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Vaccine protection by Cryptococcus neoformans Δsgl1
is mediated by γδ T cells via TLR2 signaling
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We previously reported that administration of Cryptococcus neoformans Δsgl1 mutant vaccine, accumulating sterylglucosides (SGs)
and having normal capsule (GXM), protects mice from a subsequent infection even during CD4+ T cells deficiency, a condition
commonly associated with cryptococcosis. Here, we studied the immune mechanism that confers host protection during CD4+T
deficiency. Mice receiving Δsgl1 vaccine produce IFNγ and IL-17A during CD4+ T (or CD8+ T) deficiency, and protection was lost
when either cytokine was neutralized. IFNγ and/or IL-17A are produced by γδ T cells, and mice lacking these cells are no longer
protected. Interestingly, ex vivo γδ T cells are highly stimulated in producing IFNγ and/or IL-17A by Δsgl1 vaccine, but this
production was significantly decreased when cells were incubated with C. neoformans Δcap59/Δsgl1 mutant, accumulating SGs but
lacking GXM. GXM modulates toll-like receptors (TLRs), including TLR2. Importantly, neither Δsgl1 nor Δcap59/Δsgl1 stimulate IFNγ
or IL-17A production by ex vivo γδ T cells from TLR2−/− mice. Finally, TLR2−/− animals do not produce IL-17A in response to Δsgl1
vaccine and were no longer protected from WT challenge. Our results suggest that SGs may act as adjuvants for GXM to stimulate
γδ T cells in producing IFNγ and IL-17A via TLR2, a mechanism that is still preserved upon CD4+ T deficiency.
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INTRODUCTION
Invasive fungal infections (IFI) result in ~1.5 million deaths each year
and have become a global health concern1,2. These infections are
primarily caused by environmental fungi, which mainly infect
immunocompromised individuals, such as HIV/AIDS patients3–5,
solid organ transplant recipients6–8, or those taking medication to
control chronic diseases9–12. Cryptococcus neoformans is one of
these environmental fungi with a key fungal virulence characteristic:
the ability to grow and replicate at human body temperature of
37 °C. The emergence of cryptococcal infections in more temperate
climates by tropically-restricted C. neoformans species suggests a
role for climate change, particularly global warming, in increasing
environmental fungal infections13–16. Together with the continual
rise in the global immunocompromised population, the frequency
of cryptococcosis and other IFI is expected to significantly increase
in the future.
Upon inhalation of environmental cryptococcal spores, immuno-

competent hosts normally control the infection, which often remains
asymptomatic, likely forming lung granulomas where fungal cells
remain dormant17–19. Immunocompromised individuals that fail to
contain the initial infection or manage the lung granuloma will
experience uncontrolled fungal replication in the lungs, which may
lead to life-threatening meningoencephalitis if the fungus dissemi-
nates to the central nervous system20–22. Recent epidemiological
studies reported an incidence of ~220,000 new cryptococcal cases/
year with a mortality rate of ~180,000 deaths/year5,23.
The high rate of mortality upon extrapulmonary cryptococcosis in

immunocompromised individuals can be attributed in part to the

poor efficacy, host toxicity, and induced fungal resistance to current
antifungal therapeutics as well as to the total lack of antic-
ryptococcal vaccines24–27. Although there has been ample research
into the development of a fungal vaccine (reviewed in refs. 26,28,29),
none have advanced past the pre-clinical research stage. A major
hurdle to overcome in the development of a vaccine against
C. neoformans is the fact this pathogen infects mostly immuno-
compromised individuals with low or no CD4+ T cells3,11,30. In
addition, vaccine studies should be carried out in animal models
that resemble the immunodeficiency associated with cryptococco-
sis (e.g., lacking CD4+ T cells)23,29,31.
We have previously reported that the deletion of the

sterylglucosidase 1 gene (SGL1) in C. neoformans produced an
avirulent mutant strain (Δsgl1) that accumulates large quantities
of sterylglucosides (SGs) whose levels are undetectable in the
C. neoformanswild-type (WT) strain32. SGs are glycolipids found in
fungi, plants, and algae, but rarely in bacteria and animals33–35.
Prior to our studies, data available on their biological functions
were limited to plants or the fungus Pichia pastoris. Our physio-
pathological studies provided the first evidence on the key role
of Sgl1 on fungal virulence32,36, and our recent structural studies
will enable the rational design of new antifungal agents targeting
Sgl137.
The immunological function of SGs was first suggested in 1996

by Bouic and colleagues33. They reported that the immune
response, in particular the response of murine T helper cells
in vitro, was affected by the administration of a certain plant SG,
sitosterolin (a mixture of sitosterol/sitosterol β-glucoside). More

Received: 3 January 2022 Revised: 3 August 2022 Accepted: 7 August 2022
Published online: 13 October 2022

1Department of Microbiology and Immunology, Stony Brook University, Stony Brook, NY 11794, USA. 2Division of Infectious Diseases, School of Medicine, Stony Brook University,
Stony Brook, NY 11794, USA. 3Veterans Administration Medical Center, Northport, NY 11768, USA. ✉email: maurizio.delpoeta@stonybrook.edu

www.nature.com/mi

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-022-00570-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-022-00570-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-022-00570-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-022-00570-3&domain=pdf
http://orcid.org/0000-0001-8418-3120
http://orcid.org/0000-0001-8418-3120
http://orcid.org/0000-0001-8418-3120
http://orcid.org/0000-0001-8418-3120
http://orcid.org/0000-0001-8418-3120
https://doi.org/10.1038/s41385-022-00570-3
mailto:maurizio.delpoeta@stonybrook.edu
www.nature.com/mi


importantly, the secretion of Th1 cytokines, such as IL-2 and IFNγ,
was increased33. Later, Lee et al. found that Candida albicans-
infected mice treated with plant-derived β-sitosterol glucosides
(daucosterol) survived longer than untreated mice and had
greater numbers of activated splenic lymphocytes compared to
untreated mice38. β-sitosterol glucosides may also play a
protective role in the septic process by mitigating inflammation
in a rat model of sepsis39. Lastly, the effect of β-sitosterol
glucosides on the immune response was also observed in a
human study40. The daily administration of plant β-sitosterol
glucosides (when combined with regular anti-tuberculosis treat-
ment) increased Th1 lymphocyte proliferation and promoted the
recovery of patients with pulmonary tuberculosis. Overall, these
studies strongly suggest that SGs are potent immunomodulators
but the mechanism by which they stimulate the host immune
response remains largely unknown.
When we observed that C. neoformans Δsgl1 was avirulent and

all mice were alive and cleared the mutant, we re-infected them
with WT C. neoformans. We observed complete (100%) host
protection, suggesting that C. neoformans Δsgl1 mutant can be
used as a live, attenuated vaccine32. Subsequent studies showed
that C. neoformans Δsgl1 provided complete host protection
even during CD4+ T cell deficiency41,42. We also identified that
in order to be protective, C. neoformans Δsgl1 must display
on its surface certain antigenic capsular components, such as
glucuronoxylomannan (GXM), because a mutant strain accumu-
lating SGs but lacking the capsule (Δcap59Δsgl1) was no
longer protective36, suggesting that SGs may act as an adjuvant
to GXM.
In this study, we present the immune mechanisms by which

SGs and GXM provide complete host protection in condition of
CD4+ T cell deficiency. We found that the number of IFNγ- and
IL-17A-producing T cells in the lungs were significantly increased
in C. neoformans Δsgl1-vaccinated mice compared to unvacci-
nated mice, even when CD4+ (or CD8+) T cells were depleted.
Vaccine protection was lost when either IFNγ or IL-17A was
neutralized, suggesting an innate immune cell population, such
as γδ T cells, may produce these cytokines responsible for early
host protection. Interestingly, mice lacking γδ T cells completely
lost vaccine protection to the WT challenge, mimicking the
phenotype observed during IFNγ and IL-17A neutralization.
Importantly, γδ T cells robustly produced IFNγ and IL-17A when
incubated with C. neoformans Δsgl1 ex vivo compared to either
the WT or Δsgl1Δcap59 strains. Because capsular GXM has been
reported to bind to toll-like receptors (TLRs), we investigated the
effect of the vaccination strategy in a TLR2−/− mouse model. We
found that γδ T cells isolated from TLR2−/− mice no longer
produced IFNγ or IL-17A in response to C. neoformans Δsgl1
ex vivo or in vivo, and TLR2−/− mice are no longer protected
from the WT strain by C. neoformans Δsgl1 vaccination.
In conclusion, our results suggest that C. neoformans Δsgl1

stimulates γδ T cells to produced IFNγ and IL-17A through a host-
protective interaction between TLR2 and GXM/SGs, an immune
mechanism that is still preserved in condition of CD4+ T cell
deficiency.

RESULTS
Vaccination with C. neoformans Δsgl1 promotes robust IFNγ-
and IL-17A-expressing CD4+ and CD8+ T cells
We have recently shown that vaccination with C. neoformans Δsgl1
required either CD4+ or CD8+ T cells for complete host protection
from the WT strain41. We therefore hypothesized that vaccination
with C. neoformans Δsgl1 must induce protectively polarized
T cells even in condition of CD4+ or CD8+ T cell deficiency. To test
this hypothesis, mice were administered either isotype, anti-CD4,
or anti-CD8 antibodies, and the number of effector cytokine-
producing T cells was quantified at various timepoints during

immunocompetency, CD8-deficiency, and CD4-deficiency (experi-
mental design scheme: Supplementary Fig. 1; flow cytometry
gating strategy: Supplementary Fig. 2).
C. neoformans Δsgl1-vaccinated and unvaccinated immuno-

competent mice (isotype antibody treated) were first assessed for
T cell cytokine responses in both CD4+ (Fig. 1a, b) and CD8+

(Fig. 1c, d) subsets. Primarily, we observed that vaccinated mice
had a significantly greater number of IFNγ- (Fig. 1a, c) and IL-17A-
producing (Fig. 1b, d) T cells than unvaccinated mice, particularly
on day 7 post WT challenge, that subsided to baseline levels by
day 15 or 24 post challenge. We also observed that the number of
IL-13-producing T cells in C. neoformans Δsgl1-vaccinated mice
was less than or equal to that of unvaccinated mice, particularly
post WT challenge (Supplementary Fig. 3A, B). These results
suggest that vaccination with C. neoformans Δsgl1 drives robust
CD4+ and CD8+ T cell responses producing IFNγ and IL-17A in
response to the WT challenge.
We next examined the T cell cytokine expression profile of

vaccinated and unvaccinated mice during immunodeficiency by
quantifying the number of effector cytokine-producing CD4+ T cells
in CD8-depleted mice (Fig. 1e, f) and the number of effector
cytokine-producing CD8+ T cells in CD4-depleted mice (Fig. 1g, h).
In CD8-depleted C. neoformans Δsgl1-vaccinated mice, there was an
earlier and significantly greater number of IFNγ- (Fig. 1e) and IL-17A-
producing (Fig. 1f) CD4+ T cells compared to unvaccinated mice on
day 7 post challenge, which both subsided by day 15. However, the
number of IL-13-producing CD4+ T cells was significantly greater in
unvaccinated mice compared to vaccinated mice at all timepoints
post WT challenge (Supplementary Fig. 3C).
In CD4-depleted C. neoformans Δsgl1-vaccinated mice, there

was also an earlier and significantly greater number of IFNγ-
(Fig. 1g) and IL-17A-producing (Fig. 1h) CD8+ T cells compared to
unvaccinated mice on day 7 post WT challenge, which both
returned to baseline levels by day 15 or 24. Although unvacci-
nated mice had a greater number of IL-13-producing CD8+ T cells
on day 7 post WT challenge, the number of IL-13-producing CD8+

T cells in vaccinated mice were significantly greater on days 15
and 24 post challenge (Supplementary Fig. 3D).
Interestingly, the magnitude of the IFNγ- and IL-17A-producing

CD4+ T cell response was noticeably greater than that of the IFNγ-
and IL-17A-producing CD8+ T cell response (Fig. 1a–d). This same
trend was also apparent for the IFNγ- and IL-17A-producing CD4+

T cell response during CD8-deficiency compared to the IFNγ- and
IL-17A-producing CD8+ T cell response during CD4-deficiency
(Fig. 1e–h), although this difference may possibly be attributed to
experimental variation between different groups of mice. Taken
together, these data suggest that vaccination with C. neoformans
Δsgl1 strongly promotes protective CD4+ or CD8+ T cell responses
in terms of both the effector cytokine secretion profile and the
response time to a WT challenge during immunocompetency,
CD8-deficiency, and CD4-deficiency.

Both IFNγ and IL-17A are required for C. neoformans Δsgl1-
induced host protection
Because we found that both CD4+ and CD8+ T cells were potent
sources of IFNγ and IL-17A post WT challenge during immuno-
competency, CD8-deficiency, and CD4-deficiency in C. neoformans
Δsgl1-vaccinated mice, we asked if these cytokines themselves
were essential for host protection in C. neoformans Δsgl1-
vaccinated mice.
Mice were neutralized of either IFNγ or IL-17A via intraper-

itoneal administration of monoclonal antibodies specific for each
respective cytokine prior to vaccination and continued for the
entirety of the experiment to maintain their absence. We first
investigated mouse survival during administration of C. neofor-
mans Δsgl1 and found that all mice depleted of both CD4+ T cells
and IFNγ fatally succumbed to C. neoformans Δsgl1 (Supplemen-
tary Fig. 4A). Thus, it was not possible to subsequently test the

T.G. Normile et al.

1417

Mucosal Immunology (2022) 15:1416 – 1430



effect of WT challenge under this condition. For the other cytokine
neutralization conditions, we found that all vaccinated and
unvaccinated mice neutralized of IFNγ fully succumbed to WT
challenge within 20 days in either the presence (Fig. 2a) or
absence (Fig. 2b) of CD4+ or CD8+ T cells. Additionally, while all

unvaccinated mice fully succumbed to infection in the absence of
IL-17A, vaccinated mice neutralized of IL-17A in either the
presence (Fig. 2a) or absence (Fig. 2b) of CD4+ or CD8+ T cells
exhibited a ~35% survival rate 60 days post WT challenge.
However, endpoint organ fungal burden analysis confirmed that

a b c d

e f g h

Fig. 1 Vaccination with C. neoformans Δsgl1 drives T cell polarization towards a protective type 1/17 response in immunocompetent,
CD4-deficient, and CD8-deficient mice. CBA/J mice (n= 6 mice/group/timepoint) were administered isotype (a–d), anti-CD8 (e, f), or anti-CD4
(g, h) antibodies. Mice then received either C. neoformans Δsgl1 (white symbols) or PBS (black symbols). After 30 days, mice were challenged
with C. neoformans WT (day 0). On days −15, −1, 7, 15, and 24, mice were assessed for T cell-derived cytokines (IFNγ, IL-17A) via intracellular
cytokine staining. Graphed data represents the mean ± SD from 2 independent experiments (n= 3 mice/group/timepoint for each biological
replicate). Representative flow cytometry plots for days −1 and 7 for each group are shown, which were gated from live, CD45+ singlets
(gating scheme shown in Supplementary Fig. 2). Significance was determined by a two-way ANOVA using Šídák’s multiple comparisons test
for P value adjustment, and significance is denoted as *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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the surviving vaccinated mice had profound extrapulmonary
fungal dissemination to the brain, spleen, liver, and kidneys
indicating a lack of lung containment in the absence of IL-17A
(Supplementary Fig. 4B, C). Overall, these data suggest that both
IFNγ and IL-17A were required for complete host protection and
pulmonary containment of the WT strain in C. neoformans Δsgl1-
vaccinated mice regardless of T cell immunodeficiency.
Because we observed a ~35% survival rate for vaccinated mice

neutralized of IL-17A, we wanted to further assess the necessity
of IL-17A via a WT challenge in C. neoformans Δsgl1-vaccinated
mice depleted of neutrophils, the main effector cell working in
an IL-17-directed mechanism. In concert with the IL-17A
neutralization experiments, vaccinated mice depleted of neu-
trophils partially succumbed to the WT challenge resulting in a
30% survival rate (Supplementary Fig. 4D) closely mirroring host
survival when IL-17A was neutralized (Fig. 2a, b). Therefore,
these data suggest that neutrophils functioning through IL-17A
provide essential host protection upon WT challenge in C.
neoformans Δsgl1-vaccinated mice.

C. neoformans Δsgl1-vaccinated mice exhibit a robust γδ T cell
response
Since both IFNγ and IL-17A were found to be independently
required for complete host protection in C. neoformans Δsgl1-
vaccinated mice (Fig. 2a, b), we hypothesized that there must be
other significant cellular sources of these host-protective cytokines
working earlier on in the lungs prior to the adaptive CD4+ and/or
CD8+ T cell responses. The hypothesized cell type must (i) not be
lost during CD4+ and/or CD8+ T cell depletion conditions, (ii) not

be lost during any prior depletion condition in our previous study
regarding the avirulence of C. neoformans Δsgl1 during immuno-
compromised conditions41, and (iii) be a potent innate source of
IFNγ and/or IL-17A.
Abiding by these conditions, γδ T cells were investigated since

they are an innate-like lymphocyte population that have been
well-documented to produce IFNγ and IL-17A in response
to antigen encounter at mucosal barrier tissues, such as the
intestines, skin, and lungs43–45, and were not targeted by any of
the antibody depletions carried out in our prior study41. Thus,
we examined the recruitment of γδ T cells to the lungs via flow
cytometry (flow cytometry gating strategy: Supplementary Fig. 5)
in C. neoformans Δsgl1-vaccinated and unvaccinated mice
during immunocompetent (Fig. 3a), CD8-deficient (Fig. 3b),
or CD4-deficient (Fig. 3c) conditions both pre and post WT
challenge. Primarily, all immunocompetent, CD8-deficient, and
CD4-deficient mice administered C. neoformans Δsgl1 displayed
significantly greater numbers of γδ T cells on day −15 compared
to unvaccinated mice indicating that γδ T cells actively
responded to C. neoformans Δsgl1. Additionally, significantly
greater numbers of γδ T cells were observed for all C.
neoformans Δsgl1-vaccinated mice regardless of depletion status
on day 7 post WT challenge as well (Fig. 3a–c), and the numbers
of γδ T cells all subsided to baseline levels by day 15 post WT
challenge. Overall, these data suggest that vaccination with C.
neoformans Δsgl1 stimulates a robust recruitment of γδ T cells
to the lungs independent of CD4+ or CD8+ T cells during
the vaccine administration stage and more importantly post WT
challenge.

Fig. 2 Host protection from C. neoformans Δsgl1 vaccination is lost in the absence of IFNγ or IL-17A. CBA/J mice (n= 8–10 mice/group)
were neutralized of specific cytokines and/or cell types (as indicated in the figure legends) prior to vaccination with C. neoformans Δsgl1 (white
symbols) or PBS controls (black symbols), and neutralizations continued for the entirety of the experiment at noted intervals. a, b. Vaccinated
and unvaccinated mice were challenged with C. neoformans WT strain and assessed for survival during specific cytokine neutralization (a) or
cytokine neutralization during either CD4 or CD8 T cell deficiency (b). Survival significance was determined by the Mantel–Cox log-rank test,
and denoted on each graph: a. #P < 0.001 for Δsgl1/Isotype → WT vs. Δsgl1/anti-IL-17A → WT; b. %P < 0.001 for Δsgl1/Isotype → WT vs. Δsgl1/
anti-CD4 + anti-IL-17A → WT or Δsgl1/anti-CD8 + anti-IL-17A → WT.
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γδ T cells are essential for host protection in C. neoformans
Δsgl1-vaccinated mice
Since we observed a robust γδ T cell response during both
administration of C. neoformans Δsgl1 and post WT challenge in
vaccinated mice, we then investigated whether γδ T cells were
required for host protection using TCRδ−/− mice genetically
lacking γδ T cells. We first found that TCRδ−/− mice were unable to
clear C. neoformans Δsgl1 from the lungs by day 28 post
administration (Fig. 3d). In addition, significantly increased
extrapulmonary dissemination of the mutant was observed in
the brain, spleen, liver, and kidneys beginning as early as day 3

post administration (Supplementary Fig. 6). Because these mice
had not exhibited any mortality to the mutant and fungal
clearance was previously shown to not be necessary for host
protection41, C. neoformans Δsgl1-vaccinated TCRδ−/− mice were
subsequently challenged with the WT strain and assessed for
survival. All vaccinated TCRδ−/− mice fatally succumbed to the WT
infection at a similar rate to unvaccinated TCRδ−/− mice (Fig. 3e).
These data suggest that γδ T cells are essential for both initial host
clearance and containment of C. neoformans Δsgl1 as well as
protection of C. neoformans Δsgl1-vaccinated mice against a lethal
WT challenge.

Fig. 3 γδ T cells are required for the clearance of C. neoformans Δsgl1 and elicited host vaccine protection. CBA/J mice (n= 6 mice/group/
timepoint) were administered isotype (a), anti-CD8 (b), or anti-CD4 (c) antibodies then received either C. neoformans Δsgl1 (white symbols) or
PBS (black symbols). After 30 days, mice were challenged with C. neoformans WT (day 0). On days −15, −1, 7, 15, and 24, the number of γδ
T cells in the lungs were quantified via flow cytometry. d. Lung fungal burden was assessed in C57BL/6 or TCRδ−/− mice at set timepoints
during inoculation with C. neoformans Δsgl1 (n= 3–6 mice/group/timepoint). e. Survival of C. neoformans Δsgl1-vaccinated or unvaccinated
(PBS controls) C57BL/6 or TCRẟ−/− mice upon lethal WT challenge (n= 10 mice/group). Graphed data represents the mean ± SD from 2
independent experiments (n= 3 mice/group/timepoint for each biological replicate) (a–c) or survival percentage of challenged mice (e).
Representative flow cytometry plots for day 7 for each group are shown, which were gated from live, CD45+ singlets (gating scheme shown in
Supplementary Fig. 5). Significance was determined by a two-way ANOVA using Šídák’s multiple comparisons test for P value adjustment
(a–d), and significance is denoted as *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. The Mantel-Cox log-rank test was used to determine
survival significance on graph e: #, P < 0.001 for C57BL/6 Δsgl1 → WT vs. TCRẟ−/− Δsgl1 → WT.
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γδ T cells produce both IFNγ and IL-17A in response to live or
HK C. neoformans Δsgl1 ex vivo
Since γδ T cells were found to be required for both host control of
C. neoformans Δsgl1 and vaccine protection from the WT strain, we
investigated whether γδ T cells directly produced IFNγ or IL-17A in
response to C. neoformans Δsgl1. To test this, spleens were
harvested from uninfected TCRβ−/− mice, which genetically lack
CD4+ and CD8+ T cells and consist mainly of γδ T cells, and these
splenocytes were cultured ex vivo with plate-bound anti-TCRγδ.
Due to the small number of circulating or tissue-resident γδ T cells
in uninfected, naive mice, the spleens were the greatest source of
γδ T cells for both number and origin for lung-recruited γδ T cells
post infection. The cultured splenocytes were stimulated with the
following fungal strains: (i) C. neoformans WT, which produces
capsular GXM but does not accumulate SGs; (ii) C. neoformans
Δsgl1, which produces GXM and accumulates SGs; or (iii) C.
neoformans Δcap59Δsgl1, which is an acapsular strain that does
not produce GXM but accumulates SGs. Supernatants were
collected on days 1, 3, and 5 post stimulation and examined for
IFNγ and IL-17A production via ELISA.
We found a significant increase in IFNγ production when

splenocytes were stimulated with C. neoformans Δsgl1 compared
to either the WT or C. neoformans Δcap59Δsgl1 strains on day 3
and to the WT strain on day 5 post stimulation (Fig. 4a). Similarly,
significantly greater production of IL-17A was observed during
stimulation with C. neoformans Δsgl1 compared to the WT strain
on days 3 and 5 post stimulation (Fig. 4b). These data suggest that
splenocytes from TCRβ−/− mice, mainly consisting of γδ T cells,
recognize and functionally respond better to C. neoformans Δsgl1
compared to the WT or C. neoformans Δcap59Δsgl1 via the
production of both IFNγ and IL-17A.
C. neoformans Δsgl1 has indeed been shown to induce robust

host immunity32,36,41, but a live, attenuated vaccine strain does
not provide sufficient clinical application. We have recently
shown that heat-killed (HK) C. neoformans Δsgl1 provided full
host protection during immunocompetency or immunodefi-
ciency42, so we asked if stimulation with HK C. neoformans Δsgl1
would also result in the significant production of these
protective cytokines. Utilizing the same experimental procedure
performed with the live strain stimulation of murine splenocytes,
we cultured splenocytes from TCRβ−/− mice ex vivo with
identical HK preparations of the same three strains and
quantified the resultant production of IFNγ and IL-17A. Very
interestingly, we found that stimulation with HK C. neoformans
Δsgl1 exhibited significantly greater production of IFNγ com-
pared to the HK WT strain on day 5 post stimulation (Fig. 4c) and
significantly greater production of IL-17A compared to both the
HK WT strain and HK C. neoformans Δcap59Δsgl1 on days 3 and 5
post stimulation (Fig. 4d). Of noteworthiness, the magnitude of
cytokine production from TCRβ−/− splenocytes was ~3-fold
greater for both IFNγ and IL-17A from stimulation with the HK
strains compared to the live strains (Fig. 4a–d). Taken together,
these data suggest that TCRβ−/− splenocytes responded to
both live and HK C. neoformans Δsgl1 stimulation ex vivo
with significantly greater production of both IFNγ and IL-17A
compared to the non-protective WT or C. neoformans
Δcap59Δsgl1 strains.

TCRγδ crosslink is not necessary for the protective cytokine
production from ex vivo stimulation with C. neoformans Δsgl1
We have uncovered that TCRβ−/− splenocytes predominately
made up of by γδ T cells produced significantly increased
concentrations of IFNγ and IL-17A, but we wanted to know if (i)
this response was due to the heterogeneous population of
leukocytes within the spleen and (ii) if the crosslink of the γδTCR
via the plate-bound antibody was the driving force of the
observed response. To answer these questions, we purified γδ
T cells from uninfected TCRβ−/− spleens and cultured these

purified cells with or without plate-bound anti-TCRγδ antibody
with stimulation by the same three strains used previously.
Similarly to the crude spleen preparations, we found that

stimulation of γδ T cells with C. neoformans Δsgl1 produced
significantly greater concentrations of IFNγ (Fig. 4e) and IL-17A
(Fig. 4f) on days 3 and 5 compared to stimulation with any other
condition. Very interestingly, we did not observe a statistical
difference in IFNγ or IL-17A production between the presence or
the absence of plate-bound anti-TCRγδ antibody for any stimulation
conditions on day 3. Differences in cytokine production were
observed within the stimulation conditions with or without plate-
bound antibody on day 5 post stimulation for the control PBS-
stimulated cells and C. neoformans Δsgl1-stimulated cells (Fig. 4e, f).
Moreover, this same trend was observed for purified γδ T cells with
HK C. neoformans Δsgl1 compared to the other HK strains, where the
presence or absence did not influence day 3 production differences
but was observed on day 5 (Supplementary Fig. 7A, B). Taken
together, these data suggest that γδ T cells can directly respond to C.
neoformans Δsgl1 ex vivo with robust production of IFNγ and IL-17A
without the need for crosslink of the γδTCR.

γδ T cells require TLR2 for the production of IFNγ and IL-17A
in response to C. neoformans Δsgl1
Since we have uncovered that γδ T cells can directly respond to C.
neoformans Δsgl1 without the need for TCR crosslinking, we then
sought to determine the mechanism by which γδ T cells
recognized C. neoformans Δsgl1 through the exploration of host
pattern recognition receptors (PRRs). To our knowledge, there are
no reports in the literature of PRRs interacting with fungal-derived
SGs. However, there are numerous studies in the literature
reporting that GXM from virulent strains, such as the WT C.
neoformans strain H99 used in this study, displayed immunosup-
pressive properties by dampening the pro-inflammatory host
immune response of phagocytes and T lymphocytes. With regards
to this, toll-like receptor (TLR) 2 and TLR4 are host PRRs that have
been shown to exhibit attenuated responses due to interaction
with GXM but are also known to be host PRRs responsible for the
production of pro-inflammatory cytokines from γδ T cells44,46–50. In
particular, TLR2 ligation primarily leads to the production of IL-17A
from γδ T cells, so TLR2 was chosen to be investigated as a
potential mechanism for the host-protective cytokine production
upon administration of C. neoformans Δsgl1.
To test the necessity of TLR2 on γδ T cells for the recognition of

C. neoformans Δsgl1 and subsequent production of IFNγ and IL-
17A, we utilized two ex vivo approaches. First, we purified γδ
T cells from the spleens of C57BL/6 and TLR2−/− mice, cultured
them ex vivo with plate-bound anti-TCRγδ, and stimulated them
with live or HK C. neoformans WT, C. neoformans Δsgl1, or C.
neoformans Δcap59Δsgl1 (Fig. 5a–d). Intriguingly, there was a
significantly attenuated IFNγ response in TLR2−/− stimulated γδ
T cells compared to the γδ T cells from C57BL/6 for both live strain
stimulation on days 3 and 5 post stimulation (Fig. 5a) and HK
stimulation on days 1, 3, and 5 post stimulation (Fig. 5c), although
the levels of IFNγ still displayed an increasing trend from day 1 to
day 5 post stimulation with live or HK C. neoformans Δsgl1. On the
other hand, there was a significant difference between the IL-17A
response in TLR2−/− stimulated γδ T cells compared to the γδ
T cells from C57BL/6 for both live strain stimulation on days 1, 3,
and 5 post stimulation (Fig. 5b) and HK stimulation on days 3 and
5 post stimulation (Fig. 5d). However, unlike the IFNγ response, the
measured IL-17A response was completely ablated in TLR2−/− γδ
T cells during all timepoints and stimulation conditions including
C. neoformans Δsgl1. These data clearly suggest that TLR2 plays a
contributing role in IFNγ production and a vital role in IL-17A
production by murine γδ T cells in the recognition and host-
protective response to SGs and GXM from C. neoformans Δsgl1.
Second, we utilized a co-culture approach to determine the

necessity of TLR2 on γδ T cells compared to other antigen
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presenting cells (APCs) for the observed protective host cytokine
response. As an intermediate cell population in our γδ T cell
purification protocol, we exclude CD11b+ leukocytes made up
of APCs. We then cultured CD11b+ APCs from C57BL/6 mice
(TLR2+/+ APCs) with TLR2−/− γδ T cells and vice versa (TLR2−/−

APCs with TLR2+/+ γδ T cells) with all stimulation conditions for
the production of IFNγ and IL-17A (Fig. 5e, f and Supplementary
Fig. 8). Similarly to the purified γδ T cell experiments above, we
observed an attenuated IFNγ response only when TLR2−/− γδ
T cells were cultured with TLR2+/+ APCs and stimulated with the
various live or HK culture conditions (Fig. 5e and Supplementary

Fig. 8A), but this was not observed for the opposite conditions
(TLR2+/+ γδ T cells with TLR2−/− APCs) where C. neoformans Δsgl1
elicited the greatest cytokine response. The same was observed
for the production of IL-17A where TLR2 was only necessary
on the γδ T cells but not the APCs (Fig. 5f and Supplementary
Fig. 8B). In all cases, there was a normal rate of production of IFNγ
or IL-17A when stimulated with C. neoformans Δsgl1 in conditions
of TLR2+/+ γδ T cells even though TLR2 was absent on the co-
cultured APCs. Taken together, TLR2 is required on γδ T cells for
the observed production of IFNγ and IL-17A in response to live or
HK C. neoformans Δsgl1.

Fig. 4 γδ T cells respond to C. neoformans (Cn) Δsgl1 via the production of IFNγ and IL-17A. a–d. Splenocytes from uninfected TCRβ−/−

mice were processed and cultured ex vivo with plate-bound anti-TCRγδ. These cultured cells were stimulated with PBS, live C. neoformans WT,
C. neoformans Δsgl1, or C. neoformans Δcap59Δsgl1 (a, b) or PBS, heat-killed (HK) C. neoformansWT, HK C. neoformans Δsgl1, or HK C. neoformans
Δcap59Δsgl1 (c, d). On days 1, 3, and 5 post stimulation, supernatants were collected and assessed for production of IFNγ (a, c) or IL-17A (b, d)
via ELISA. e, f. γδ T cells were purified from the spleens of uninfected C57BL/6 mice via MACS separation kit and cultured ex vivo with (+) or
without (−) plate-bound anti-TCRγδ, stimulated with PBS, live C. neoformans WT, C. neoformans Δsgl1, or C. neoformans Δcap59Δsgl1, and
assessed for IFNγ (e) and IL-17A (f) production on days 1, 3, and 5 post stimulation. Graphed data represents the mean ± SD and are
representative of 2 independent experiments (n= 3 mice/group/timepoint for each biological replicate) (a–d) or a single replicate of n= 3
mice/group/timepoint (e, f). Significance was determined by a two-way ANOVA using Šídák’s multiple comparisons test for P value
adjustment, and significance is denoted as *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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γδ T cells are the main producers of IL-17A in response to
C. neoformans Δsgl1 and WT challenge
Because we have now uncovered a potential mechanistic role for
TLR2 in the host-protective response to C. neoformans Δsgl1 ex vivo,
we then investigated the role of TLR2 on host vaccine protection by
C. neoformans Δsgl1 to WT challenge in vivo. We utilized intracellular
cytokine staining in C57BL/6 and TLR2−/− mice both early on post
C. neoformans Δsgl1 administration (Fig. 6a–c) and early on post WT
challenge (Fig. 6d–f). Compared to uninfected mice, there was an
observable increase in the total number of γδ, CD4+, and CD8+

T cells 3 days post C. neoformans Δsgl1 administration (Day −27;

Fig. 6a, b). However, although the total number of γδ T cells was not
different between C57BL/6 and TLR2−/− mice, the number of
IL-17A-producing γδ T cells was significantly greater in C57BL/6
compared to TLR2−/− mice, while there were no differences in the
numbers of cytokine-producing CD4+ or CD8+ T cells (Fig. 6b).
Furthermore, by day 7 post C. neoformans Δsgl1 administration
(Day −23), there is a continual increase in the number of γδ, CD4+,
and CD8+ T cells although γδ T cells remain as the dominant
population of IL-17A-producing cells (Fig. 6c).
When we look at the WT challenge phase, we first observed that

the total number of γδ, CD4+, and CD8+ T cells had decreased by

Fig. 5 Role of toll-like receptor 2 (TLR2) on C. neoformans (Cn) Δsgl1-induced cytokine production by γδ T cells ex vivo. a–d. γδ T cells
were purified from the spleens of uninfected C57BL/6 or TLR2−/− mice via MACS separation kit and cultured ex vivo with plate-bound anti-
TCRγδ. These cultured cells were stimulated with live C. neoformans WT, C. neoformans Δsgl1, or C. neoformans Δcap59Δsgl1 (a, b) or heat-killed
(HK) C. neoformansWT, HK C. neoformans Δsgl1, or HK C. neoformans Δcap59Δsgl1 (c, d). On days 1, 3, and 5 post stimulation, supernatants were
collected and assessed for production of IFNγ (a, c) or IL-17A (b, d) via ELISA. e, f. γδ T cells were purified from the spleens of uninfected
C57BL/6 (TLR2+/+) or TLR2−/− mice via MACS separation kit and co-cultured ex vivo with plate-bound anti-TCRγδ. TLR2+/+ γδ T cells were
cultured with TLR2−/− antigen presenting cells (APCs) or TLR2−/− γδ T cells were cultured with TLR2+/+ APCs, stimulated with PBS, live C.
neoformansWT, C. neoformans Δsgl1, or C. neoformans Δcap59Δsgl1, and assessed for IFNγ (e) and IL-17A (f) on days 1, 3 and 5 post stimulation.
Graphed data represents the mean ± SD and are representative of 2 independent experiments (n= 3 mice/group/timepoint for each
biological replicate) (a–d) or a single replicate of n= 3 mice/group/timepoint (e, f). Significance was determined by a two-way ANOVA using
Šídák’s multiple comparisons test for P value adjustment, and denoted as *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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~3–5-fold in C57BL/6 mice and was significantly lower than the
total number of these cells in TLR2−/− mice 1 day prior to WT
challenge (Fig. 6d). Nonetheless, there was no difference in
the cytokine-producing T cell numbers between the two groups
of mice. By days 3 and 7 post WT challenge, the total numbers of
γδ, CD4+, and CD8+ T cells in C57BL/6 mice have increased
significantly compared to in TLR2−/− mice (Fig. 6e, f). Moreover, γδ
T cells remained as the dominant IL-17A-producing cell type
although CD4+ T cells begin to rapidly increase from day 3 to day
7. Regardless of the vaccination or challenge phases, CD8+

T cells were not observed as significant cytokine-producing cells in
C57BL/6 compared to TLR2−/− mice. Ultimately, these data
suggest that γδ T cells are a major source of IL-17A production
in vivo and TLR2−/− mice lose the cytokine response of these cells
to either C. neoformans Δsgl1 or the WT strain.

Vaccination with C. neoformans Δsgl1 requires TLR2 for host
protection
Since we found that TLR2−/− mice lacked a proper IFNγ and IL-17A
response in vivo, we first wanted to assess the role of TLR2 on the
clearance and containment of C57BL/6 and TLR2−/− mice post C.
neoformans Δsgl1 administration. Both C57BL/6 and TLR2−/− mice
displayed 100% survival at the 30 day experimental endpoint
(Supplementary Fig. 9A). However, while all C57BL/6 mice cleared
C. neoformans Δsgl1 from the lungs with no observed extra-
pulmonary fungal dissemination, TLR2−/− mice displayed a large
fungal burden in the lungs as well as significant extrapulmonary
dissemination to the brain, spleen, liver, and kidneys (Supplemen-
tary Fig. 9B) suggesting that TLR2 is required for host clearance and
containment of our mutant to the lungs. Next, we then assessed the
survival of C. neoformans Δsgl1-vaccinated and unvaccinated

C57BL/6 or TLR2−/− mice against a WT challenge, and we found
that vaccinated TLR2−/− mice fully succumbed to fatal WT infection
at a similar rate to unvaccinated TLR2−/− mice (Fig. 7). Together,
these data strongly suggest that host vaccination with C. neofor-
mans Δsgl1 requires TLR2 for both control of C. neoformans Δsgl1
and protection against the WT strain.

Fig. 7 Toll-like receptor 2 (TLR2) is required for C. neoformans
Δsgl1-induced host protection. Survival of C. neoformans Δsgl1-
vaccinated or unvaccinated (PBS controls) C57BL/6 or TLR2−/− mice
upon lethal WT challenge (n= 10 mice/group). Graphed data
represent the mice survival percentage. The Mantel–Cox log-rank
test was used to determine survival significance: #P < 0.001 for C57BL/
6 Δsgl1 → WT vs. TLR2−/− Δsgl1 → WT.

Fig. 6 Toll-like receptor 2 (TLR2) is required in vivo for protective cytokine-producing γδ T cells to C. neoformans Δsgl1. C57BL/6 (black
symbols) or TLR2−/− (white symbols) were administered C. neoformans Δsgl1 and assessed for T cell-derived cytokines via intracellular cytokine
stimulation on days −30 (uninfected; a), −27 (b), and −23 (c). 30 days after C. neoformans Δsgl1 administration, mice were challenged with C.
neoformans WT and assessed for T cell-derived cytokines via intracellular cytokine stimulation on days −1 (unchallenged; d), 3 (e), and 7 (f). At
all timepoints, mice were assessed for the total number of γδ T, CD4+, and CD8+ T cells as well as the number of IFNγ- or IL-17A-producing
subsets of these cells. Graphed data represent the mean ± SD and are representative of 1–2 independent experiments (n= 3–6 mice/
timepoint/group). Significance was determined by a two-way ANOVA using Šídák’s multiple comparisons test for P value adjustment, and
denoted as *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001.

T.G. Normile et al.

1424

Mucosal Immunology (2022) 15:1416 – 1430



DISCUSSION
In this study, we provide evidence for the underlying immune
mechanism of host vaccine protection by C. neoformans Δsgl1
during the predisposing condition of cryptococcosis (CD4+ T cell
deficiency). Overall, our data support that SGs act as immunoad-
juvants to GXM in promoting an early host-protective immune
response mediated by γδ T cells via the production of IFNγ and IL-
17A in a TLR2-dependent mechanism.
A proposed mechanistic model for C. neoformans Δsgl1-induced

vaccine protection in the host is illustrated in Fig. 8. Upon
inhalation of C. neoformans Δsgl1 into the alveolar spaces of the
lungs, γδ T cells quickly recognize and respond to the SGs and
GXM from C. neoformans Δsgl1 with robust production of IFNγ and
IL-17A through a TLR2-dependent mechanism sparking an early
pro-inflammatory response in the lungs and effector leukocyte
recruitment including neutrophils. These γδ T cells and recruited
effector cells temporarily control the proliferation and lung
containment of C. neoformans Δsgl1 until the protectively
polarized IFNγ- and IL-17A-producing CD4+ and/or CD8+ T cells
migrate back to the lungs solidifying full host control of the
mutant. Following host control of the mutant, there is a decrease
of inflammatory cytokines and effector cells in the lungs, but a
small percentage of αβ and γδ T cells remain as IFNγ- and IL-17A-
producing memory T cells. These memory T cells rapidly respond
to the WT challenge via the production of IFNγ and IL-17A arming
recruited neutrophils for complete host control of the WT strain in
immunocompetent, CD4-deficient, or CD8-deficient mice.
Only a limited number of studies have previously focused on

the immunogenic properties of SGs, and all of the work was

conducted using plant-derived SGs. Nonetheless, these com-
pounds have been shown to stimulate Th1 CD4+ T cell
proliferation33, prolong the survival of mice in a model of
disseminated candidiasis38,51, work as adjuvants by improving
the efficacy of anti-tuberculosis treatments in human patient
clinical trials40, and display anti-cancer activity by inhibiting tumor
invasion and increasing drug effectiveness52. Interestingly, we
observed an improved protective lymphocyte response defined
by type 1 (IFNγ-producing) and type 17 (IL-17A-producing)
polarized CD4+ and/or CD8+ T cells as well as noncanonical γδ
T cells upon administration of C. neoformans Δsgl1, which
accumulates fungal-derived SGs, compared to these previous
studies using plant-derived SGs.
While the protective nature of SGs in the work by Lee et al.38 and

Lee and Han51 was also dependent on IFNγ, since all mice depleted
of IFNγ prior to SGs administration fully succumbed to infection
similar to what we observed here, both immunocompetent and
CD4-deficient mice exhibited only ~60–70% survival in these
studies while we show complete (100%) survival in both of these
conditions. This difference may possibly be attributed to the
administration route of the plant-derived SGs in the work by Lee
et al.38 and Lee and Han51. Both administered the SGs intraper-
itoneally, bypassing any mucosal barrier tissue where γδ T cells
would be found and optimally function. Future investigation into
the protective nature of fungal-derived SGs alongside another
pulmonary invasive fungal pathogen, such as Aspergillus fumigatus,
is warranted to explore the pan-fungal efficacy of fungal-derived
SGs in antifungal vaccine formulations. Overall, these data suggest
that the fungal-derived SGs during administration of C. neoformans

Fig. 8 Graphical model illustrating the immune mechanism of host vaccination by C. neoformans (Cn) Δsgl1. Upon intranasal
administration of C. neoformans Δsgl1, the yeast cells travel down the bronchioles into the alveoli (1) encountering resident alveolar
macrophages (AM), dendritic cells (DCs), and γδ T cells. Both sterylglucosides (SGs) and the glucuronoxylomannan (GXM)-rich capsule of C.
neoformans Δsgl1 can be found on the surface of yeast cells or/and in the extracellular environment. γδ T cells recognize and respond directly
to C. neoformans Δsgl1 via a toll-like receptor 2 (TLR2)-directed mechanism (2) producing the host-protective cytokines IFNγ and IL-17A
leading to a pro-inflammatory lung cytokine environment with augmented leukocyte recruitment to the lungs (3) including neutrophils and
monocytes that mediate early host control by limiting C. neoformans Δsgl1 replication. Antigen-presenting cells (APCs) become activated,
phagocytose the yeast, and travel to the lung-draining lymph node to prime naive CD4+ or CD8+ T cells when CD4+ T cells are absent (4). The
naive T cells differentiate into protectively polarized IFNγ- and IL-17A-producing T cells and travel to the lungs (5) resulting in the pulmonary
clearance of the mutant. While most recruited leukocytes die upon resolution of the inflammatory response, a small percentage of αβ and γδ
T cells become host-protective memory T cells (6) that rapidly respond upon a subsequent WT challenge, promptly producing both IFNγ and
IL-17A and conferring strong vaccine protection. Graphical illustration created with BioRender.com.
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Δsgl1 provided an enhanced cellular response and increased host
survival than the plant-derived SGs in the context of antifungal
protection.
We hypothesized that SGs work as an immunoadjuvant to GXM

to produce the observed protective host immune response. It is
noteworthy to mention that Lee et al.38 and Lee and Han51 also
solely administered the plant-derived SGs prior to infection and
not concurrently with the yeast. If SGs are working as an
immunoadjuvant through a T cell-directed mechanism as we
hypothesize, the adjuvant should be administered alongside the
infection to allow for the generation of optimal host immunity to
the immunogenic components of the pathogenic yeast. Never-
theless, we have shown here that the combination of SGs and
GXM (C. neoformans Δsgl1) produced significant and robust
cytokine responses by γδ T cells compared to either GXM alone
(C. neoformans WT) or SGs alone (C. neoformans Δcap59Δsgl1)
confirming prior findings that both SGs and GXM are required for
host protection36.
The capsule of C. neoformans is made up of GXM, galactox-

ylomannan, and mannoproteins53,54, although GXM comprises
~90% of the capsule by mass. GXM is composed of an α(1,3)
mannose backbone with β(1,2) and β(1,4) xylose and β(1,2)
glucuronic acid substitutions53,55 that vary depending on the
serotype of Cryptococcus and hence antigenic differences56–58.
These serotypes include A, B, C, D, and AD, which differentially
group C. neoformans (serotypes A, D, and AD) and C. gattii
(serotypes B and C), and the various Cryptococcus serotypes exhibit
differing degrees of virulence. Intriguingly, C. neoformans Δsgl1 has
been shown to exhibit serotype-independent protection since
C. neoformans Δsgl1-vaccinated mice have been shown to be
protected from both the highly-virulent WT C. neoformans strain
H99 serotype A and C. gattii strain R265 serotype B32. However,
investigating the efficacy of SGs as an immunoadjuvant with each
individual component of GXM for C. neoformans Δsgl1 to induce
host protection is warranted and currently underway in our lab. This
work will allow for the potential production of a more clinically
relevant subunit-based vaccine strategy using synthetic formula-
tions of only the necessary fungal components in the future.
Type 1 polarized CD4+ T cells have been well-documented to

be essential in orchestrating host protection against WT C.
neoformans59–63. Given that HIV/AIDS patients are at high risk
for cryptococcosis due to CD4+ T cell lymphopenia3,64, the role of
type 1 CD4+ polarized T cells in mediating host protection is
undeniable. Although we have reported that either T cell subset
sufficiently provided complete protection with no extrapulmonary
dissemination after C. neoformans Δsgl1 vaccination41, we have
now discovered that CD4+ T cells exhibit a more robust response
compared to CD8+ T cells (Fig. 1). A greater number of type 1 and
type 17 polarized CD4+ compared to CD8+ T cells was observed
during immunocompetency (Fig. 1a–d) and during T cell
immunodeficiency as well (Fig. 1e–h). However, the IL-17A-
producing T cell responses observed in immunocompetent or
CD8-deficient mice was attenuated in CD4-deficient mice, which
was the only condition where the C. neoformans Δsgl1-vaccinated
mice had a significantly greater number of IL-13-producing T cells
compared to unvaccinated mice. It has been shown using human
T cells that CD8+ T cell-mediated killing of C. neoformans required
granulysin that was partially dependent on the presence of CD4+

T cells65. Although mice do not express granulysin, there may be
some correlation between the intrinsic need for CD4+ T cells for
enhanced CD8+ T cell functionality. This may explain the lack of
pulmonary clearance of C. neoformans Δsgl1 in CD4-depleted mice
and the significantly higher endpoint lung fungal burden post WT
challenge from previous work in our lab41.
A type 1 immune response defined by IFNγ production,

STAT1 signaling, and classically activated macrophages has been
well-documented as an essential component of host protection
against C. neoformans66–71. Although IL-17 has been implicated as a

potent antifungal effector cytokine in other fungal infections72–76,
the requirement for IL-17 in host defense against C. neoformans
remains uncertain77–80. Here, we report that both IFNγ and IL-17A
were required for C. neoformans Δsgl1-mediated host vaccine
protection to the WT strain, regardless of T cell immunodeficiency
(Fig. 2) since these essential cytokines were shown to be
independently produced by both CD4+ and CD8+ T cells. Although
there was a greater number of IL-17A-producing CD4+ and CD8+

T cells compared to IFNγ-producing T cells, IFNγ was more
determinant of host mortality. All mice neutralized of IFNγ fatally
succumbed to WT infection within 20 days, while a ~35% survival
rate was observed for mice with abrogated IL-17A signaling either
through direct cytokine neutralization (Fig. 2) or IL-17-directed
effector cell depletion (i.e., neutrophils (Supplementary Fig. 4D)).
Nevertheless, surviving mice all suffered from extrapulmonary
dissemination of the yeast to the brain (Supplementary Fig. 4B, C)
indicating thesemice lacked pulmonary containment andmay have
succumbed to illness over time.
The loss of pulmonary containment in the absence of IL-17A

may be explained in part from the coordinated effects of IL-22
alongside of IL-17. IL-22 is a cytokine produced by several innate
and adaptive immune cells including IL-17A-producing CD4+ and
CD8+ T cells, γδ T cells, and type 3 innate lymphoid cells, among
others81–84, which functions through promoting epithelial tissue
integrity at mucosal barrier tissues. Since we have observed here
and in our prior work41 that C. neoformans Δsgl1-vaccinated mice
are fully protected yet exhibit a consistent number of persistent
WT cells in the lungs post challenge that do not disseminate,
increased epithelial tissue integrity via IL-22 may be a rationale for
this containment. In addition, it has also been shown that IL-22
production by innate lymphoid cells in the lungs prevented
experimental neutrophilic inflammation85, so the resolution of
inflammation and inflammatory cell recruitment observed in
C. neoformans Δsgl1-vaccinated mice may also have some
attribution to IL-22 signaling although future investigation into
this cytokine in our vaccination model is required.
In addition to the aforementioned canonical T cells, γδ T cells are

innate-like lymphocytes that are potent sources of IL-17A and/or
IFNγ at mucosal barrier tissues that have been studied mainly in
the context of bacterial infections46,48,86,87 or cancer88–90, yet the
role of γδ T cells during cryptococcal infections remains largely
understudied45,91. Uezu and colleagues observed a significant
decrease in the lung fungal burden and a significant increase in
lung and serum levels of IFNγ in TCRδ−/−mice during infection with
C. neoformans45. Similarly, Wozniak and colleagues reported that IL-
17A production by γδ T cells was only essential when neutrophils
were depleted during infection with C. neoformans91. In the present
study however, γδ T cells are considered to be the cornerstone of
early lung recognition supported by the fact that C. neoformans
Δsgl1 was neither cleared (Fig. 3d) nor contained to the lungs
(Supplementary Fig. 6) in TCRδ−/− mice even though CD4+ T cells
and all required effector cytokines were still present. Remarkably,
we have shown here that ex vivo cultured splenocytes from TCRβ−/

− mice (mainly consisting of γδ T cells) or purified γδ T cells
produced significantly greater amounts of IFNγ and IL-17A when
stimulated with live or HK C. neoformans Δsgl1 compared to either
live or HKWT strain or C. neoformans Δcap59Δsgl1 (Fig. 4a–d) with or
without plate-bound anti-TCRγδmonoclonal antibody (Fig. 4e, f and
Supplementary Fig. 7). This robust production of IFNγ and IL-17A by
γδ T cells suggests that the early innate response to our mutant in
the lungs was strongly dependent on both SGs and GXM in support
of our hypothesis that SGs act as an immunoadjuvant to GXM for
induction of protective host immunity.
γδ T cells have also been reported to be able to form memory

populations post antigen encounter87,92,93. Quantification of γδ
T cells post WT challenge in C. neoformans Δsgl1-vaccinated and
unvaccinated mice showed that there was a significantly greater
number of γδ T cells in vaccinated mice on day 7 post WT
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challenge during immunocompetency (Fig. 3a), CD8-deficiency
(Fig. 3b), and CD4-deficiency (Fig. 3c) compared to unvaccinated
mice, which was also observed during intracellular cytokine
production of T cells on days 3 and 7 post challenge (Fig. 6d–f).
We then found that γδ T cells were required for host protection
upon WT challenge (Fig. 3e) highlighting their necessity in C.
neoformans Δsgl1-vaccinated mice. Therefore, γδ T cells are now
implicated to be essential in sparking an early pro-inflammatory
immune response in the lungs upon administration of C.
neoformans Δsgl1 (Fig. 6a–c) and for host protection upon WT
challenge (Fig. 6d–f).
Studies have shown that γδ T cells are required to direct

neutrophil recruitment and their subsequent effector functions via
IL-17 signaling during bacterial infections94,95. Since we have now
shown here that neutrophils are required for host protection against
the WT strain in C. neoformans Δsgl1-vaccinated mice (Supplemen-
tary Fig. 4D), IL-17A from γδ T cells may be the driving factor for
neutrophil recruitment and functioning in our model as well. To
better understand the long-termmemory potential of γδ T cells and
neutrophil-directed means of protection, phenotypic characteriza-
tion of γδ T cells post-vaccination will be explored in future studies.
Since γδ T cells can form long-lived memory populations, the

potential for these cells as immunotherapeutic agents has been
highly considered. In the case of cryptococcosis, HIV+/AIDS
patients are the most susceptible population, and γδ T cells have
been shown to remain functional in reported cases of human of
CD4-lymphopenia90,96. Intriguingly, one study reported that γδ
T cells taken from HIV-1-infected patients were shown to produce
similar levels of both IFNγ and IL-17 when cultured ex vivo
compared to γδ T cells taken from healthy donors in response to
C. albicans43. Thus, γδ T cell-mediated vaccination with C.
neoformans Δsgl1 may be able to provide efficacious immunother-
apeutic potential for HIV+/AIDS patients in the future.
TLR2 is correlated with activation of the NF-κB pathway resulting

in pro-inflammatory cytokine production including TNFα, IL-12,
IFNγ, IL-18, IL-1β, and IL-17A97, and has been implicated in the
protective host immune response to C. neoformans WT infec-
tion98–100 as well as for the effector functions of γδ T cells46,47,50,101.
Capsular GXM from C. neoformans has been shown to interact with
host cell PRRs, including TLR2, but in an immunosuppressive
manner, by dampening the pro-inflammatory cytokine expression
or induction of the Fas ligand on phagocytes102–104. Here, we found
that host recognition and response to the SGs and GXM from C.
neoformans Δsgl1 was dependent upon TLR2, and the presence of
GXM was necessary to stimulate cytokine production (Figs. 5 and 6).
In addition, ex vivo cultured γδ T cells from TLR2−/− mice exhibited
an attenuated IFNγ response and a nearly absent IL-17A response
compared to γδ T cells from C57BL/6 mice upon stimulation with
live or HK C. neoformans Δsgl1, indicating that TLR2 was required for
host recognition and response to C. neoformans Δsgl1. Interestingly,
the IL-17A response was not statistically different in γδ T cells from
TLR2−/− mice stimulated with C. neoformans Δsgl1 compared to
γδ T cells from TLR2−/− mice stimulated with the WT strain or
C. neoformans Δcap59Δsgl1 (Fig. 5), which strongly supports the
hypothesis that SGs act as an immunoadjuvant to GXM in positively
modulating TLR2 for a protective host immune response.
The protective response induced by the TLR2-dependent

mechanism was shown to be required for host protection as well.
Foremost, we have shown that γδ T cells fail to produce IFNγ and IL-
17A when lacking TLR2 both ex vivo (Fig. 5) as well as in vivo (Fig. 6).
In terms of in vivo survivability, all vaccinated TLR2−/− mice fatally
succumbed to WT infection post challenge at a nearly identical rate
to unvaccinated TLR2−/− mice (Fig. 7). Host signaling through
surface receptors, including TLRs, has been suggested to require
functional lipid raft microdomains on the plasmamembrane of host
cells that concentrate receptors to a common region for increased
signaling capabilities105–109. These lipid rafts are mediated via host
sphingolipids found in the plasma membrane, most notably

including sphingomyelin. In fact, a sphingomyelin deficiency, such
as with sphingomyelin synthase knockout mice or pharmacological
depletion of sphingomyelin from the plasma membrane, has been
shown to impair T cell receptor signaling110, inhibit phagocytosis of
C. neoformans105, decrease the antimicrobial activity of neutrophils
against C. neoformans111, and attenuate NF-κB activation112. Thus,
lipid raft formation for host cell signaling represents an important
host factor for vaccination with C. neoformans Δsgl1. The role of
sphingomyelin synthase activity with regards to TLR2 signaling and
downstream cytokine production is currently under investigation in
our lab. Taken together, TLR2 is an essential host factor for both
recognition and response to C. neoformans Δsgl1 as well as host
protection from subsequent WT challenge in vaccinated mice.
To our knowledge, this is the first report that examines fungal-

derived SGs as immunoadjuvants stimulating host-protective γδ
T cells that produce IFNγ and IL-17A through a TLR2-dependent
mechanism. Given that C. neoformans Δsgl1 is avirulent and confers
complete host protection in numerous models of clinically relevant
immunodeficiency, our novel data highlight the host immune
mechanisms required to protect at-risk individuals from invasive
fungal infections, such as cryptococcosis, potentially leading to
improved antifungal vaccine research and development.

MATERIALS AND METHODS
Fungal strains and heat-killed (HK) yeast preparation
The fungal strains used in this study included the wild-type C. neoformans
var. grubii strain H99 serotype A (WT), C. neoformans Δsgl1, a mutant strain
accumulating sterylglucosides (SGs)32, and C. neoformans Δcap59Δsgl1, an
acapsular mutant accumulating SGs36. For all experiments, fungal strains
were recovered from a −80 °C freezer stock on YPD plates at 30 °C for
3–4 days. An isolated colony was added to 10ml of YPD broth and grown
at 30 °C for 16–18 h with shaking, washed with sterile PBS, counted on a
hemocytometer, and resuspended in sterile PBS at the desired concentra-
tion. For HK strains, the desired concentration of live yeast was
resuspended in PBS and added to an 80 °C heat block for 75min. All HK
inoculums were confirmed to be killed by plating the mixture on YPD
plates at 30 °C for 3–4 days and observing no growth.

Mice and ethical statement
Male and female CBA/JCrHsd mice (stock #5501) were purchased from
Envigo. Male and female C57BL/6 (strain #000664), female TCRβ−/−

(B6.129P2-Tcrbtm1Mom/J; strain #002118), female TCRδ−/− (B6.129P2-
Tcrdtm1Mom/J; strain #002120), and female TLR2−/− (B6.129-Tlr2tm1Kir/J;
strain #004650) mice were purchased from The Jackson Laboratory. All
animals were housed 3–4 animals per cage under specific pathogen-free
conditions and had access to food and water ad libitum. Mice were allowed
one week to acclimate upon arrival before any procedures began. All
animal procedures were approved by the Stony Brook University
Institutional Animal Care and Use Committee (protocol no. 341588) and
followed the guidelines of the American Veterinary Medical Association.

In vivo monoclonal antibody depletions
All antibodies for depletion of specific cell populations or neutralization of
specific cytokines were purchased from BioXCell. Administration of
depletion antibodies was performed 48 h prior to infection and continued
the length of the experiment at set intervals to maintain the desired effect
as previously determined41. All depletion antibodies were isotype-matched
for administration to control groups. The specific time intervals,
concentrations, clones, and target populations for each antibody can be
found in Table 1.

Infection, survival studies, and organ fungal burden
Mice were first intraperitoneally (IP) anesthetized with a ketamine/xylazine
solution (95mg of ketamine and 5mg of xylazine per kg of animal body
weight). Anesthetized mice were intranasally (IN) immunized with 5 × 105

CFU C. neoformans Δsgl1 in 20 μl of PBS or 20 μl of sterile PBS (unvaccinated
controls), challenged 30 days later with 5 × 105 CFU C. neoformans WT in
20 μl of PBS, and monitored daily until the pre-determined experimental
endpoint where mice were euthanized via CO2. Any animal that appeared to
be moribund, exhibited labored breathing or neurological infection, or had
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lost more than 20% body weight was euthanized via CO2. For fungal burden
analysis, mice were euthanized via CO2 at specified timepoints. The lungs,
brain, spleen, kidneys, and liver were removed, homogenized in 10ml of
sterile PBS using a Stomacher 80 blender (Seward, UK), and serial dilutions
were grown on YPD plates at 30 °C for 2–3 days prior to counting and
calculation of total organ fungal burden.

Flow cytometry
Flow cytometry was used to quantify lung leukocyte populations. Briefly,
lungs were removed from mice euthanized under CO2, minced, and
incubated at 37 °C with 5% CO2 for 90min with shaking in FACS buffer
supplemented with collagenase IV and DNase I. The digested tissue was
homogenized through a 70 μm pore filter, RBCs lysed with Ack lysis buffer,
washed, and filtered through a 70 μm pore filter into single-cell
suspensions in FACS buffer. Cells were counted and 106 live cells were
Fc blocked for 20min in the dark on ice, then surface stained using a
cocktail of direct fluorochrome-conjugated antibodies for 30min in the
dark on ice. For intracellular cytokine staining of T cells, 106 live lung cells
were resuspended in stimulation media [RPMI with 10% fetal bovine serum
(FBS), 1% penicillin and streptomycin, 0.1 μg/ml anti-CD3, 1 μg/ml anti-
CD28, and 1 μl/ml Brefeldin A (BioLegend)] or [RPMI with 10% FBS, 1%
penicillin and streptomycin, and 2 μl/ml of cell activation cocktail with
Brefeldin A (BD Biosciences)], incubated for 5–6 h at 37 °C with 5% CO2 to
induce cytokine production, washed, Fc blocked, surface stained, fixed and
permeabilized using BD Cytofix/Cytoperm Plus (BD Biosciences), stained
for intracellular cytokines with an antibody cocktail for 1 h in the dark on
ice, and run on an LSR II flow cytometer (BD Biosciences). All data were
analyzed using Flowjo v10. The antibody-fluorochrome combinations (all
purchased from BioLegend) included: viability-AF700; CD45-BV711; CD4-
BV785; CD8-BV605; TCRγδ-BV510; CD3-APC cy7; IFNγ-FITC; IL-17A-PE; IL-13-
APC cy7. The gating scheme for each individual population is shown in
the Supplementary data.

Ex vivo splenocyte stimulation and ELISA
96-well plates were incubated with or without 100 µl of diluted anti-TCRγδ
antibody (BioXCell; clone: UC7-13D5; concentration: 4 µg/ml) at 37 °C and
5% CO2 for 4 h to bind the antibody to the plate and washed twice with
PBS to remove unbound antibody. Spleens were harvested from either
uninfected C57BL/6, TCRβ−/−, or TLR2−/− mice, lysed of RBCs, washed, and
processed for single-cell suspensions through a 70 μm pore filter. These
cells were counted and either (i) 105 live splenocytes in 100 µl complete
RPMI were seeded into a 96-well plate with plate-bound anti-TCRγδ
antibody or (ii) 105 live γδ T cells were purified in 100 µl complete RPMI via
a mouse γδ T cell isolation MACS separation kit (Miltenyi Biotec; catalog
number 130-092-125) using an LD and MS column according to the
manufacturer’s directions. 105 live or HK C. neoformans WT, C. neoformans
Δsgl1, C. neoformans Δcap59Δsgl1, or sterile PBS in 100 µl of complete RPMI
were added to the appropriate wells in a 1:1 ratio to the γδ T cells. Seeded
plates were incubated at 37 °C and 5% CO2 for 5 days. Supernatants were
collected 1, 3, and 5 days post incubation and stored at −80 °C until the
ELISA was performed. The supernatants were divided and examined for
IFNγ and IL-17A production using Legend Max Mouse IFNγ or IL-17A ELISA
kits (BioLegend) following the manufacturer’s instructions exactly.

Statistical analysis and study design
All statistical analyses were performed using GraphPad Prism 9 software. The
sample size, statistical analysis, and statistical significance are all described
for each figure in the figure captions. No data was excluded from statistical
analysis. One to three experimental replicates were carried out for all ex vivo
datasets, and a representative figure was shown for each experiment. For

in vivo survival studies, ten mice per group were used for statistical power
and to reduce the number of mice used throughout the study. The
Mantel–Cox log-rank test was used to calculate significance for survival
studies. A two-way ANOVA using Šídák’s multiple comparisons test for P
value adjustment was used to calculate statistical significance betweenmore
than two samples and represented as the mean ± standard deviation (SD).
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