
RESEARCH ARTICLE

Protection against experimental

cryptococcosis elicited by Cationic Adjuvant

Formulation 01-adjuvanted subunit vaccines

Ruiying WangID
1, Lorena V. N. OliveiraID

1, Maureen M. Hester1, Diana Carlson1,

Dennis Christensen2¤, Charles A. SpechtID
1‡*, Stuart M. LevitzID

1‡*

1 Department of Medicine, University of Massachusetts Chan Medical School, Worcester, Massachusetts,

United States of America, 2 Statens Serum Institut, Copenhagen, Denmark

¤ Current address: Croda Pharma, Lyngby, Denmark

‡ These authors are joint senior authors on this work.

* charles.specht@umassmed.edu (CAS); stuart.levitz@umassmed.edu (SML)

Abstract

The fungal infection, cryptococcosis, is responsible for >100,000 deaths annually. No

licensed vaccines are available. We explored the efficacy and immune responses of subunit

cryptococcal vaccines adjuvanted with Cationic Adjuvant Formulation 01 (CAF01). CAF01

promotes humoral and T helper (Th) 1 and Th17 immune responses and has been safely

used in human vaccine trials. Four subcutaneous vaccines, each containing single recombi-

nant Cryptococcus neoformans protein antigens, partially protected mice from experimental

cryptococcosis. Protection increased, up to 100%, in mice that received bivalent and quadri-

valent vaccine formulations. Vaccinated mice that received a pulmonary challenge with C.

neoformans had an influx of leukocytes into the lung including robust numbers of polyfunc-

tional CD4+ T cells which produced interferon gamma (IFNγ), tumor necrosis factor alpha

(TNFα), and interleukin (IL)-17 upon ex vivo antigenic stimulation. Cytokine-producing lung

CD8+ T cells were also found, albeit in lesser numbers. A significant, durable IFNγ response

was observed in the lungs, spleen, and blood. Moreover, IFNγ secretion following ex vivo

stimulation directly correlated with fungal control in the lungs. Thus, we have developed mul-

tivalent cryptococcal vaccines which protect mice from experimental cryptococcosis using

an adjuvant which has been safely tested in humans. These preclinical studies suggest a

path towards human cryptococcal vaccine trials.

Author summary

Cryptococcosis is a fungal infection that poses great challenges to public health, especially

in resource-limited regions with high HIV prevalence. Despite the urgent need, no

licensed vaccines are currently available. In this study, we used a lethal mouse model of

cryptococcosis to explore protection and immune responses elicited by vaccines consist-

ing of recombinant cryptococcal proteins formulated with CAF01, an adjuvant that has an

established safety and immunogenicity profile in human clinical vaccine trials. We
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discovered that while vaccines containing a single protein partially protected mouse

strains, the protection was greatly augmented when the mice received vaccines formulated

with multiple antigens. The lungs of vaccinated and infected mice had a robust influx of

CD4+ T cells, many of which made the cytokines IFNγ, TNFα and IL-17 when stimulated

ex vivo. Moreover, we found the higher production of IFNγ directly correlated with better

fungal control in the lungs. Cytotoxic CD8+ T cell responses were also observed, albeit in

lesser numbers. Our promising findings from this preclinical research pave the way for

future human cryptococcal vaccine trials.

Introduction

Cryptococcosis is an opportunistic fungal infection caused by Cryptococcus species, mainly

Cryptococcus neoformans and C. gattii [1]. Inhalation of airborne fungi into the lungs is

thought to be the primary route of infection. While immunocompetent individuals generally

clear or contain the infection, those with compromised immune systems are highly susceptible

to clinically significant invasive disease or dissemination, commonly presenting as pneumonia,

or, most severely, cryptococcal meningitis [2,3]. The latter accounted for an estimated 152,000

HIV-associated cryptococcal meningitis cases in 2020, resulting in 112,000 deaths [4]. Even

with antifungal therapy, morbidity and mortality rates remain high, particularly in resource-

limited regions [5]. Thus, C. neoformans and C. gattii were categorized into the critical and

medium groups, respectively, when the World Health Organization recently released their first

Fungal Priority Pathogen List [6].

The development of vaccines represents a pivotal approach to prevent cryptococcal infec-

tions, yet no licensed vaccines are currently available [7]. Our laboratory focuses on identifying

immunoreactive fungal proteins and developing effective vaccines. A promising strategy

involves encapsulating these antigens within glucan particles (GPs) which are derived from

Saccharomyces cerevisiae cell walls. GPs possess a 1,3-β-glucan outer shell, promoting recep-

tor-mediated uptake by antigen presenting cells and enhancing immune responses to encapsu-

lated antigens [8]. Among the twenty-three cryptococcal recombinant proteins tested in

murine models, chitin deacetylase protein 1 and 2 (Cda1, Cda2), barwin-like domain protein 4

(Blp4), and carboxypeptidase 1 (Cpd1) emerged as highly promising protein antigens that

afford significant survival advantages following pulmonary challenge with a highly virulent C.

neoformans strain in both BALB/c and C57BL/6 mouse lines [9,10]. Moreover, vaccination

with these antigens encased in GPs elicits robust antigen-specific T helper (Th) 1 and Th17

responses critical for vaccine-induced protection [11].

However, challenges remain in formulating GP-subunit vaccines for large-scale production

and translating these findings into clinical applications as GP-based vaccines have not been

tested in clinical trials. To maximize our chances of developing a human vaccine, we have

been evaluating adjuvants which have been successfully tested in clinical vaccination trials and

which stimulate strong Th1 and Th17 responses when formulated with protein antigens. Nota-

bly, Cationic Adjuvant Formulation 01 (CAF01), a fully synthetic liposome-based adjuvant

composed of the cationic quaternary ammonium salt N,N’-dimethyl-N,N’-dioctadecylammo-

nium (DDA) and the glycolipid mycobacterial immunomodulator α,α0-trehalose 6,60-dibehe-

nate (TDB), emerged as a compelling adjuvant to pursue [12]. Vaccines are formulated simply

by mixing antigens with CAF01, enabling large-scale, low-cost production. Similar to GPs, the

CAF01 adjuvant works through caspase recruitment domain family member 9 (CARD9) path-

ways [13]. GPs are recognized by Dectin-1, while TDB contained in CAF01 is a Mincle ligand
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[14,15]. By activating antigen-presenting cells (APCs) through a Mincle/CARD9 pathway,

CAF01 induces a mixed Th1/Th17 response to formulated antigens [16]. Moreover, CAF01

has demonstrated safety and immunogenicity in human clinical trials of tuberculosis, chla-

mydia, HIV, and malaria vaccines [17–20]. Taken together, these studies lend a strong ratio-

nale for testing CAF01 as an adjuvant in cryptococcal vaccines. Thus, in the present study, we

evaluated the protective efficacy of CAF01-adjuvanted subunit vaccines in a murine model of

pulmonary cryptococcal infection and examined the mechanisms underlying vaccine-induced

immunity.

Results

Efficacy of CAF01-adjuvanted monovalent subunit vaccines against lethal

pulmonary infection in mice

In the first set of experiments, we investigated the protective efficacy of CAF01-adjuvanted

monovalent subunit vaccines in a murine model of cryptococcosis using the highly virulent C.

neoformans strain, KN99. BALB/c and C57BL/6 mice received three biweekly subcutaneous

monovalent vaccinations formulated with the adjuvant CAF01. The cryptococcal protein anti-

gens studied were Cda1, Cda2, Blp4, and Cpd1Δ. Two weeks after the final booster, the mice

were subjected to orotracheal challenge with C. neoformans (Fig 1A).

For both mouse strains, unvaccinated mice and mice that received CAF01 alone succumbed

to infection by 33 days post-infection (DPI) (Fig 1B and 1C). For the mice vaccinated with a

cryptococcal protein antigen in CAF01, protection varied as a function of the antigen and

mouse strain. For BALB/c mice, Cda1 and Cda2 vaccination demonstrated statistically signifi-

cant protection, with 60% and 47% survival at 70 DPI, respectively. A fraction of the mice vac-

cinated with Cpd1Δ survived to 70 DPI, however this trend was nonsignificant. No survival

benefit was observed for the Blp4 subunit vaccine in BALB/c (Fig 1B).

For the C57BL/6 mice, significantly increased survival was observed with CAF01-adju-

vanted vaccines containing Cda1, Cda2, and Cpd1Δ vaccines; survival varied from 33–42%

survival at 70 DPI. Notably, all C57BL/6 mice succumbed following Blp4 vaccination and chal-

lenge, although an extension of survival was observed in 40% of the mice (Fig 1C). For both

BALB/c and C57BL/6 mice, vaccination sites were inspected daily; no inflammatory reactions

were observed.

Enhanced protection against pulmonary cryptococcosis with

CAF01-adjuvanted bivalent and quadrivalent subunit vaccines

The vaccine studies using single antigens adjuvanted in CAF01 demonstrated some of the anti-

gens afforded protection against cryptococcosis in a murine model. However, protection,

while significant, was only partial. We hypothesized that more robust protection would be

obtained using combinations of antigens. Therefore, we investigated the efficacy of bivalent

(Cda1+Cda2, referred as 2-Ag) and quadrivalent (Cda1+Cda2+Blp4+Cpd1Δ, referred as

4-Ag) subunit vaccines in BALB/c mice, following the vaccination and challenge schedule

detailed in Fig 1A. These antigen combinations were chosen based on the experiments shown

in Fig 1 and published studies with GP-adjuvanted subunit cryptococcal vaccines [10,11].

After challenge with C. neoformans, weight and survival of the mice were monitored until a

mortality endpoint was reached. Mice surviving to 70 DPI were euthanized.

Notably, the combination vaccination of 2-Ag protected 70% of BALB/c mice from subsequent

lethal pulmonary infection, while 100% protection was achieved with the 4-Ag combination vac-

cination (Fig 2A). This degree of protection was greatly enhanced compared to single antigen
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vaccination. By 30 DPI, the unvaccinated mice exhibited 100% mortality. Moreover, unvaccinated

mice exhibited minimal weight loss until 14 days post-infection, after which point they experi-

enced a rapid decline in body weight, accompanied by signs such as scruffy fur, hunched back,

rapid breathing, and reduced mobility (Fig 2B). In contrast, mice vaccinated with either the 2-Ag

or 4-Ag combination vaccines began losing weight within the first few DPI, presumably due to

the recall inflammatory response following infection (Fig 2B). The weights reached a nadir

around 10 DPI, with an average weight loss of about 12% in both vaccinated groups. Subse-

quently, there was a steady recovery in body weight until the conclusion of the study.

Furthermore, we assessed the 2-Ag combination vaccination in both wild type (WT)

C57BL/6 and CARD9-/- mice (Fig 2C). All of the unvaccinated mice succumbed to infection

by 26 DPI. Meanwhile, all of the vaccinated C57BL/6 mice were protected to 70 DPI, at which

time the experiment was terminated. Conversely, CARD9-/- mice showed a complete loss of

protection, consistent with CAF01 being a Mincle agonist, and Mincle’s utilization of CARD9

as its adaptor protein for downstream signaling [15].

Fig 1. Protection induced by CAF01-adjuvanted monovalent subunit vaccine. (A) Schematic of vaccination strategy. WT BALB/c and C57BL/6 mice

received a prime and two biweekly boosts with the indicated CAF01-adjuvanted vaccines. Mice were challenged with C. neoformans two weeks after the last

boost, and then monitored for 70d for survival. The figure was created with BioRender.com. (B) Survival curves of BALB/c mice. (C) Survival curves of

C57BL/6 mice. SQ, subcutaneous. OT, orotracheal. Unvac, unvaccinated mice. CAF01, mice receiving CAF01 without antigens. n denotes the total number

of mice in the experimental group; each group included at least 2 independent experiments. ****, P< 0.0001; NS, P> 0.05, comparing the experimental

group with Unvac mice.

https://doi.org/10.1371/journal.ppat.1012220.g001
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CAF01-adjunvanted subunit vaccines induce improved fungal control and

augmented CD4+ T cell recruitment following cryptococcal infection

The above studies demonstrated CAF01-adjuvanted combination vaccines afforded up to

100% protection following cryptococcal challenge. In the next set of experiments, we investi-

gated lung weights, colony forming units (CFUs), and immune responses in vaccinated and/or

infected BALB/c mice at specific time points. Mice were either left unvaccinated or vaccinated

with 2-Ag or 4-Ag vaccines. Within each cohort, mice were euthanized at specific time points

for organ analysis: (1) 0 DPI, reflecting uninfected mice euthanized two weeks after the last

vaccine boost; (2) 10 DPI, representing mice infected with C. neoformans and euthanized 10

DPI; and (3) 70 DPI, signifying mice infected with C. neoformans and euthanized 70 DPI.

Note that the 70-DPI group did not include unvaccinated mice as they all succumbed to infec-

tion before 30 DPI.

Lungs from individual mice were collected and analyzed. As an indicator of inflammation

[21], which could result from either infection alone, or post-vaccine and infection recall

immune responses, lung wet weights were measured (Fig 3A). Lung weights were comparable

between unvaccinated and vaccinated groups before infection. Ten days post-challenge, lung

weights across all groups increased, with 4-Ag vaccinated mice exhibiting significantly heavier

lungs than their unvaccinated counterparts. By 70 DPI, the lung weights in the 4-Ag vaccinated

survivors had decreased but were still significantly higher than vaccinated uninfected lung

weights at 0 DPI. There was a trend, albeit not statistically significant, towards greater lung

weights in 2-Ag vaccinated mice at 10 DPI when compared with unvaccinated infected lungs.

Moreover, at 70 DPI, the lung weights of 2-Ag vaccinated survivors declined to levels similar

to what was observed before infection. No significant differences were observed between the

2-Ag and 4-Ag groups at any time point.

Analysis of C. neoformans CFUs in the lungs revealed that mice receiving either 2-Ag or

4-Ag vaccinations exhibited enhanced fungal control at 10 DPI, with counts approximately

8-fold lower compared to the median lung CFU of unvaccinated mice (Fig 3B). By the end of

the study, all unvaccinated mice succumbed (see Fig 2A). In contrast, the majority of survivors

(82.3%) from the vaccinated groups had lung CFUs below the inoculum level of 2 x 104 CFU.

Fig 2. CAF01-adjuvanted combination vaccines enhance the protection of mice against experimental cryptococcosis. WT BALB/c mice received three

SQ vaccinations with either 2-Ag or 4-Ag combination vaccines, following by orotracheal challenge with C. neoformans. Mice were monitored until death

or study termination at 70 DPI for survival (A) and change in body weight (B). Data are from two independent experiments, each with 4-5 mice per group.

Significant survival compared with unvaccinated mice was observed for both vaccinated groups in panel A (2-Ag, P = 0.0009; 4-Ag, P<0.0001). WT

C57BL/6 mice or CARD9-/- mice on the C57BL/6 background received 2-Ag vaccines following the same schedule. Mice were then monitored until 70 DPI

for survival (C). Significant survival was observed in panel C, when comparing survival of vaccinated WT C57BL/6 and CARD9-/- mice (P = 0.0006), or

comparing vaccinated and unvaccinated WT C57BL/6 mice (P = 0.0003). Unvac, unvaccinated. 2-Ag, vaccinated with CAF01-Cda1+Cda2. 4-Ag,

vaccinated with CAF01-Cda1+Cda2+Blp4+Cpd1Δ.

https://doi.org/10.1371/journal.ppat.1012220.g002
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No significant differences in lung leukocytes were observed between unvaccinated and vac-

cinated groups at 0 DPI. However, augmented recruitment of lung leukocytes was evident fol-

lowing vaccination and infection (Fig 3C). At 10 DPI, all infected mice displayed significantly

higher numbers of lung leukocytes than their corresponding groups before infection. None-

theless, the increase in 2-Ag and 4-Ag vaccinated mice was approximately four-fold higher

compared to that seen in the unvaccinated counterparts. Leukocyte numbers for vaccinated

survivors at 70 DPI decreased to levels similar to those seen before infection.

Given the established importance of antigen-specific T cells for anti-cryptococcal defenses

[11,22–24], we enumerated lung CD4+ (Fig 3D) and CD8+ T cells (Fig 3E). Before infection,

we did not see a difference in CD4+ T cell numbers between vaccinated and unvaccinated

groups. At 10 DPI, CD4+ T cells did not remarkably increase in unvaccinated mice, but both

vaccinated mouse groups had significant CD4+ T cell recruitment to their lungs (4–5 times

higher than unvaccinated counterparts). As the infection was controlled, the CD4+ T cell num-

bers in 70-DPI survivors dramatically decreased, approaching levels comparable to those

observed in naïve or vaccinated mice at 0 DPI. While a significant increase in CD8+ T cells was

also observed following vaccination and infection, it was notably less than the increase in

CD4+ T cells.

Pulmonary Th1 and Th17 responses elicited by CAF01 subunit vaccination

and infection

Next, we performed ex vivo experiments to further elucidate the pulmonary immune

responses in the same groups of vaccinated and/or infected mice described in Fig 3.

Fig 3. Fungal control and immune cell recruitment following CAF01-adjuvanted combination vaccines and/or infection. BALB/c mice received three

biweekly vaccines with either 2-Ag or 4-Ag combination vaccines, followed by pulmonary challenge with C. neoformans. Control mice were left

unvaccinated. Mice were euthanized at specified timepoints, and individual lungs were collected for analysis. Lung weights (A), fungal burdens (B), lung

leukocytes numbers (C), CD4+ T cells (D) and CD8+ T cells (E) were determined as in Methods. Vac, vaccinated. Un/Unvac, unvaccinated. 2-Ag,

vaccination with CAF01-Cda1+Cda2. 4-Ag, vaccination with CAF01-Cda1+Cda2+Blp4+Cpd1Δ. DPI, day post infection. Data are from two independent

experiments, each with 3–5 mice per group. Each dot represents the value obtained from an individual mouse. CFUs are presented with individual values

and medians. The dotted line in B represents the inoculum of 2 x 104 yeast cells. Lung weights, and numbers of leukocytes, CD4+ T cells and CD8+ T cells

are presented with means ± SEM. The results of the statistical comparison between groups are shown in S3 Table.

https://doi.org/10.1371/journal.ppat.1012220.g003
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Specifically, we assessed CD154 expression as a marker of CD4+ T cell activation and measured

antigen-stimulated intracellular production of interferon gamma (IFNγ), tumor necrosis fac-

tor alpha (TNFα), and interleukin (IL)-17 to investigate the vaccine-induced immune response

profiles of pulmonary CD4+ helper T cells. The antigen stimulus used was heat-killed (HK) C.

neoformans.
In uninfected mice (0 DPI), only small numbers of lung CD4+ T cells expressing CD154 or

producing cytokines were detected, regardless of mouse vaccination status and whether the

lung cells were antigen-stimulated ex vivo (Fig 4A, 4B, 4C and 4D). By 10 DPI, a substantial

increase in activated CD4+ T cells was observed in the lungs of 2-Ag or 4-Ag vaccinated and

infected mice compared to their unvaccinated counterparts (Fig 4E). However, ex vivo antigen

stimulation did not further enhance CD4+ T cell activation in either unvaccinated or

Fig 4. Analysis of ex vivo antigen-stimulated CD4+ T activation and cytokine production following CAF01-adjuvanted combination vaccination and

infection. BALB/c mice were vaccinated subcutaneously thrice at biweekly intervals with either 2-Ag (Cda1+Cda2) or 4-Ag (Cda1+Cda2+Blp4+Cpd1Δ)

combination vaccines adjuvanted in CAF01. Two weeks after the last boost, mice were orotracheally challenged with C. neoformans. Mice were euthanized

at 0 DPI (uninfected), 10 DPI, or 70 DPI. Controls included unvaccinated mice euthanized at 0 DPI or 10 DPI. Lungs were harvested and single-cell

suspensions were prepared. Leukocytes were cultured in complete media supplemented with amphotericin B and stimulated with HK C. neoformans or left

unstimulated (Unstim) for 18 h. Then the cells were collected, stained, and analyzed by polychromatic FACS, as described in Methods. The numbers of

CD4+ T cells expressing the activation marker CD154 (Fig 4A, 4E and 4I), or producing the intracellular cytokines IFNγ (Fig 4B, 4F and 4J), TNFα (Fig 4C,

4G and 4K), and IL-17 (Fig 4D, 4H and 4L) following ex vivo stimulation were determined. Unvac, unvaccinated. DPI, days post infection. HK, heat-killed.

Data are from two independent experiments, each with 3–5 mice per group. Data are presented as means ± SEM. Each dot represents the value obtained

from an individual mouse. Statistical comparisons between groups are shown in S4 Table.

https://doi.org/10.1371/journal.ppat.1012220.g004
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vaccinated groups. Simultaneously, lung CD4+ T cells from vaccinated and infected mice

exhibited significantly higher production of IFNγ, TNFα, and IL-17 after HK C. neoformans
stimulation, representing a 13~49-fold increase compared to cells from unvaccinated infected

lungs (Fig 4F, 4G and 4H). The numbers of activated and cytokine-producing CD4+ T cells

decreased at 70 DPI for vaccinated survivors (Fig 4I, 4J, 4K and 4L) but remained substantially

higher than the cell counts observed in vaccinated and uninfected mice at 0 DPI. No differ-

ences in cell activation or cytokine production were observed between the 2-Ag and 4-Ag vac-

cinated groups at any time points.

Given the postulated importance of polyfunctional CD4+ T cells for vaccine-induced

immunity [25], we determined the numbers of CD4+ T cells which produced only a single

cytokine (IFNγ+, IL-17+, or TNFα+) versus those which produced two or three cytokines

(Fig 5). These studies were performed at 10 DPI and included mice which were unvaccinated,

vaccinated with 2-Ag, and vaccinated with 4-Ag. Numbers of cytokine-producing CD4+ T

cells were low in the unvaccinated mice with double and triple positive cells infrequently seen.

Fig 5. Analysis of polyfunctional lung CD4+ T cells following ex vivo stimulation with HK Cryptococcus. Lung

leukocytes were prepared from the same sets of mice (10 DPI) as described in Fig 4. Leukocytes were cultured in

complete media supplemented with amphotericin B and stimulated with HK C. neoformans for 18 h. Brefeldin A was

added during the last 4 h of culture. Then the cells were collected, stained, and analyzed by polychromatic FACS. After

Boolean gating analysis in FlowJo software, the frequencies of the seven possible CD4+ T cell subpopulations

expressing any combination of the IFNγ, TNFα, and IL-17 cytokines were determined. Additionally, the

corresponding numbers of each subpopulation were subsequentially enumerated. Unvac, unvaccinated. 2-Ag,

vaccination with CAF01-Cda1+Cda2. 4-Ag, vaccination with CAF01-Cda1+Cda2+Blp4+Cpd1Δ. Data are from two

independent experiments, each with 3–5 mice per group. Each dot represents the value obtained from an individual

mouse. Data are presented as means ± SEM. The bar graphs show the cell numbers of each subpopulation. Means of

cytokine-producing CD4+ T cells were compared. P< 0.05 was considered significantly different. * denotes a

significant comparison with Unvac group, # denotes a significant comparison between 2-Ag and 4-Ag groups. Pie

charts represent the fraction of each subpopulation in cytokine-expressing CD4+ T cells. Pie chart color-coding for

each subpopulation is shown below the bar graph.

https://doi.org/10.1371/journal.ppat.1012220.g005
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Populations induced by 2-Ag or 4-Ag immunization were primarily IFNγ+ or TNFα+ single-

positive CD4+ T cells, followed by the IL-17+ single-positive cells and a double-positive popu-

lation expressing both TNFα and IFNγ. TNFα+IL-17+ cells were also observed, albeit to a lesser

extent. There were also increased numbers of IFNγ+IL-17+ double-positive and IFNγ+TN-

Fα+IL-17+ triple-positive cells. Similar results were found when the data were analyzed by per-

centage of each subpopulation rather than actual cell numbers (see pie charts in Fig 5).

Cytokine production by lung CD8+ T cell responses following vaccination

and infection

A significant lung CD8+ T cell response was seen in vaccinated and infected mice, albeit not as

robust of the CD4+ T cell response. Therefore, we examined production of IFNγ, TNFα, and

IL-17 by lung CD8+ T cells after ex vivo stimulation with HK C. neoformans (Fig 6). Cytokine

positive cells were infrequently observed at 0 DPI for both unvaccinated and vaccinated groups

(Fig 6A, 6B and 6C). Meanwhile, we observed a sizable number of CD8+ T cells producing

IFNγ, TNFα, IL-17 in vaccinated mice 10 DPI upon antigen stimulation (Fig 6D, 6E and 6F).

CD8+ T cell numbers expressing IFNγ or TNFα were greater in the group vaccinated with

4-Ag compared with 2-Ag. However, the numbers of those cytokine-producing CD8+ T cells

Fig 6. Analysis of ex vivo antigen-stimulated CD8+ T cytokine production following CAF01-adjuvanted combination vaccination and infection. Lung

leukocytes were prepared from the same set of mice as described in Fig 4. Leukocytes were cultured in complete media supplemented with amphotericin B

and stimulated with HK C. neoformans or left unstimulated (Unstim) for 18 h. Brefeldin A was added during the last 4 h of culture. Then the cells were

collected, stained, and analyzed by polychromatic FACS. The numbers of CD8+ T cells producing the intracellular cytokines IFNγ (Fig 6A, 6D and 6G),

TNFα (Fig 6B, 6E and 6H), and IL-17 (Fig 6C, 6F and 6I) following ex vivo stimulation were determined. Unvac, unvaccinated. DPI, days post infection.

2-Ag, vaccination with CAF01-Cda1+Cda2. 4-Ag, vaccination with CAF01-Cda1+Cda2+Blp4+Cpd1Δ. HK, heat-killed. Data are from two independent

experiments, each with 3–5 mice per group, and are presented as means ± SEM. Each dot represents the value obtained from an individual mouse.

Statistical comparisons between groups are shown in S5 Table.

https://doi.org/10.1371/journal.ppat.1012220.g006
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were considerably lower compared to their CD4+ T cell counterparts. At 70 DPI, vaccinated

surviving mice still had increased numbers of CD8+ T cells producing IFNγ, but not TNFα or

IL-17, following ex vivo stimulation with HK C. neoformans (Fig 6G, 6H and 6I).

Antigen-specific IFNγ responses induced following vaccination and

infection correlate with enhanced antifungal activity

Given the critical importance of IFNγ in host defenses against cryptococcosis [26–28], in the

final set of experiments we isolated lung cells, splenocytes, and peripheral blood mononuclear

cells (PBMCs) from mice which were vaccinated and/or infected, and then measured IFNγ
production following ex vivo stimulation with HK C. neoformans. Lung leukocytes from both

unvaccinated and vaccinated mice at 0 DPI showed undetectable to low levels of IFNγ produc-

tion following HK Cryptococcus stimulation (Fig 7A). In contrast, antigen-stimulated spleno-

cytes from 2-Ag or 4-Ag vaccinated mice exhibited a small increase in IFNγ release compared

to naïve mice (Fig 7B). Meanwhile, IFNγ production by PBMCs was undetectable in all groups

in the absence of infection (Fig 7C).

At 10 DPI, infected but not vaccinated mice had no significant antigen-specific IFNγ pro-

duction in lung leukocytes (Fig 7D) or splenocytes (Fig 7E). There was, however, a modest

stimulation of IFNγ in PBMCs (Fig 7F). Conversely, vaccinated mice studied at 10 DPI exhib-

ited robust IFNγ release following HK C. neoformans stimulation, with the response being

more pronounced for lung leukocytes (Fig 7D) and PBMCs (Fig 7F) than for splenocytes

(Fig 7E).

In mice that survived until 70 DPI, recall IFNγ responses were observed following ex vivo

stimulation of cells from all three anatomical sites (Fig 7G, 7H and 7I). Compared with corre-

sponding groups at 10 DPI, IFNγ levels decreased in lung leukocytes while remaining about

the same in splenocytes and PBMCs.

IFNγ levels in lung leukocytes and splenocytes following HK Cryptococcus stimulation

inversely correlated with lung CFUs at 10 DPI (Fig 7J and 7K). Higher IFNγ production corre-

sponded to better fungal control, with a higher correlation observed between fungal burden

and lung leukocyte IFNγ response (Fig 7J) compared with splenocyte response (Fig 7K).

Finally, we studied groups of mice that received CAF01 adjuvant alone to assess the IFNγ
response for lung leukocytes following ex vivo stimulation with HK Cryptococcus (S2 Fig).

Low to undetectable IFNγ was produced in uninfected mice, regardless of whether the cells

were stimulated ex vivo. In infected mice, IFNγ levels increased at 10 DPI following ex vivo

stimulation with HK C. neoformans. However, this increase was considerably lower compared

to the responses observed in the 2-Ag and 4-Ag vaccinated groups (Fig 7D). Taken together

with the results from Fig 1, these data suggest that the CAF01 adjuvant triggers a relatively

weak, non-specific immune response that, in the absence of specific antigens, is insufficient to

protect mice.

Discussion

The selection of adjuvants in subunit vaccines is pivotal in contemporary vaccine develop-

ment. In addition to boosting immunogenicity, adjuvants inform the nature of the immune

response generated [29–31]. For example, alum, commonly used in licensed subunit vaccines,

tends to promote strong antibody responses crucial for viral infection prevention but elicits

relatively weak CD4+ T cell responses which are generally Th2-biased [32]. However, while

vaccine-induced immunity requirements may differ from natural infection, Th1-biased (and

to a lesser extent, Th17-biased) adaptive responses are crucial for protection against
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cryptococcosis [7,33]. Thus, CAF01, which promotes Th1/Th17 responses [18,34,35] and has a

record of safety and immunogenicity in animal and clinical studies [17–20], garnered our

attention.

In our initial experiments, we explored the efficacies of four CAF01-adjuvanted monova-

lent subunit cryptococcal vaccines. Compared with multivalent vaccines, monovalent vaccines

are easier to get clinically approved, as only one antigen needs to be manufactured and tested.

We found that CAF01-adjuvanted vaccines containing either recombinant Cda1 or Cda2 pro-

vided 40–60% protection against an otherwise lethal pulmonary cryptococcal infection in both

Fig 7. IFNγ production by ex vivo stimulated lung leukocytes, splenocytes, and PBMCs following vaccination and/or infection. BALB/c mice were

vaccinated subcutaneously thrice at biweekly intervals with either 2-Ag (Cda1+Cda2) or 4-Ag (Cda1+Cda2+Blp4+Cpd1Δ) combination vaccines

adjuvanted in CAF01. Two weeks after the last boost, mice were orotracheally challenged with C. neoformans. Mice were euthanized at 0 DPI (uninfected),

10 DPI, or 70 DPI. Controls included unvaccinated mice euthanized at 0 DPI or 10 DPI. Lung leukocytes, splenocytes and PBMCs were prepared as

described in Methods. Cells were cultured in complete media supplemented with amphotericin B and stimulated with HK C. neoformans or left

unstimulated (Unstim) for either 18 h (lung) or 3 days (spleen and PBMC). Supernatants were collected and analyzed for IFNγ by ELISA. Antigen-

stimulated production for lungs (Fig 7A, 7D and 7G), spleens (Fig 7B, 7E and 7H), and PBMCs (Fig 7C, 7F and 7I) are presented as means ± SEM;

statistical comparisons between groups are shown in S6 Table. Each dot represents the value obtained from an individual mouse except for PBMCs where

each dot represents technical duplicates of pooled PBMCs from each independent experiment. Correlations between lung CFUs and lung leukocytes IFNγ
levels (Fig 7J), or splenocytes IFNγ production (Fig 7K) following HK Cn stimulation were analyzed with simple linear regression (10 DPI). The results are

presented with best-fit line and confidence bands. The Pearson correlation was used for statistical analysis. A P value< 0.05 was considered statistically

significant. Unvac, unvaccinated. DPI, days post infection. HK, heat-killed. Data are from two independent experiments, each with 3–5 mice per group.

https://doi.org/10.1371/journal.ppat.1012220.g007
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BALB/c and C57BL6 mice. Cda1 and Cda2 are chitin deacetylases responsible for deacetylating

cell wall chitin to chitosan, a process which is necessary for cryptococcal virulence [36]. We

previously demonstrated GP-based vaccines containing Cda1 and Cda2 significantly protected

BALB/c and C57BL/6 mice [10, 11].

Blp4 is a barwin-like protein family member of unknown function whose gene is highly

expressed in the cerebrospinal fluid from cryptococcal meningitis patients [37,38]. We previ-

ously showed GP-based vaccines containing Blp4 afforded 100% and 70% survival in BALB/c

and C57BL/6 mice, respectively [10]. However, the CAF01 adjuvanted formulation resulted in

a nonsignificant survival extension in C57BL/6 and no survival benefit in BALB/c. The reason

for the disparate results with the two adjuvants merits further study but could be due to differ-

ences in the potency of the adjuvants and the immune responses elicited. Cpd1, a carboxypep-

tidase family member with homology to human cathepsin A, partially protects mice from

experimental cryptococcosis when delivered in GP vaccines [9,10]. Due to concerns about

molecular mimicry eliciting autoimmunity [39], we deleted the homologous region. When for-

mulated with CAF01, the modified recombinant protein, Cpd1Δ promoted modest protection

in C57BL/6 mice and had no significant efficacy in BALB/c mice. The loss of some antigen

immunogenicity may be a necessary tradeoff as vaccines containing proteins with human

homologs generally should be avoided [39].

Taken together, our data revealed that CAF01, when combined with selectively chosen sin-

gle antigens, afforded partial protection against cryptococcal infection. To improve the effi-

cacy, we next tested CAF01 vaccines formulated with multiple antigens. With other vaccines,

increasing the number of antigens expands the repertoire of antigen-specific immune

responses [40–42]. This is particularly pertinent for human T cell vaccines given the diversity

of human leukocyte antigen (HLA) class II alleles in the population [43]. Moreover, multiva-

lent vaccines mitigate the risk of immune evasion by pathogens by reducing the likelihood of

the emergence of escape mutants [44]. In our study, the CAF01-adjuvanted bivalent or quadri-

valent vaccines significantly enhanced the protection against lethal pulmonary infection of C.

neoformans in both BALB/c and C57BL/6 mice. Notably, mice vaccinated with the 4-Ag vac-

cines were 100% protected until the end of the study. Weight loss was observed in mice that

received the multivalent vaccines during the early phase of infection, which we speculate is due

to early onset of an inflammatory, but beneficial immune response against the invading patho-

gen. Notably though, the vaccinated mice regained the lost weight while the unvaccinated

mice had late onset weight loss followed by death. In addition, none of the vaccinated mice

developed local adverse reactions after subcutaneous injections. While subcutaneous adminis-

tration is a safe and convenient option for the future development of the CAF01 adjuvanted

cryptococcal vaccine, other routes such as intramuscular administration should be tested too.

Interestingly, the protection elicited by the multivalent vaccines was completely abolished

in CARD9-/- mice. This finding is consistent with the role of CAF01 as a Mincle agonist. Upon

ligand binding, Mincle can activate the CARD-9 downstream signaling pathway, leading to

the production of pro-inflammatory cytokines and the initiation of antifungal immune

responses [13]. However, the involvement of other pathogen recognition receptors cannot be

ruled out in our study, as Dectin-1, Dectin-2, and some toll-like receptors also signal through

CARD9 pathways [45]. Testing vaccine efficacy in mice deficient in Mincle expression could

provide a clearer understanding of the contribution of Mincle to the efficacy of our CAF01-ad-

juvanted vaccines.

Numerous studies have underscored the pivotal role of CD4+ T cells in the immune

response against cryptococcal infections, highlighting their significance in both controlling the

infection and in vaccine-mediated protection. The loss of CD4+ T cells, as notably occurs in

persons with HIV/AIDS, markedly increases susceptibility to cryptococcosis [1]. CD4+ T cells,
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particularly those differentiating into Th1 and Th17 phenotypes, are critical orchestrators of

effective immune defenses against Cryptococcus [11,46,47]. Additionally, vaccine-induced pro-

tection is lost in mice with a genetic deficiency in CD4+ T cells or following a complete CD4+

T cell depletion [11,48]. In the current study, compared with unvaccinated mice, lungs from

mice vaccinated with CAF01 multivalent vaccines had fewer CFUs yet weighed more at

10DPI. The trend of lung weight increases across different groups aligned with the trend of

lung leukocyte infiltration. The leukocyte influx at 10 DPI featured a robust recruitment of

activated CD4+ T cells to the lungs. Moreover, by multicolor flow cytometry, many of the

CD4+ T cells harvested from vaccinated and infected lungs produced IFNγ, TNFα (Th1), and

IL-17 (Th17) following antigenic stimulation ex vivo. Many of the CD4+ T cells produced mul-

tiple cytokines which may be important as the presence of polyfunctional antigen-specific

CD4+ T cells correlates with immune protection [25,49]. Collectively, our data demonstrate

that CAF01-adjuvanted multivalent subunit vaccines induce robust pulmonary Th1 and Th17

immune responses, leading to efficient control of C. neoformans in mice.

In comparison, although there was a significant increase in CD8+ T cells in vaccinated and

infected mice, their numbers were considerably lower compared with those of infiltrating

CD4+ T cells. This observation with CAF01 subunit vaccines is consistent with our previous

findings that CD4+ responses, but not CD8+ T cell responses, play a non-redundant role after

GP vaccination and cryptococcal infection [11]. Notably, in the CAF01-4Ag vaccine group,

the mice had much higher numbers of cytotoxic CD8+ T (Tc1) cells than in unvaccinated or

2-Ag vaccinated mice. As Tc1 cells have a direct killing effect on Cryptococcus [50], this could

additionally contribute to the complete protection observed in mice with CAF01-4Ag vaccina-

tion. Moreover, in situations where CD4+ T cell function is impaired, such as in advanced

HIV infection, CD8+ T cells might play a more dominant role.

In addition to Th1 cells, IFNγ is made by other cell types including natural killer (NK) cells,

dendritic (DC) cells and Tc1 cells [51]. IFNγ activates macrophages and induces production of

nitric oxide and reactive oxygen species to facilitate the efficient killing of Cryptococcus [52].

GP vaccine-mediated protection against cryptococcosis was lost in IFNγ and IFNγ receptor

knock-out mice [11]. We investigated IFNγ secretion following ex vivo antigenic stimulation

of lung leukocytes, splenocytes, and PBMCs obtained from vaccinated and/or infected mice.

We observed the production of IFNγ from splenocytes, but not lung leukocytes or PBMCs in

mice which were vaccinated but not infected. In contrast, IFNγ responses were prominent in

all three compartments after vaccination and infection, and were durable until 10 weeks post-

infection when the mice had largely cleared the infection. Moreover, IFNγ levels, especially in

the lung compartment, were positively correlated with fungal control. Thus, our data add evi-

dence to the indispensable role of IFNγ during cryptococcal infection and vaccination.

As deficiencies in CD4+ T cell function are the major risk factor for cryptococcosis, an

unanswered question is whether T cell vaccines will be protective in at risk humans. Strategies

for vaccination to be considered include vaccinating when CD4+ T cell function is at least

somewhat intact, such as when patients are on transplant waiting lists or in HIV-positive indi-

viduals before the CD4+ T cell counts get very low. For instance, the median blood CD4+ T

cell counts exceeds 300 cells/μL upon entry to HIV care in the United States [53]. Moreover, in

a large multicenter clinical trial of HIV-positive patients with cryptococcosis in sub-Saharan

Africa, the majority of the participants had a previous diagnosis of HIV infection and had

received antiretroviral therapy [54]. This provides a window of opportunity for a vaccine tar-

geting T cell immunity to be effective. In addition to adjuvanting T cell responses, vaccines for-

mulated with CAF01 elicit antigen-specific humoral responses [13]. B cell responses merit

further exploration in the setting of cryptococcal vaccines, as antibody-mediated protection

could contribute to vaccine efficacy in populations with CD4+ T cell deficiencies.
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In summary, our preclinical studies provide a rationale for the use of CAF01-adjuvanted

subunit Cryptococcus vaccines. While monovalent vaccination with cryptococcal recombinant

proteins partially protected different mouse strains, the protection was greatly augmented

when vaccination with multivalent antigens was adopted. Given population variations in HLA

alleles and heterogeneity among clinical cryptococcal isolates, we believe effective subunit

cryptococcal vaccines will need to be multivalent. Importantly, CAF01 subunit vaccination

also elicited robust Th1 and Th17 immune responses following infection, and IFNγ responses

correlated with fungal control as measured by lung CFUs. To pave the way for clinical trials,

future studies in our laboratory will optimize antigen combinations in the CAF01 vaccine for-

mulations, optimize dose and vaccine schedules, and test efficacy against genetically diverse

clinical Cryptococcus isolates.

Materials and methods

Ethics statement

All experimental procedures were conducted in accordance with guidelines approved by the

Institutional Animal Care and Use Committee of Massachusetts Chan Medical School

(UMCMS) (#202100034).

Mice

Six- to 10-week-old BALB/c (JAX stock #000651), C57BL/6 (JAX stock #000664) mice, and the

CARD9 knock-out mice on the C57BL/6 background (CARD9-/-, JAX stock #028652) [55]

were purchased from the Jackson Laboratory (Bar Harbor, ME). Our study examined both

male and female mice in approximately equal numbers, and similar findings are reported for

both sexes.

Mice were housed and maintained at the animal facilities of UMCMS under specific-patho-

gen-free conditions. House bred mice were also used for some of the experiments.

CAF01 adjuvanted vaccines and immunization schedules

The cryptococcal antigens Cda1, Cda2, Blp4, and Cpd1Δ were expressed as His-tagged

recombinant proteins in E. coli and purified as described [9,11]. Purified protein (7–10 mg/

mL) in 6M Urea, 20 mM Tris, pH 7.9 was stored at -80˚C. More detailed information regard-

ing these four recombinant proteins is shown in S1 Table. As noted above, Cda1, Cda2, Blp4,

and Cpd1 confer protection in both BALB/c and C57BL/6 when adjuvanted with GPs [10].

Cpd1Δ is a version of Cpd1 deleted of amino acids from the region with homology to human

cathepsin.

The liposomal adjuvant CAF01, composed of 2500 μg/mL DDA and 500 μg/mL TDB, as

well as Tris Buffer (10 mM, pH 7.0, supplemented with 2% glycerol), was supplied by Statens

Serum Institut (Copenhagen, Denmark). To formulate a dose of vaccine, 1 μL of antigen was

diluted with Tris Buffer to a final volume 50 μL and briefly vortexed. The antigen-Tris Buffer

solution was then combined with 50 μL of CAF01 and vortexed. Thus, each injection had a

final volume of 100 μL. Three types of vaccine formulations were devised: (i) A single antigen

vaccine, consisting of one injection with 7–10 μg of cryptococcal protein. (ii) A CAF01-Cda1/

Cda2 combination vaccine, comprised of two injections, with each injection containing 10 μg

of either Cda1 or Cda2. (iii) A 4-antigen combination vaccination (CAF01-Cda1/Cda2/Blp4/

Cpd1Δ) consisting of two injections; one injection contained 5 μg each of Cda1 and Cda2,

while the other contained 5 μg each of Blp4 and Cpd1Δ.
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Mice were immunized via the subcutaneous route, either at the midline of the abdomen for

single injection or both sides, about 1 cm from the midline for double injections. The primary

immunization was followed by two booster doses (formulated and administered the same

way) at two-week intervals between each vaccination. As controls, some mice were left unvac-

cinated, while others received CAF01 without antigens (three 100 μL doses that contained

50 μL of CAF01 and 50 μL of Tris Buffer).

C. neoformans culture and infection

Two weeks following the final vaccination, mice were subjected to orotracheal challenge using

the highly virulent C. neoformans strain KN99ɑ (hereafter referred to as KN99), as in our prior

studies [11,56]. Briefly, KN99 recovered from a glycerol stock stored at -80˚C was grown on

yeast-peptone-dextrose (YPD) agar for 48 hours at 30˚C and then cultured overnight in liquid

YPD at 30˚C. The yeast cells were harvested, washed, counted, and resuspended in phosphate

buffered saline (PBS). Each mouse received a 50 μL inoculum under anesthesia, with BALB/c

mice receiving 2 x 104 yeast cells and C57BL/6 and CARD9-/- mice receiving 1 x 104 yeast cells.

CFUs of the inoculum were enumerated by culturing on Sabouraud dextrose agar (Thermo

Fisher, Pittsburgh, PA).

Following the challenge, mice were monitored daily until death. Mice that reached humane

endpoints and mice that survived 70 DPI were euthanized with CO2 asphyxiation. In specific

groups, body weight measurements were recorded at least biweekly, and mice were euthanized

at indicated timepoints (0 DPI, 10 DPI, or 70 DPI), to collect organs for subsequent ex vivo

experiments.

Sample collection, cell preparation and lung CFU enumeration

After inducing anesthesia with isoflurane, cardiac puncture was performed with heparinized

syringes to collect blood, which was subsequently pooled within the respective experimental

groups. Following dilution with an equal volume of PBS containing 2% fetal bovine serum

(FBS, Thermo Fisher), the pooled blood was carefully layered over 5 mL of Ficoll-Paque PRE-

MIUM 1.084 (Cytiva, Uppsala, Sweden) in 15 mL SepMate-50 tubes (STEM Cell Technology,

Cambridge, MA). PBMCs were collected from the interphase layer after centrifugation at

1200xg for 30 min.

Spleens and lungs were collected and processed individually after the removal of blood.

Spleens were gently pressed against a 70 μm cell strainer using the plunger of a 3 mL syringe.

Single cells were obtained by flushing the cell strainer with 6 mL complete medium (RPMI

1640 supplemented 10% FBS, 1% HEPES, 1% GlutaMAX, and 1% Penicillin–Streptomycin, all

purchased from ThermoFisher Scientific).

Lungs were rinsed with PBS. Lung cells were prepared using the MACS Lung Dissociation

Kit for mice, following the manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach,

Germany). A 200 μL portion of each lung digest was designated for lung fungal burden assess-

ment, with both undiluted and diluted samples cultured on Sabouraud dextrose agar. Follow-

ing a 2-day incubation at 30˚C, CFUs were enumerated, with a lower limit of detection of 20

CFU/lung. The remaining lung samples were passed through a 70 μm cell strainer. Leukocytes

from lung single-cell suspensions were enriched using a Percoll gradient (67% and 40%,

Cytiva; centrifuged at 800xg for 20 minutes without brake), followed by the collection of cells

from the interphase. Single cells obtained from PBMCs, splenocytes and lung leukocytes were

washed and resuspended in complete medium. Cell concentration and viability were then

determined with Trypan Blue stain and a T20 cell counter (Bio-Rad, Hercules, CA).
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Ex Vivo Culture and Stimulation

PBMCs (2 x 105 cells/well), splenocytes (1 x 106 cells/well), and lung leukocytes (4 x 105 cells/

well) were cultured in round-bottomed 96-well plates, each containing 200 μL of complete cul-

ture medium supplemented with 0.5 μg/mL amphotericin B (Thermo Fisher). The cells were

left unstimulated or stimulated with HK C. neoformans strain KN99 (50 μg/mL, dry weight,

prepared according to established protocols [11]). The cultures were maintained at 37˚C

within a controlled humidified atmosphere supplemented with 5% CO2.

Following a 3-day incubation, supernatants from cultured PBMCs and splenocytes were

harvested for determination of IFNγ concentration. Meanwhile, the lung leukocytes were cul-

tured for 18 hours, with the addition of brefeldin A (5 μg/mL, BioLegend, San Diego, CA) dur-

ing the last 4 hours of incubation. Supernatants were subsequently collected for IFNγ
quantification, and the lung leukocytes were harvested for staining, followed by analysis using

flow cytometry (FACS). Each sample was prepared and analyzed in duplicate.

Intracellular Staining for Cytokines

Harvested lung leukocytes were washed with PBS, followed by viability staining with LIVE/

DEAD green fixable dead cell stain kit (1:1000 dilution, ThermoFisher). For surface staining,

cells were incubated with anti-mouse CD3-PE, CD4-PerCP/Cyanine5.5 and CD8-APC anti-

bodies in the dark at 4˚C for 30 min in 50 μL FACS buffer (PBS with 0.5% bovine serum albu-

min). Cells were then fixed and permeabilized with the Intracellular Fixation &

Permeabilization Buffer Set (ThermoFisher). Rat anti-mouse CD16/CD32 monoclonal anti-

body was co-incubated with cells to block Fc receptors, before intracellular staining with

CD154-PE/Cyanine7, IFNγ-BV650, TNFα-APC/Cyanine7 and IL-17A-BV510 for 30min.

Stained cells were resuspended in FACS buffer and acquired with a 5-laser Bio-Rad ZE5 flow

cytometer (Bio-Rad). FACS data were analyzed using FlowJo version 10.9 software (BD Biosci-

ences, Franklin Lakes, NJ). Antibodies used for staining are listed in S2 Table. Gating strate-

gies, as demonstrated in S1 Fig, utilized fluorescence minus one controls and isotype controls.

Quantification of IFNγ production

All culture supernatants were promptly frozen and stored at -80˚C until analyzed. Samples

were thawed, diluted 1:2, and IFNγ levels were measured with R&D Systems Mouse IFNγ
DuoSet ELISA Kit (Bio-Techne, Minneapolis, MN) in accordance with the manufacturer’s

instructions. The detection limit was 10 pg/mL; samples below the detection limit were

assigned a value of 9 pg/mL.

Statistics

GraphPad Prism, version 10.1.2 (GraphPad Software, La Jolla, CA) was used for data analysis

and graphical representation. In survival studies, Kaplan-Meier survival curves underwent sta-

tistical assessment for significance utilizing the Mantel-Cox log-rank test. Median survival

differences� 3 days were deemed not biologically meaningful and, consequently, were not

assessed for statistical significance. Comparison of lung CFUs was executed through the non-

parametric Mann-Whitney test as the data did not follow a Poisson distribution. Meanwhile,

evaluation of normally distributed data such as lung weights, lung leukocytes, CD4+ T cell, and

CD8+ T cell numbers among groups employed the one-way ANOVA test with the Šı́dák cor-

rection for multiple comparisons.

For ex vivo intracellular staining experiments, lungs were analyzed individually, and the

data presented are the averages of technical duplicates for each sample. Cytokine expression
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comparisons across groups were performed using the two-way ANOVA test with Tukey or

Šı́dák correction applied for multiple comparisons. For IFNγ ELISA experiments, data were

analyzed for the lungs and spleens of individual mice, with averages of technical duplicates

presented. Meanwhile, technical duplicates of pooled PBMCs for each group were presented

and analyzed. The two-way ANOVA test with Tukey or Šı́dák correction was applied for mul-

tiple comparisons. Significance was defined as a P-value < 0.05 after corrections for multiple

comparisons.

Supporting information

S1 Fig. Flow cytometry gating strategy for experiments examining T cell activation and

intracellular cytokine production in cultured lung leukocytes. Singlet cells were gated based

on forward scatter (FSC) height (FSC-H) versus area (FSC-A). Debris was excluded by consid-

ering FSC-A and side scatter area (SSC-A). Elimination of dead cells was determined through

LIVE/DEAD green staining. T cells were chosen based on CD3 staining, and the CD4+CD8−

subset was then selected from the CD3+ population. Subsequently, the intracellular expression

of CD154, IFNγ, TNFα, and IL-17A was examined within the live CD3+CD4+CD8− gated pop-

ulation (highlighted in the red box). A parallel gating strategy was employed for the analysis of

CD8+ T cells, with the CD4-CD8+ subset (depicted in a blue box) selected from the CD3+ pop-

ulation. Notably, CD154 expression was not assessed in the CD4-CD8+ population. The repre-

sentative plots depict lung cells from a CAF01-Cda1+Cda2+Blp4+Cpd1Δ vaccinated mouse 10

days post-infection, stimulated ex vivo with HK C. neoformans.
(TIF)

S2 Fig. IFNγ production by ex vivo stimulated lung leukocytes following injection with

CAF01 adjuvant alone. BALB/c mice were injected subcutaneously thrice at biweekly inter-

vals with CAF01 adjuvant alone. Two weeks after the last boost, mice were orotracheally chal-

lenged with C. neoformans. Groups of mice were euthanized at 0 DPI (uninfected) and 10 DPI.

Lung leukocytes were prepared as described in Methods. Cells were cultured in complete

media supplemented with amphotericin B and stimulated with HK C. neoformans or left unsti-

mulated (Unstim) for 18 h. Supernatants were collected and analyzed for IFNγ by ELISA. DPI,

days post infection. HK, heat-killed. Data are presented as means ± SEM. Each dot represents

the value obtained from an individual mouse. Data are from two independent experiments,

each with 3–4 mice per group. Means of IFNγ levels were compared using two-way ANOVA

with Šı́dák’s correction for multiple comparisons. NS, not statistically significant; ***
P< 0.001.

(TIF)

S1 Table. Recombinant proteins tested as vaccines.

(DOCX)

S2 Table. Anti-mouse antibodies for intracellular staining.

(DOCX)

S3 Table. Statistics for group comparisons in Fig 3.

(DOCX)

S4 Table. Statistics for group comparisons of cytokine-producing CD4+ T cells in Fig 4.

(DOCX)

S5 Table. Statistics for group comparisons of cytokine-producing CD8+ T cells in Fig 6.
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