for activating anti-fungal CD4 T-cell re-
sponses in the brain whereas microglia were not capable of this [16].
This was done by generating bone marrow chimeras where the
radio-resistant microglia population expressed MHCII and the
radio-sensitive border macrophages were MHCII-deficient. In those
mice, adoptive transfer of pre-activated CD4 T-cells failed to lower
fungal burdens in the brain compared to mice that expressed MHCII
within the border macrophage compartment or both microglia and
border macrophages [16]. In line with a more prominent role for border
macrophages in the protection against C. neoformans infections, recent
work in mice demonstrated that C. neoformans was largely localised to
perivascular spaces and infected macrophages that resided there [8],
indicating that there may be greater uptake and processing of antigen at
the perivascular spaces than in the parenchyma where microglia reside.
Future work will need to carefully delineate the different populations of
myeloid cells in the brain and determine the relative dependence on
each for control of fungal infection, with particular attention paid to the
heterogeneity observed in these populations and how they may be
remodelled during infection.

2. Meningeal immunity and inflammation

The meninges is a complex layered tissue populated with specialised
macrophages, monocytes and lymphocytes (Fig. 1). Single-cell RNA
sequencing of human meninges showed that macrophages and structural
cells undergo functional specialisation in the different meningeal layers
and that disease and age profoundly affect these responses within the
microenvironmental niches of this tissue [17,18]. Moreover, recent
exciting studies have demonstrated that the meninges can act as a
gateway for immune cells to enter the brain from the skull bone marrow
providing a source of inflammatory leukocytes to help fight infection

Characteristics of main causes of fungal CNS infections in humans. The major human fungal pathogens that have been described to cause CNS infection are listed
alongside their relative occurrence (within total fungal CNS infections in humans), main risk factors, known CNS invasion tactics and key protective immune pathways
that have been shown in vivo. Many other fungal species may also cause sporadic cases of CNS infection following uncontrolled disseminated infection (e.g. Pneu-
mocystis, some dematiaceous fungi) however outside of general iatrogenic immunosuppression, there is little understanding of the risk factors and immune responses

required to protect against these infections.

Fungal Species Occurrence of total Risk Factors CNS invasion tactics CNS protective immune Selected
fungal CNS pathways References
infections

Cryptococcus High Chronic HIV infection/AIDS, Proliferation within cerebral blood vessels, IFNy-mediated activation of [1]

neoformans CD4 lymphocytopenia, urease-dependent invasion, “Trojan Horse™ macrophages
Iatrogenic immunosuppression, delivery within patrolling monocytes
Ibrutinib therapy
Candida albicans ~ Low CARD?9 deficiency, Hyphae formation (Als3 expression) Neutrophil recruitment, [4,53]
Tatrogenic immunosuppression CARD9-dependent activation
of microglia
Aspergillus Low Chronic lung disease/infection, Not known Not known [52]
fumigatus Iatrogenic immunosuppression,
Ibrutinib therapy
Histoplasma Low HIV infection, Not known Not known [54]
capsulatum Organ transplant,
Corticosteroids
Blastomyces Low Organ transplant, Not known Not known [55]

dermatitidis HIV infection
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locally [19-21].

Our understanding of antifungal immune responses in the meninges
is currently very limited. A characterisation of myeloid cell responses to
C. neoformans was published by the Sorrell lab, which revealed a large
infiltration of monocytes into the infected perivascular spaces [8]. That
is important because recent work on the ontogeny of meningeal mac-
rophages during viral encephalitis showed that these immune cells are
sensitive to extensive remodelling following monocyte infiltration, with
potential long-term consequences. Rua and colleagues showed that
lymphocytic choriomeningitis virus (LCMV) infection caused a deple-
tion of meningeal macrophages which were subsequently replenished by
monocyte-derived macrophages in a process that required IFNy [22].
Those replenished macrophages remained in the meninges long-term
but were impaired in their ability to quench subsequent neuro-
inflammation and initiate repair responses [22]. These data indicate that
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remodelling of CNS-resident macrophages occurs as a result of infection,
and could potentially influence responses to subsequent insults and
injury. Whether such remodelling occurs during fungal infection is not
known, but it is an interesting point to consider in light of work that
demonstrates how fungi and fungal cell wall components can elicit
long-lasting epigenetic changes in macrophages [23].

In recent years, several important discoveries about meningeal
anatomy with relevance for inflammation and immunity have been
discovered. First, a lymphatic system that drains antigen from the CNS
was found within the meninges with subsequent demonstrations of CNS-
resident antigen-presenting cells (APCs) interacting with T-cells in the
dural sinuses to regulate adaptive immune responses [24] (see Section
4). Second, several groups recently observed and described channels in
the skull adjacent to the meninges [19-21]. In mouse models of stroke,
neutrophils in the inflamed meninges originated from skull bone
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Fig. 1. Overview of CNS-specific antifungal immunity. The meninges sit directly below the skull and are composed of several layers (dura, arachnoid, sub-arachnoid
space, pia). The first layer is called the dura and is where the majority of immune cells (e.g. meningeal macrophages, CD69 -+ resident T-cells, plasma cells) reside.
Blood vessels and lymphatics run through the dura. Channels connect the dura to skull bone marrow where localised delivery of immune cells (e.g. neutrophils)
occurs during neuroinflammation. Below the dura, the sub-arachnoid space sits between the arachnoid and pia layers. Blood vessels run through the sub-arachnoid
space and connect with the parenchyma of the brain. On the left side of the diagram, fungal invasion tactics and immune pathways activated during Cryptococcus
neoformans infection is shown. C. neoformans yeast can proliferate within blood vessels leading to tension and brain dissemination, or alternatively travel to the brain
within infected patrolling monocytes. CD4 T-cells enter the brain via CXCR3-CXCL10 axis initiated by astrocytes. Cross-talk between astrocytes and IFNy-producing
T-cells leads to tissue damage and swelling via aquaporin-4 expression, which may drive formation of damage-associated microglia. The right side of the diagram
focuses on Candida albicans brain infection, with defined anti-fungal killing mechanisms depicted with red arrows. In the meninges, Candida invasion is limited by
IgA-producing meningeal plasma cells. C. albicans invades the parenchyma following adhesion to blood vessels via Als3, and produces the toxin Candidalysin once in
the tissue. That elicits a CARD9-dependent activation of microglia and downstream crosstalk with astrocytes leading to CXCL1 production and recruitment of
neutrophils which clear and kill the fungus.
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marrow and not from distant sites such as the tibia, trafficking into the
meninges via these skull bone channels which connected the bone
marrow niche to the meninges (Fig. 1) [19]. The authors theorised that
this mechanism allows rapid local delivery of short-lived myeloid cells
to the meninges. Several fungal infections, particularly C. albicans, cause
an emergency granulopoeisis response in bone marrow characterised by
a large influx of neutrophils into the blood and infected tissues [25].
During CNS infection, neutrophils also rapidly accumulate in the
C. albicans-infected brain [5,26] but their origin and involvement in
meningeal inflammation remains unknown. Future studies will need to
account for these recent advances in our understanding of meninges
anatomy when analysing immunity to fungal CNS infections. The ma-
jority of studies have so far focused on brain tissue with little focus on
the meninges. Yet, it is becoming clear that both immune cells and
pathogens use the meninges as an entry point into the CNS and that
localised control of CNS-specific immune responses occur in this tissue.

3. Fungal CNS invasion mechanisms and blood vessel integrity

The mechanisms by which fungi gain entry to the CNS are not fully
elucidated although key virulence factors involved in invasion for
Candida and Cryptococcus species have been defined (Fig. 1). C. albicans
likely enters the CNS by invading and damaging the blood-brain-barrier
(BBB), a process that was thought to require hyphae since hyphal-
expressed protein Als3 has been shown to mediate brain infection by
this fungus as well binding to brain endothelial cells that make up the
BBB [27]. However, yeast-locked mutants are also able to infect the
brain and actually cause a greater level of infection in this tissue than
hyphal-forming strains [3]. This is because while hyphal factors may
promote invasion of the CNS, hyphae also produce Candidalysin toxin
that elicits strong pro-inflammatory responses from CNS-resident
microglia leading to fungal clearance [3]. For C. neoformans, multiple
mechanisms of CNS entry have been identified including paracellular
invasion by ‘free’ yeast across the BBB [28], and intracellular residence
within infiltrating monocytes in a mechanism commonly referred to as
‘Trojan Horse’ [29] (Fig. 1). Intravital imaging studies in mice and
zebrafish showed that extracellular C. neoformans yeast cells stop inside
blood vessels due to physical constraints on their size and width of the
blood vessel, and from this point the yeast either invade the blood vessel
endothelium in a urease-dependent mechanism [28], or proliferate
within the blood vessel causing tension and rupture [30]. A combination
of intravital and careful adoptive transfer studies have shown that
C. neoformans may also invade the CNS within infected monocytes [29,
31]. Patrolling monocytes were shown to be the main subset mediating
this mode of fungal invasion in an intravenous model of C. neoformans
infection, and disrupting monocyte binding to brain endothelium by
blocking VCAM1/VLA4 interactions reduced the infiltration of these
cells to the CNS [31].

In all of these studies on fungal invasion tactics, understanding blood
vessel integrity and the molecular interactions mediating binding of
fungi and/or infected host cells to the vasculature is critical. Close ex-
amination of cerebral and meningeal blood vessels during fungal CNS
infection has the potential to reveal how fungi invade the CNS and the
resulting damage caused to CNS tissues by infection. Recent studies have
shown that blood vessel integrity in the CNS is tightly regulated by
tissue-resident macrophages and microglia. A small specialised popu-
lation of microglia termed ‘capillary-associated microglia’ (CAMs), were
found to reside alongside blood vessels and regulate vasodilation via
P2RY12 signalling [32]. Depletion of microglia or genetic deletion of
P2ry12 in mice resulted in altered blood flow dynamics to the brain [32].
Indeed, a different study reached similar conclusions in a model of
sterile inflammation, where the authors observed microglia recruitment
to inflamed cerebral blood vessels in a CCR5-dependent manner [33].
When inflammation was sustained, microglia became pathological and
phagocytosed components of the BBB contributing to loss of integrity
and increased permeability [33]. In a mouse model of traumatic brain
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injury, monocytes accumulated in the meninges and developed into
macrophages with wound-healing signatures to repair blood vessels and
promote angiogenesis [34], demonstrating that meningeal macrophages
also have a critical role in maintaining blood vessel integrity.

Increased permeability of the BBB has been observed in multiple
animal and in vitro models of invasive fungal infection [35-37], but the
specific events leading to this are not fully defined. Recent work by the
Johnston lab used live cell imaging in zebrafish to demonstrate that
C. neoformans caused blood vessel rupture, which likely contributes to-
wards its CNS dissemination and BBB dysfunction [30]. While many
studies in the fungal immunology field have focused on in vitro models
for the BBB and identifying fungal virulence factors mediating invasion,
it is worth noting that by studying how blood vessels are affected and
repaired during infection we may be able to identify the cells and mo-
lecular interactions promoting fungal dissemination to the CNS, both
directly and indirectly.

4. Activation of adaptive immunity in the CNS

The CNS has an extensive lymphatic system and tissue-resident
lymphocytes that have been shown to be important mediators of tis-
sue homeostasis. For example, a population of CD69 + CD4 + T-cells
reside in the mouse and human brain and are required for microglia
maturation and transition to the ‘adult’ stage of development [38].
These brain-resident CD4 T-cells are permitted entry to the CNS
following activation in the periphery, a process that is shaped by the
intestinal microbiome [38]. CNS lymphatic vessels drain antigen from
the brain and meninges into the cervical lymph nodes. Sophisticated
microscopy studies by the Kipnis lab showed that CNS-derived antigens
are captured by APCs in the dural sinuses, which presented the antigen
to local CD4 T-cells under the steady-state [24]. CNS-resident myeloid
cells also participate in activating CD4 and CD8 T-cells during infection,
with studies demonstrating a critical role for both microglia and
meningeal macrophages in activating anti-viral T-cells [22,39].

Regulation of antifungal T-cell responses in the CNS has largely
focused on C. neoformans infections. This is because CD4 T-cells are
critical for protection against this infection [1], but can also mediate
significant tissue damage and inappropriate inflammation thus
contributing towards meningitis [12]. The majority of risk factors that
predispose to C. neoformans infections in humans either affect CD4 T-cell
number or function, or interrupt the crosstalk between CD4 T-cells and
macrophages (Table 1). There is therefore great interest in under-
standing how CD4 T-cells provide protection against this disease by
identifying the signals they provide to macrophages to activate fungal
killing, such as IFNy. Indeed, IFNy immunotherapy appeared to be
protective in humans with HIV-associated cryptococcal meningitis [40],
presumably by boosting antifungal activity of macrophages within the
CNS although this has not been formally tested. While IFNy-producing
CD4 T-cells are needed for fungal clearance, these lymphocytes have
also been shown to mount inappropriate inflammatory responses in the
CNS in patients with C. neoformans infections. Patients receiving
anti-retroviral therapy (ART) as treatment for chronic HIV infection can
subsequently develop immune reconstitution inflammatory syndrome
(IRIS), a condition characterised by pro-inflammatory responses to an
undiagnosed or previously treated C. neoformans infection as CD4 T-cell
numbers recover [41]. Work by the Olszewski lab demonstrated that
CD4 T-cells were the main driver of tissue damage and disease in
late-stage chronic C. neoformans infection, in a mouse model of
post-infectious IRIS [12]. While mice depleted of CD4 T-cells were un-
able to clear C. neoformans brain infection, those mice survived longer
than their T-cell-replete counterparts. The authors demonstrated that
this was because CD4 T-cell depletion alleviated meningitis symptoms
and tissue damage in the late stages of disease [12]. Further work by the
Shinohara lab showed that IFNy was a primary mediator of these
pathological responses by CD4 T-cells in the brain [42]. Using a novel
animal model of IRIS with highly virulent serotype A C. neoformans, the
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Shinohara lab showed that an influx of IFNy-producing CD4 T-cells were
responsible for brain inflammation and swelling by upregulating
aquaporin-4 expression on astrocytes. Aquaporin-4 is a molecule
involved with water regulation in the brain [42] (Fig. 1). Pathologic
recruitment of CD4 T-cells to the fungal-infected brain is mediated by
the chemokine CXCL10, which binds to the receptor CXCR3 on
IFNy+ CD4 T-cells [43]. CXCL10 was readily detectable in the CSF of
cryptococcal meningitis patients, and is one of the most highly produced
chemokines during experimental C. neoformans infection [43]. Mice
deficient in CXCR3 were protected from T-cell-mediated immunopa-
thology, without affecting fungal brain burdens. Although CXCL10 is
mostly produced by myeloid cells, surprisingly the major cellular source
of CXCL10 in the chronically-infected C. neoformans brain was astrocytes
while microglia were largely negative for this chemokine [43] (Fig. 1).
These results point to several outstanding questions about how astro-
cytes are involved with the immunopathology of fungal CNS infections
(see Section 5).

Humoral immunity, mediated by B-cells, is the other major arm of
adaptive immune responses. B-cells producing antibody (plasma cells)
are important for antifungal immune responses because antifungal an-
tibodies can opsonise fungal cells to boost phagocytosis by macro-
phages, and activate other mechanisms of protective immunity
including complement. Antibodies can be produced in different func-
tional classes (IgG, IgD, IgM, IgA, IgE) which determines their receptor
binding and tissue localisation. In the meninges, the mucosal associated
IgA subtype appears to be the dominant functional class secreted by
meningeal-residing plasma cells [44]. Interestingly, plasma cells in the
meninges are educated by signals deriving from the gut microbiome,
since they remained clonally related to intestinal B-cells and germ-free
mice lacked these populations [44]. During C. albicans CNS invasion,
meningeal B-cells increased their production of IgA which acted to trap
invading yeast cells within the dural sinuses (Fig. 1). In mice lacking IgA
or specifically depleted of meningeal plasma cells, C. albicans caused a
greater infection of the brain tissue and increased mortality [44].
Therefore, local lymphocytes residing in the meninges can provide
tissue-specific protection against fungal pathogens to limit their inva-
sion and subsequent disease. In addition to demonstrating the critical
role of meningeal plasma cells to barrier protection, this study also
revealed that the meninges is a major C. albicans entry point to the CNS,
thus reinforcing the call for future studies to examine this complex
barrier tissue in more detail when determining fungal invasion tactics in
the CNS.

5. Pathways mediating astrocyte antimicrobial immunity

Astrocytes are an abundant glial cell population in the CNS that carry
out numerous homeostatic functions including provision of trophic
support, protection and envelopment of neuronal synapses and they
form a major component of the BBB. In recent years, there has been an
intense interest in how astrocytes respond and contribute to neuro-
inflammation and immune responses within the CNS. In several neuro-
degenerative disorders (e.g. Alzheimer’s, Parkinson’s, Multiple
Sclerosis), astrocytes take on an inflammatory phenotype characterised
by enhanced expression of complement proteins and glial-acidic fibril-
lary protein (GFAP) that is termed A1 [45,46]. In contrast, A2 astrocytes
upregulate expression of trophic factors for neurons and appear to be
involved with tissue repair and important for resolution phases
following an inflammatory event [45]. Both A1 and A2 activation states
have now been described in several mouse models and human diseases,
including infection. The main driver of Al activation in astrocytes is
inflammatory crosstalk with microglia [45]. In response to tissue dam-
age and/or PRR signalling, microglia produce inflammatory cytokines
and increase production of Clq. This in turn drives an Al functional
phenotype, which is neurotoxic and loses many of the normal homeo-
static functions of healthy astrocytes [45].

Microglia-astrocyte crosstalk was found to be a critical step in the
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protective immune response against C. albicans brain infection (Fig. 1).
Neutrophil recruitment to the fungal-infected brain required CXCL1
which was produced by microglia. However, in vitro experiments
revealed that microglia were unable to produce this chemokine without
the presence of astrocytes [3], demonstrating that astrocyte-microglia
crosstalk was necessary for initiating protective neuroinflammation in
C. albicans infection. Microglia-astrocyte crosstalk has also been iden-
tified as an important mediator of immunity to meningitis-causing
bacteria. In a model of neonatal bacterial meningitis, microglia pro-
duced TNFa in response to bacterial flagellin, which in turn stimulated
C3 production from astrocytes to drive neuroinflammation [47]. Inter-
estingly, bacteria were found to dampen their expression of flagellin in
the CNS which helped promote bacterial survival and prolong infection.
Flagellin expression could be induced by threonine, which is found in
low levels within the CNS thus explaining why CNS-infiltrating bacteria
had lower flagellin levels than bacteria infecting other organs [47].

In addition to microglia, astrocytes can be shaped and influenced by
leukocytes that infiltrate the CNS during infection. For example, in a
mouse model of cryptococcal IRIS, infiltrating CD4 T-cells were found to
mediate tissue damage via production of IFNy. In vitro experiments
showed that IFNy stimulation of cultured astrocytes could cause direct
upregulation of aquaporin-4, indicating that astrocytes may respond
directly to IFNy made by pathologic T-cells and become involved with
tissue swelling and fluid dysregulation in the brain during this disease
[42]. In parasitic infections, astrocytes have been shown to directly
respond to either parasites or cytokines to mediate neuroinflammation
and protection against infection. Astrocytes have been shown to uptake
and accumulate extracellular vesicles from Plasmodium parasites, which
led to upregulation of immune signalling pathways similar to what has
been described for Al astrocytes [48]. In Toxoplasma gondii infection,
astrocytes were found to produce the alarmin IL-33 during infection,
which acted in an autocrine manner to stimulate production of che-
mokines that recruited Th1l T-cells and iNOS-producing monocytes to
the CNS [49]. Loss of IL-33 signalling specifically on astrocytes led to
uncontrolled parasite burden in the CNS, whereas loss of IL-33 signalling
in microglia/macrophages had no effect [49].

Taken together, there is clear evidence that astrocytes form an
important arm of CNS-specific immune responses. Yet, we know very
little about how these glial cells participate in antimicrobial immune
responses and this is especially true for fungi. It is not understood if these
cells directly recognise or phagocytose fungi in vivo, or whether their
antifungal functions are dependent on crosstalk with microglia and/or
infiltrating inflammatory cells. In the neurodegeneration field, signifi-
cant advances have been made in understanding pathology by charac-
terising the kinetics and development of different astrocyte activation
states and have indicated that these cells could be a fresh target for
therapy. Therefore, further study of astrocytes and their responses
during fungal CNS infections is warranted, particularly in light of recent
work that has indicated these cells may drive damaging pathology in the
CNS and limit resolution and repair pathways.

6. Final remarks

The pathology of fungal CNS infections remains one of the most
poorly understood areas within the medical mycology field. While this
review has focused on CNS-specific responses to Candida and Crypto-
coccus, it is important to note that many other fungi cause CNS infection
in humans but our understanding of them is critically low. CNS asper-
gillosis, for example, is a lethal infection that has been increasingly re-
ported in patients treated with cancer drug ibrutinib [50,51], which
impairs anti-Aspergillus immune responses in the lung and increases the
risk of developing systemic infection [52]. The number of patients
developing life-threatening fungal infections is set to increase is the next
few years, in part by enhanced application of immune modulating drugs
in the clinic. Studies focused on CNS-specific immune responses have
typically lagged behind other tissues, in part because of difficulty in
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accessing this tissue. Moreover, there is an additional need for stringent
protocol development to handle and isolate CNS-resident cells, which
are highly sensitive to changes in their environment and can rapidly
change their functional phenotype during tissue digestion. However,
advent of new technologies and increased uptake of advanced imaging
techniques have enabled the development of fundamental new insights
into how immune responses initiate and resolve within the CNS. For
example, the use of single-cell sequencing approaches and intravital
imaging have enabled in depth analysis of rare leukocytes in meninges,
and have led to the discovery of new activation states and anatomical
structures important for CNS localised immune responses. Increased
uptake of these approaches in the fungal immunology field will be
important to develop an understanding of fungal CNS invasion and
regulation of CNS-specific antifungal immunity, which is critically
needed to develop new therapeutic strategies for these diseases.
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