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Abstract: Cryptococcus neoformans is an environmental pathogen that causes life-threatening disease in
immunocompromised persons. The majority of immunological studies have centered on CD4* T-cell
dysfunction and associated cytokine signaling pathways, optimization of phagocytic cell function
against fungal cells, and identification of robust antigens for vaccine development. However, a
growing body of literature exists regarding cytotoxic cells, specifically CD8" T-cells, Natural Killer
cells, gamma/ delta T-cells, NK T-cells, and Cytotoxic CD4* T-cells, and their role in the innate and
adaptive immune response during C. neoformans and C. deneoformans infection. In this review, we
(1) provide a comprehensive report of data gathered from mouse and human studies on cytotoxic
cell function and phenotype, (2) discuss harmonious and conflicting results on cellular responses in
mice models and human infection, (3) identify gaps of knowledge in the field ripe for exploration,
and (4) highlight how innovative immunological tools could enhance the study of cytotoxic cells and
their potential immunomodulation during cryptococcosis.

Keywords: human immunodeficiency virus (HIV); advanced immunodeficiency virus (AIDS); fungal
infection; Cryptococcus neoformans; cryptococcal meningitis; cytotoxic cells; natural killer cells; CD8*
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1. Introduction

The fungal pathogen Cryptococcus neoformans is ubiquitously found in the environment
and pulmonary asymptomatic infection is commonly acquired during childhood [1-3].
Chronic immunodeficiency, such as in the case of organ transplant or human immunodefi-
ciency virus (HIV) infection, can lead to reactivation of asymptomatic pulmonary infection
and can result in dissemination into the vasculature and central nervous system (CNS) [4-9].
Persons with advanced HIV can develop a life-threatening CNS Cryptococcus infection
called cryptococcal meningitis (CM), which is the most common cause of meningitis in
sub-Saharan Africa [10-12]. The annual incidence of CM is estimated to be 152,000 cases
globally; however, despite antiretroviral (ART) and antifungal therapies, the mortality rate
remains around 25% with optimal care and often over 40% with routine care in low- and
middle-income countries [13-15].

Evaluating C. neoformans cellular morphology through several microscopy methodolo-
gies has revealed the unique architectural structure of the dense polysaccharide capsule
composed of glucuronoxylomannan (GXM), galactoxylomannan (GalXM), and mannopro-
teins; by contrast, the cell wall is composed mainly of x-glucan, 3-glucan, mannoproteins,
chitosan, and melanin [16-21]. Both the polysaccharide capsule and fungal cell wall
are highly immunogenic, primarily to antigen presenting cells such as dendritic cells,
macrophages, and monocytes [22-24]. Moreover, shedded capsule and cell wall compo-
nents in the cell culture filtrate can activate effector functions of CD4" T-cells and CD8*
T-cells [24,25].

J. Fungi 2024, 10, 712. https:/ /doi.org/10.3390/jof10100712

https:/ /www.mdpi.com/journal/jof


https://doi.org/10.3390/jof10100712
https://doi.org/10.3390/jof10100712
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jof
https://www.mdpi.com
https://orcid.org/0000-0003-1495-4596
https://orcid.org/0000-0002-2318-168X
https://doi.org/10.3390/jof10100712
https://www.mdpi.com/journal/jof
https://www.mdpi.com/article/10.3390/jof10100712?type=check_update&version=1

J. Fungi 2024, 10, 712

2of 16

In advanced HIV, CD4" T-cells are transformed into viral replication factories and
are destroyed [26-28]. CD4" T-cells are important players in orchestrating the innate
and adaptive immune responses to C. neoformans through co-stimulation of antigen pre-
senting cells, cytokine and chemokine secretion, and formation of antigen specific mem-
ory cells [29-32]. The absence of functional CD4* T-cells affects several types of periph-
eral blood mononuclear cells (PBMCs) and can impair the formation of inflammatory
macrophage populations, influence neutrophil recruitment to infected tissues, and alter
cytotoxic cell activation [33-35]. Collectively, this weakens the body’s ability to elimi-
nate C. neoformans cells ultimately increasing morbidity and mortality. There are several
outstanding reviews discussing CD4" T-cells within the broader immune response to
C. neoformans infection [16,30,36-39]. However, there are no detailed reviews examining
in detail cytotoxic cell populations during C. neoformans infection and their importance in
fungal clearance.

Cytotoxic cells, including CD8" T-cells, Natural Killer (NK) cells, gamma/delta (y8)T-
cells, NK T-cells, and cytotoxic CD4* T-cells, have the unique ability to target pathogens
through antigen-dependent and/or antigen-independent processes. Cytotoxic cells ex-
press a repertoire of activating and inhibitory receptors which facilitate or inhibit cytotoxic
function, respectively. CD8* T-cells, NK cells, y§ T-cells, NK T-cells, and cytotoxic CD4*
T-cells differ based on receptor expression and utilize the T-cell receptor, natural cytotoxicity
receptors (NCRs), C-type lectin-like receptor family (NKG2 family), and killer-like (KIRs) re-
ceptors to recognize host cell damage- and pathogen-associated molecular patterns [40-44].
Additionally, NK cells can recognize antibody-opsonized pathogens or infected host cells
through engagement of FcyRIIla (CD16A) on the cell surface and the Fc region of antibod-
ies, a mechanism called antibody mediated cellular cytotoxicity (ADCC) [45]. Cumulative
engagement of these receptors triggers intracellular signaling cascades and the fusion of
cytolytic granules to the cell membrane. The release of pro-apoptotic molecules, such as
granzymes, granulysin, FasL, and perforin, into the tissue environment induces apoptosis
of target cells [46,47].

In this review, we summarize the current body of literature regarding cytotoxic cells
during C. neoformans and C. deneoformans pulmonary and CNS disease, noting both fungal
strain and clinical isolate used in the various studies. We provide a comparison between
mouse and human studies, highlighting current gaps in knowledge within the field that are
optimal for future pursuit. We discuss cytotoxicity mechanisms of CD8" T-cells and NK cells
against C. neoformans and C. deneoformans. Lastly, we report on innovative immunological
tools being introduced into the Cryptococcus field.

2. CD8* T-Cells in the Adaptive Inmune Response
2.1. Murine Localized Pulmonary Infection

During murine pulmonary C. deneoformans (52D) infection, CD8" T-cells are recruited
to the lung and lung-associated lymph nodes (LALN) [31,48,49]. By week two of infection,
the infiltrating pulmonary CD8" T-cell expression profile consists of CD69" IL-2R/CD25*
CD62L'°W CD44!°%, denoting active cells with residency and proliferation potential [31,48].
Upon ex vivo stimulation with anti-CD3 and anti-CD28 or with C. deneoformans (52D) lysate,
infiltrating pulmonary CD8" T-cells produce more interferon (IFN)-y when compared to
CD8* T-cells isolated from the LALN. This result indicates that pulmonary CD8" T-cells
sense and recognize fungal antigens and retain their key ability to produce the inflammatory
cytokine IFN-y [31] (Figure 1A).

To further investigate the relationship between CD4" and CD8" T-cells, depletion
experiments were performed in mice. Recruitment of CD8" T-cells to the lung is maintained
in the context of CD4* T-cell depletion, suggesting that the presence of CD4* T-cells is not
required for trafficking of CD8" T-cells to the infected lung [48]. Consistent with previous
results, the infiltrating pulmonary CD8* T-cells, in CD4" T-cell-depleted mice, express
IFN-y upon ex vivo stimulation but not tumor necrosis factor (TNF)-c¢, another important
inflammatory cytokine [48,49]. Blocking IFN-y by neutralizing antibody led to a significant
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increase in pulmonary colony forming units (CFUs) and the number of macrophages with
intracellular fungal cells in the CD4+ T-cell-depleted mice [48]. This outcome implies that
pulmonary macrophages are unable to destroy C. deneoformans (52D) in the phagosome
without sufficient IFN-y in the tissue environment. Thus, CD8" T-cell IFN-y expression is
crucial for controlling pulmonary fungal dissemination during both wildtype and CD4*
T-cell depletion models of pulmonary infection.
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Figure 1. Murine and Human CD8* T-cell Sensing, Signaling, and Response to C. neoformans and C.
deneoformans. Summary of the current body of literature regarding the mechanism of (A) murine and
(B) human CD8" T-cell targeting, degranulation, and cytokine secretion after exposure to C. neoformans
or deneoformans. (A) Despite depletion of murine CD8" T-cells in the lung and systemic circulation
leading to increased CFUs, the exact receptor(s) and fungal ligand(s) which trigger cytotoxicity and
the cytolytic proteins secreted are unknown. During infection, infiltrating pulmonary and systemic
CD8* T-cells are robust producers of IFN-y. (B) Similar to murine CD8* T-cells, the exact receptor(s)
and fungal ligand(s) which facilitate cytotoxicity of human CD8* T-cells are unknown. Upon exposure
to fungal cells, human CD8* T-cells increase transcription of the cytolytic protein granulysin and
depletion of granulysin abrogates CD8" T-cell anti-cryptococcal effects. The mechanism by which
granules containing granulysin are selectively secreted, over those containing perforin or other
cytolytic molecules, remains to be determined. IL-15 stimulation enhances human CD8* T-cell
anti-cryptococcal effects while IL-2R expression increases upon coculture with fungal cells. However,
the cytokines released by activated CD8* T-cells during human cryptococcal meningitis have not
been identified.

Alongside CD4" T-cell depletion models, IFN-y production has been studied in two
additional mouse models. In the context of IL-17~/~ pulmonary C. deneoformans (52D)
infection, CD8" T-cells produced less IFN-y compared to wildtype mice at one- and two-
weeks post infection; however, IFN-y expression was comparable by four weeks post
infection [50]. In mice with impaired Notch signaling, there was no difference in the
number of CD8" T-cells recruited to the lung four weeks post pulmonary C. deneoformans
(52D) infection, and the activation and memory status, per CD44 and CD62L expression,
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respectively, was similar to wildtype infected mice [51]. However, upon ex vivo stimulation
with anti-CD3 and anti-CD28, there were significantly fewer infiltrating pulmonary CD8*
T-cells producing IFN-y compared to wildtype [51]. These data suggest that potentially
several pathways, including IL-17 and Notch signaling, are involved in IFN-y production
by infiltrating pulmonary CD8* T-cells at various timepoints post-infection.

Recent studies of latent infections in immunocompetent mice also show a potential role
for pulmonary infiltrating CD8* T-cells. In a latent infection with a Uganda clinical isolate
(UgCl1223), the proportion of CD8* T-cells in the infected lung significantly decreased after
week 1 of infection by approximately 20% but then remained unchanged over the course of
100 days [9]. Depletion of CD8* T-cells during this latent C. neoformans (UgCl223) infection
did not affect lung CFUs, compared to isotype-treated mice, suggesting that CD8" T-cells
are not essential for controlling pulmonary fungal burden during latent infection [9]. In
contrast, CD8" T-cell depletion during the latent infection increased the amount of brain
dissemination, suggesting these cells could be involved in the prevention of dissemination
during latent infection [9].

2.2. Murine Cryptococcal Meningitis

CNS infiltrating CD8" T-cells are present in the brain parenchyma and leptomeninges
of C. deneoformans (NIH 52D) infected mice by day 8 post-infection and are maintained to at
least day 15 [52]. When mice are depleted of CD8* T-cells and then intravenously infected
with C. deneoformans (145), survival is significantly worse compared to isotype control-
treated mice, with a mean survival of 20.3 days compared to 26.4 days, respectively [53].
Despite the striking impact on mortality, CFUs from the lungs, spleen, kidney, liver, and
brain were comparable between the CD8* T-cell-depleted and isotype-control-treated
mice [53]. These data imply that an immunological mechanism mediated by CD8" T-
cells influences disease outcomes during murine C. deneoformans (145) CM [53]. The
activating receptor(s) and fungal ligand(s) involved in CD8" T-cell sensing are currently
unknown (Figure 1A). Additionally, the process by with CD8* T-cells facilitate their anti-
cryptococcal effects, presumably through cytotoxicity signaling pathways, remains to be
explored (Figure 1A).

CD8* T-cells have also been studied during CM in the context of vaccination. Immu-
nization with cell culture filtrate followed by CD8* T-cell depletion and challenge with
C. deneoformans (184) resulted in comparable brain CFUs to infected control mice [34]. In
another study investigating the impact of an immunizing C. neoformans (sgl1) mutant strain
on survival from CM, Normile et. al. showed that depletion of both CD8" T-cells and CD4*
T-cells prior to subsequent C. neoformans (H99) challenge led to extremely poor survival
with 100% mortality from CM by ~ day 10 [54]. In comparison, CD8" T-cell-depleted
mice succumbed around 30 days post-infection [54]. Lastly, chitin deacetylase (Cda) -1
and -2 glucan-particle (GP) vaccination studies have shown that vaccinated CD8" T-cell
deficient 3-2-microglubin=/~ knockout mice upon C. neoformans KN99 challenge have
similar survival to wildtype vaccinated mice [55]. Similar results on CD8* T-cells were
seen in cdaA1A2A3 vaccination studies as well [56]. Additionally, pulmonary CD8* T-cells
levels of GP-Cdal/Cda2 vaccinated wildtype mice peak by day 10 and upon ex vivo
stimulation express IFN-y, but not IL-17 and TNF-« [55]. Collectively, these data indicate
that in the context of vaccination with Cda antigens, CD8* T-cells are not important in
long-term survival.

In contrast to localized pulmonary infection in mice, little is known regarding the
phenotype, such as activation or residency status, and cytokine producing ability of CNS
infiltrating CD8* T-cells during murine CM.

2.3. Summary of Murine Studies

Murine studies demonstrate that CD8* T-cells play a role in decreasing mortality from
CM, likely through a combination of curtailing fungal dissemination from the lung to
the CNS and immunomodulation. Additionally, during latent disease, CD8* T-cells are
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involved in preventing dissemination to the brain. CD8* T-cells are also a crucial source of
IFN-y during localized pulmonary and systemic disease and likely have cross talk with
CD4* T-cells, specifically T-helper (Th)-1 and Th17 cells, to influence IFN-y production.
The mechanism by which murine CD8" T-cells sense C. neoformans and signal to perform
cytotoxicity has not been explored, as demonstrated in Figure 1A. However, examination
of human CD8" T-cells has provided insight into the pathway involved in CD8* T-cell
cytotoxicity and cellular phenotype during antifungal and antiretroviral treatment.

2.4. Human PBMCs in Culture

Early studies on CD8* T-cells isolated from healthy donors (HIV-negative) demon-
strated that CD8" T-cells can recognize acapsular C. deneoformans Cap67 mutant in vitro and
impair fungal growth [25,57,58]. IL-15 stimulation of CD8" T-cells isolated from healthy
donors also results in the impaired growth of C. deneoformans (Cap67) when compared to
fungal cells alone or those cocultured with unstimulated CD8" T-cells [58]. However, the
activating receptor(s) and cryptococcal ligand(s) triggering CD8* T-cell anti-cryptococcal
effects are unknown (Figure 1B). In addition to impaired growth of fungal cells, CD8*
T-cells also significantly increase expression of the cytolytic protein granulysin [58]. Upon
depletion of granulysin containing granules or gene interference, there is a reduction in
the anti-cryptococcal effect of IL-15 stimulated CD8* T-cells [58]. Collectively, these data
propose that granulysin signaling is the likely pathway by which CD8" T-cells impair
fungal growth [58] (Figure 1B).

Other studies showed CD8" T-cells can become activated by C. deneoformans (184A)
cell culture concentrate, which is an aggregate of shedded capsule and cell wall components
GXM, GalXM, and mannoprotein [25]. C. deneoformans (184A) cell culture concentrate is
sufficient to activate CD8" T-cells to induce shedding of endothelial cell adhesion molecule
L-selectin, which is involved in cell extravasation [25]. It remains to be elucidated if the
loss of L-selectin is involved in CD8* T-cells becoming resident in C. deneoformans (184A)
infected tissues.

Similar to murine CD8" T-cells, human CD8" T-cells have also been examined in
the context of vaccination. To investigate the vaccine potential of human CD8" T-cells,
PBMCs were treated with a C. deneoformans (Cap67) cell wall prep and subsequently CD8*
T-cells were isolated and cultured with C. deneoformans (Cap67) to determine their anti-
cryptococcal effects [58]. Pre-treated CD8" T-cells retained their ability to impair the growth
of C. deneoformans (Cap67), but their effect was reduced when CD4" T-cells were depleted
from the PBMC sample [58]. These results suggest that co-stimulation with CD4* T-cells is
a vital process in educating CD8* T-cells to remember past pathogen exposures [58].

2.5. Human Cryptococcal Meningitis

At CM diagnosis, CD8" T-cells predominate in the cerebrospinal fluid (CSF) over CD4*
T-cells and are present in the brain and leptomeninges at autopsy [52,59]. Over 75% of
CNS infiltrating CD8" T-cells are activated, as per co-expression of HLA-DR, and remain
active over the course of 14 days of antifungal treatment [59]. Studies showed that CD8*
T-cells in the CSF express the homing receptors CXCR3 and CCR5, which are important for
recruiting effector cells to inflamed tissues, and to recognize the ligands IP-10 and MIP-1«,
respectively, among many others [60]. The proportion of CXCR3* CCR5" CD8* T-cells
increase significantly from baseline over the course of 14 days of antifungal treatment
(~43% vs. 75%), implying active recruitment of CD8" T-cells to the CNS [60].

In addition to antifungal treatment, patients with HIV and CM are also started on
ART four to six weeks post-CM diagnosis to halt the replication of HIV and the destruction
of CD4* T-cells [61,62]. While ART improves CD4* T-cell quantity and quality, ART also
impacts CD8* T-cells and there are several exceptional reviews discussing the topic [63,64].
While the proportion of peripheral activated HLA-DR* CD38" CD8" T-cells and effec-
tor memory CD45RO" CD8* T-cells are maintained over the course of 12 weeks of ART
initiation, the proportion of peripheral CXCR3* CCR5" CD8" T-cells significantly de-
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crease [60,65]. These data suggest that active effector CD8" T-cells are being maintained
in the periphery and fewer cells are being recruited to inflamed tissues during the early
stages of ART treatment.

Delaying ART also reduces the risk of developing an over-exaggerated inflammatory
response from rapid reconstitution of Thl CD4* T-cells, a condition known as immune
reconstitution inflammatory syndrome (IRIS) [61,66,67]. In patients who develop IRIS,
total CD8" T-cells do not appear to increase when compared to CM diagnosis [59]. Several
peripheral CD8" T-cell subsets, such as antigen naive CD45RO~ CD27*, central memory
CD45RO" CD27*, cytotoxic effector memory CD45RO* CD27~, and terminally differ-
entiated effector CD45RO~ CD27~ CD8* T-cells are present at IRIS diagnosis and are
comparable to levels in patients with CM alone [68]. However, upon ex vivo stimulation
with GXM, central memory CD45RO* CD27* and cytotoxic effector memory CD45RO*
CD27~ peripheral CD8" T-cell subsets from subjects with CM-IRIS have impaired produc-
tion of IFN-vy, IL-2 and IL-17 compared to subjects with CM [68]. Together these findings
indicate that, in the context of IRIS, cytokine production is negatively impacted even though
CD8* T-cells subset proportions do not change.

2.6. Summary of Human Studies

Though the mechanism of cytotoxicity has not been explored to date in murine studies,
in vitro studies with CD8* T-cells from healthy human donors has shown that CD8* T-cells
have an anti-cryptococcal effect. Similarly, in vitro studies have allowed for the discovery
of granulysin as the cytolytic protein of interest utilized by human CD8* T-cells at the
microbial-immunological synapse. However, the activating receptor(s) on CD8" T-cells and
fungal ligand(s) which facilitate sensing as well as the intracellular signaling that triggers
the release of granulysin are unknown.

Unlike in mouse models where CSF samples are difficult to obtain, the phenotype
of human CD8* T-cells in the CSF, and their relationship to cell subsets and chemokine
receptor expression, have been extensively studied. Yet, despite our knowledge of human
CD8* T-cell phenotypes in the context of CM, ART usage, and IRIS, cytokine production
has not been studied and therefore it is unclear how the CD8* T-cells in the periphery and
CNS are participating in shaping the overall immune environment during C. neoformans
infection (Figure 1B). In contrast to murine and human CD8* T-cells, the sensing, signaling,
and cellular responses of NK cells to C. neoformans infection are better understood.

3. NK Cells in the Innate Inmune Response
3.1. Murine Localized Pulmonary Infection

NK cell levels during murine localized pulmonary infection peak early in the disease
course around three days post C. neoformans (clinical isolate YC-13) infection at 10% of
total lung lymphocytes and appear to be partially dependent on monocyte chemoattrac-
tant protein (MCP)-1 to promote trafficking to the lungs [69]. Surprisingly, in the latent
C. neoformans (clinical isolate UgCl223) infection model, NK cell proportions and cell counts
do not change significantly over the course of 100 days; proportions remain similar to
uninfected control mice [9].

Activating and inhibitory receptors on the surface of NK cells which facilitate or
impair cytotoxicity, respectively, utilize intracellular adaptor signaling molecules, such as
DAP12 among others. Considering their crucial role in intracellular signal transduction,
studying DAP12 in knockout models has provided information on NK cell cytotoxic
capacity. DAP12~/~ mice infected with C. neoformans (H99) have improved survival and
reduced lung fungal burden compared to wildtype infected mice, in part due to a significant
increase in NK cells in the lung [70]. Anti-cryptococcal activity of NK cells improves in
the absence of DAP12 signaling adaptor, implying that DAP12 may be associated with
inhibitory receptors that restrict cytotoxicity [70].

Through a combination of IL-2, IL-12, IL-15, and IL-18 cytokine stimulation, NK
cells become active and can produce inflammatory cytokines, notably IFN-y and TNF-«,
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Sensing

which regulate downstream polarization of several cell types, including CD4" T-cells and
inflammatory macrophages [71]. NK cells in the lungs are one of the primary producers
of IFN-y during early C. deneoformans (B3501) infection, secondary only to T-cells [72]
(Figure 2A). Depletion of NK cells led to a significant reduction in IFN-y levels in the
bronchiolar lavage fluid (BALF) of mice with C. neoformans (clinical isolate YC-11) infection
compared to infected control mice [73].
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Figure 2. Murine and Human NK cell Sensing, Signaling, and Response to C. neoformans and C.
deneoformans. Summary of the current body of literature regarding the mechanism of (A) murine and
(B) human NK cell targeting, degranulation, and cytokine secretion after exposure to C. neoformans
or deneoformans. (A) Murine NK cells interact with encapsulated Cryptococcus cells via “microvilli”
or cellular protrusions, though the receptor or integrin interacting with the fungal cell capsule
remains unknown. Though anti-cryptococcal activity of murine NK cells has been documented,
the mechanism is undetermined but likely involves intracellular signaling pathways which are not
mediated by DAP12 motifs. Murine NK cells are robust producers of the inflammatory cytokine
IFN-y during infection; the production of other inflammatory cytokines is unknown. (B) Human
NK cell activating receptor NKp30 recognizes cryptococcal antigen (3-1,3-glucan on the fungal cell
wall which leads to the phosphorylation of intracellular tyrosine motifs by Src family kinases Fyn
and Lyn and increase perforin transcription. Stimulation with IL-12 enhances NKp30 expression
on NK cells from donors with HIV. The downstream signaling cascade remains to be elucidated.
Granules containing granulysin and perforin are transported to the NK cell membrane via Erg5-
kinesin. Perforin is released at the immunological synapse facilitating NK cell anti-cryptococcal
effects and reducing fungal growth. However, it is unclear how perforin penetrates the Cryptococcus
fungal cell wall. Upon exposure to Cryptococcus cells, NK cells increase secretion of chemoattractant
IP-10 and reduce secretion of the inflammatory cytokine TNF-« and activating cytokine GM-CSFE.
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Together these data suggest that NK cells play a role in IFN-y secretion in the infected
lung environment and that receptors utilizing DAP12 signaling adaptors are likely involved
in recognition of C. neoformans cells, but the exact receptor(s) on murine NK cells have not
been identified.

3.2. Murine Cryptococcal Meningitis

Though it has been established that murine NK cells are a vital source of inflam-
matory cytokine IFN-y during cryptococcosis, there are conflicting data on the direct
anti-cryptococcal effects of murine NK cells. Early transmission electron microscopy stud-
ies demonstrated NK cell “microvilli” interacting with the fungal cell capsule. However,
the exact NK cell receptor(s) triggering this protrusion and the fungal capsule or cell wall
ligand inducing it are unknown [74] (Figure 2A). When cultured with splenic NK cells, the
growth of C. deneoformans (184A) was significantly reduced when compared to fungal cells
alone [74].

Conversely, another group determined that NK cells, isolated from the spleen of SCID
mice, did not destroy fungal cells—the CFUs were comparable to C. neoformans (clinical
isolate YC-13) alone in culture [75]. The addition of stimulating cytokines IL-12 and IL-18
did not improve NK cell anti-cryptococcal ability. Instead, the proteins secreted by NK
cells cultured with C. neoformans (clinical isolate YC-13) were able to activate peritoneal
macrophages to significantly prevent fungal growth [75]. These data suggest that the killing
activity of NK cells may be indirect through activation of other cell types.

3.3. Summary of Murine Studies

Murine studies demonstrate that NK cells are a vital source of IFN-y which may impact
downstream polarization of phagocytic cell populations. Though conflicting data exist on
the ability of murine NK cells to sense Cryptococcus, many studies suggest that NK cells
possess anti-cryptococcal abilities. However, the exact mechanism needs to be examined
further. While intracellular signaling through DAP12 likely impairs NK cell cytotoxicity,
the receptor(s) on NK cells and the fungal ligand(s) are unknown. In comparison to murine
studies, studies on human NK cells have provided substantial evidence on cellular function
during C. neoformans infection.

3.4. Human PBMCs in Culture

Initial studies using NK cells from healthy donors and NK cell cancer cell line YT
established that NK cells can inhibit the growth of C. deneoformans (184A, 145, B3501, and
Cap67), at various effector to target ratios [76-80]. The receptor ligand pair that allow NK
cells to sense fungal cells were identified as activating receptor NKp30 and C. neoformans
cell wall component 3-1,3-glucan [81,82] (Figure 2B). When NKp30 on healthy donor NK
cells engages with 3-1,3-glucan, perforin is polarized to the site [81,82]. Likely due to the
immunological dysfunction caused by HIV, NK cells from donors with HIV have decrease
expression of NKp30 on the cell surface and impaired ability to inhibit the growth of C.
deneoformans (B3501 and Cap67) when compared to NK cells from healthy donors [81-83].
Stimulation with activating cytokine IL-12 and then subsequent exposure to C. deneoformans
(B3501) significantly improves NKp30 expression, anti-cryptococcal effects, and perforin
release by NK cells from donors with HIV [81-83].

The mechanism by which NK cells impair the growth of Cryptococcus relies upon the
cytolytic protein perforin [79,80,84,85] (Figure 2B). Upon exposure to C. deneoformans (B3501
and Cap67), NK cells significantly increase transcription of perforin, when compared to NK
cells alone or to IL-2 and IL-12 stimulated cells [84]. Perforin polarization to the microbial-
immunological synapse involves the phosphorylation of Src family kinases Fyn and Lyn,
upstream of PI3K signaling pathway [80,82,85]. Inhibition of perforin release pathways
or through gene silencing leads to the abolishment of the anti-cryptococcal activity of NK
cells from healthy donors and YT cell line [79,80,84,86].
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Trafficking of cytolytic granules, containing perforin or granulysin, within NK cells
is facilitated by Erg5-kinesin; however, only perforin containing granules are released as
determined by a significant decrease in intracellular concentrations of perforin compared
to granulysin upon exposure to C. deneoformans (B3501) [87]. Lastly, perforin degranulation
appears to be affected by environmental pH, as more acidic pHs enhance the ability of YT
cells to impair the growth of C. deneoformans (B3501) and C. neoformans (H99) compared to
physiological pH [86].

Exposure to C. deneoformans (B3501) reduces the ability of NK cells to secrete the
inflammatory cytokines granulocyte-macrophage colony stimulating factor (GM-CSF) and
TNF-a when compared to NK cells alone [78] (Figure 2B). Unfortunately, IFN-y secretion
was not investigated in human NK cells. Collectively, these data indicate that NK cells
from healthy donors can prevent the growth of C. deneoformans through the release of
perforin at the microbial-immunological synapse via the activating receptor NKp30 sensing
cryptococcal ligand 3-1,3-glucan. Chronic HIV reduces the expression of NKp30 on the cell
surface and thus decreases anti-cryptococcal effects.

3.5. Human Cryptococcal Meningitis

Among NK cells, there are two primary cell subsets based on differentiation and
cellular function: mature CD564™ CD16* cells primarily perform cytotoxicity, while im-
mature CD564™ CD16~ cells produce inflammatory cytokines such as TNF-« and IFN-y,
and the representation of each subset can influence the innate immune response during
infection [71]. Over the course of 14 days of antifungal therapy, studies show significantly
more mature CD569™ NK cells in the blood and immature CD56°"8" NK cells in the CSF
of patients with CM [88]. CD69* CD56%™ and CD69* CD56" 8"t NK cell subsets were
greater in the CSF compared to blood at hospitalization and Day 14 of antifungal treatment,
implying that NK cell subsets in the CSF are active and remain active in the early days of
antifungal treatment [88]. However, it is unclear if said activation is due to fungal antigens,
the CSF cytokine environment, or a combination of both. When compared to peripheral
CD56P1i8ht NK cells, production of the chemokine IP-10 was greater while cytokine TNF-
was reduced in CSF infiltrating CD56P"8" NK cells [88]. Again, IFN-y expression was
not measured.

During IRIS, it was reported that the percentage of NK cells in the CSF significantly
decreases when compared to CM diagnosis, from 6.6% to 0.3%, respectively, though the
proportion of CD56Pright and CD569™ cells remained similar [59]. While the expression
of the exhaustion marker PDL1 on CD56"8" NK cells did not change when patients
developed IRIS, PDL1 expression on CD56%™ NK cells significantly increased indicating
that CD569™ NK cells in the CNS are potentially exhausted [59]. In studies of the bulk
PBMC transcriptome of patients with IRIS, ingenuity pathway analysis of up- and down-
regulated genes determined that genes involved in NK cells signaling were enriched in
patients who develop IRIS 12-24 weeks after initiation of ART; only secondary to genes
involved in Th1 and Th2 signaling [89]. Collectively these data imply that NK cells play an
important role in the immune response long term during IRIS, but the functional ability of
NK cells in the CNS remains to be examined.

3.6. Summary of Human Studies

Human NK cells utilize NKp30 activating receptor to sense fungal ligand 3-1,3-glucan
to engage in cytotoxicity through the release of perforin at the immunological synapse.
NKp30 expression on healthy donors is higher when compared to NK cells from donors
with HIV, yet this deficiency can be overcome with cytokine IL-12 stimulation. While studies
on human NK cells show evidence of anti-cryptococcal effects, findings from murine
studies are not as conclusive. This is potentially related to the receptor repertoire and
functionality differences between murine and human NK cells [71]. Whereas intracellular
signaling through DAP12 impairs murine NK cell function, it is unknown whether a similar
mechanism occurs in human NK cells. Besides NKp30, additional studies need to be
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performed to determine if there are other activating receptors which sense C. neoformans or
if inhibitory receptors play a role in impairing cytotoxicity.

Among NK cell subsets in the CSF, immature CD56°"8"t cells are greater in percentage
compared to mature CD56%™ cells, which implies that secreting inflammatory cytokines
may be an important role for CNS infiltrating NK cells. Similar to murine CD8+ T-cells in the
CSF, the functional role of murine NK cells in the CSF and the subset breakdown is unclear.
Lastly, the utility of alternative cytotoxicity pathways in fungal clearance, specifically
ADCC and damage response signaling through TRAIL/FasL, have not been explored.
While CD8* T-cells and NK cells are the cytotoxic cell populations which have garnered up
much of the attention in the field of C. neoformans, other cytotoxic cell populations such as
y&T-cells, NK T-cells, and cytotoxic CD4+ T-cells have also been studied.

4. Lesser Studied Cytotoxic Cell Populations in Cryptococcosis
4.1. 6 T-Cells in Murine Pulmonary Infection

Though v8T-cells make up a small percentage of total leukocytes, y6T-cells are present
during localized murine pulmonary C. neoformans (clinical isolate YC-13) infection and
the percentage of cells peak approximately 6 days post-infection accounting for roughly
3% of total lymphocytes in the lung [69]. y&T-cells potentially may be detrimental in
controlling fungal growth in the lung as in yYTCR™/~ mice, or with depletion of y5T-cells
during pulmonary C. neoformans (clinical isolate YC-13) infection, the lack of these cells
leads to a reduction in pulmonary CFUs by day 14 of infection [69]. Additionally, depletion
of y6T-cells leads to a significant increase in pulmonary and serum IFN-y levels and no
change in anti-inflammatory Th2 cytokines IL-4 and IL-10 when compared to isotype-
control-treated mice [69]. However, others have noted conflicting findings related to the
ability of y8T-cells to produce IFN-y in the context of cryptococcosis. Pulmonary IFN-y
concentration were reduced in the BALF during y5T-cell depletion, in the context of IL-12
and IL-18 cytokine treatment of C. neoformans (clinical isolate YC-11) infected mice [73].
More studies are needed to clarify the relationship between y6T-cells and IFN-y during
murine pulmonary cryptococcosis.

v8T-cells have also been studied in IL-17~/~ mice vaccination experiments. yoT-
cells are one of the main producers of IL-17A in the lung during C. deneoformans (B3501)
pulmonary infection [90]. In IL-17RA~/~ mice deficient in neutrophils with pulmonary
C. neoformans (H99y) infection, studies show that y5T-cells were the main producer of
IL-17A in the lung and was further confirmed ex vivo [91]. However, y5T-cell depletion
did not impact pulmonary fungal burden, implying that y56T-cells may only be involved
in polarization of T cells [91]. IL-17A is produced by y&T-cell during C. neoformans (H99)
challenge after mutant C. neoformans (Asgl1) vaccination and removal of y3T-cells abrogates
protection from disseminated C. neoformans (H99) post vaccination [92].

To date, the cryptococcal ligand recognized by the ydTCR-cell receptor or other activat-
ing receptors is unknown. It is unclear if y8T-cells have direct anti-cryptococcal effects via
cytotoxicity and, if so, which cytolytic proteins are involved in the process. Lastly, murine
pulmonary studies have not been translated to humans and no formal studies have been
published on y8T-cells in humans with CM.

4.2. NK T-Cells in Murine Pulmonary Infection

V14" NK T-cells (NK T-cells) levels in the murine lung during localized pulmonary
C. neoformans (clinical isolate YC-13) infection peaks at 7-days post-infection at a proportion
of 3.5% of the total pulmonary lymphocytes and partially relies on the MCP-1 chemoat-
tractant signal for localization [69,93]. These NK T-cells are a crucial source of IFN-vy, as
C. neoformans (clinical isolate YC-13) infected NK T-cell deficient mice have significantly
less pulmonary IFN-y compared to infected control mice [93]. NK T-cell deficient mice
have higher pulmonary CFUs 7-, 14-, and 21-days post-infection compared to infected
control mice [93]. Interestingly, NK T-cells in the murine lung are not strong producers of
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IL-17A or IFN-y during C. deneoformans (B3501) infection, suggesting there may be strain or
species differences that influence NK T-cell function [90].

In terms of cytotoxic ability, in vitro and ex vivo assays of murine or human NK T-cells
have not been performed; therefore, the contribution of NK T-cells to fungal clearance is
unknown. Similar to y5T-cells, little is known about the relevance of these cells in humans
and no studies have been published on NK T-cells in human CM.

4.3. Cytotoxic CD4* T-Cells in Human C. neoformans Infection

Studies show that bulk human CD4* T-cells can prevent the growth of acapsular
C. deneoformans (Cap67) in vitro in an IL-2 dependent manner [94]. The cytolytic protein
involved in this process is possibly granulysin, as mRNA levels of granulysin increased
upon culture with acapsular C. deneoformans (Cap67) [94]. It should be noted, however, that
the development of and phenotype of cytotoxic CD4* T-cells have been robustly charac-
terized in the decades since these initial studies were performed in C. deneoformans [95].
Therefore, it is difficult to evaluate the previous study using bulk CD4* T-cells. With the
ability now to fluorescently sort cytotoxic CD4* T-cells based on extracellular receptor
repertoire, revisiting past experiments could provide information on the role of human
cytotoxic CD4* T-cells during cryptococcosis. Studies on murine cytotoxic CD4" T-cells
during pulmonary and disseminated cryptococcal disease have not been performed.

5. Future Directions

As discussed, there are a considerable number of questions to be investigated re-
garding cytotoxic cell populations during murine and human C. neoformans infection. To
assist with addressing these research questions, innovative cellular technologies are being
introduced to the Cryptococcus research community including T-cell receptor engineering,
C. neoformans-specific tetramers, single-cell and bulk-RNA sequencing of host immune and
fungal cells, and murine inducible knockout systems, to name a few.

One such tool is the C. neoformans latent infection model with a clinical isolate. We
can now study immune cell function in an immunocompetent host in a clinically relevant
manner that is similar to human latent infection [9]. Characterizing the phenotype and
function of cytotoxic cell populations in a latent infection model can provide information on
cellular responses and potential targets for immunomodulation. Similarly, investigations
into engineering CD8* T-cells with enhanced ability to target C. neoformans, through the
addition of GXM-specific chimeric antigen receptor, are underway [96-99]. This C. neo-
formans-specific CD8" T-cell adjuvant host directed therapy could be delivered alongside
antifungals and antiretrovirals to improve the host immune response. Other fields have
used similar combinations of therapeutic approaches for treatment of autoimmune and
oncological diseases [100,101].

6. Conclusions

Evidence accumulated over several decades has demonstrated that cytotoxic cell pop-
ulations play an important role in fungal clearance during localized pulmonary infection
and systemic disease. Murine and human studies on CD8" T-cells have shown that CD8*
T-cells utilize a granulysin secreting cytotoxicity pathway at the microbial-immunological
synapse and that CD8" T-cells are a vital source of IFN-y in infected tissues. On the con-
trary, NK cells utilize activating receptor NKp30 to sense {3-1,3-glucan fungal ligand that
elicits cytotoxicity and degranulation of perforin containing granules. Considering the
breath of diversity among activating and inhibitory receptor genes, there remains much
to be studied regarding sensing of fungal cells and receptor signaling in CD8" T-cells and
NK cells [40,102]. Investigations of lesser-known cytotoxic populations, such as y5T-cells,
NK T-cells, and cytotoxic CD4" T-cells are in their infancy and research into the clinical
relevance and usefulness of these cell populations during infection are warranted. With
improvements in flow cytometry and mass cytometry technologies, the potential exists to
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clearly identify rare cell populations, such as these lesser-known cytotoxic cells, even with
a limited clinical sample.

In conclusion, research into cytotoxic cell populations during C. neoformans infection is
a niche ripe for exploration, and as our knowledge on cellular function improves, there is
long-term potential to improve patient morbidity and mortality.
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