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Abstract

Cryptococcosis remains a significant cause of morbidity and mortality world-wide; particularly
among AIDS patients. Yet, to date, there are no licensed vaccines clinically available to treat or
prevent cryptococcosis. In this review, we provide a rationale to support continued investment in
Cryptococcus vaccine research, potential challenges that must be overcome along the way, and a
literature review of the current progress underway towards developing a vaccine to prevent
cryptococcosis.
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A Call to Arms: Why a Vaccine is Warranted

Cryptococcus neoformans and Cryptococcus gattii, the predominant etiological agents of
cryptococcosis, can cause severe pneumonia and disease of the central nervous system
(CNS) and other tissues (bone, skin, etc.). Disease severity oftentimes depends on the
immune status of the individual and whether appropriate antifungal therapy is available
and/or rendered in a timely manner. Cryptococcal meningoencephalitis is the most common
disseminated fungal disease in AIDS patients and is responsible for 15% of AIDS-related
deaths globally [1]. Cryptococcosis accounts for 7-8% of the invasive fungal diseases in
solid organ transplant (SOT) recipients with 20% of C. gattii cases occurring in SOT
recipients [2]. C. neoformans has a world-wide distribution and predominantly causes
disease in immunocompromised individuals, including AIDS patients and those undergoing
immunosuppressive therapies [3-9]. Nevertheless, C. neoformans is the leading cause of
cryptococcosis in Southeast Asia in HIV negative patients with no apparent underlying
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disease [10, 11]. C. gattiihas been previously reported to cause disease in healthy
individuals with no apparent underlying condition [12, 13]. However, C. gattii also causes a
significant proportion of cryptococcal disease in HIV positive individuals residing in sub-
Saharan Africa which is perhaps symptomatic of the enormous burden of AIDS [14, 15]. In
addition, the presence of anti-granulocyte-macrophage colony-stimulating factor (GM-CSF)
autoantibodies appears to increase the risk for dissemination of C. gattiito the CNS of
otherwise immune competent patients [16, 17]. This later study suggests that more
comprehensive immunological evaluation of patients with cryptococcosis due to C. gattii
may reveal additional correlates of immune dysfunction resulting in a predisposition to C.
gattii meningoencephalitis and cause us to revisit the perception of C. gattii as a primary
pathogen. The geographical range of C. gattii has historically been understood to be
primarily in the tropical and subtropical climates of Australia, New Zealand, and Southeast
Asia [18]. However, the geographical range of C. gattii has clearly expanded to include
temperate climates of Vancouver Island, British Columbia, Canada, the Pacific Northwest,
Northeast, Southwest, and Southeast regions of the United States and Mediterranean Europe
[15, 19-25] suggesting that more individuals will be at risk for developing cryptococcosis.

The morbidity and mortality rates due to cryptococcosis are unacceptably high in resource-
limited settings such as sub-Saharan Africa, South Asia and Southeast Asia [1]. Access to
three mainstay drugs used to treat cryptococcosis (.., amphotericin B, flucytosine and
fluconazole) in resource-limited settings is hampered by high drug costs, inadequate drug
stocks or supply chains, and difficulty managing potential adverse side effects of
conventional formulations of amphotericin B in patients [26]. Regrettably, despite earnest
efforts, there is currently no clinically available vaccine to combat cryptococcosis.

The incidence of HIV-associated cryptococcosis has significantly declined in countries with
ready access to antivirals owing to immune reconstitution resulting from the widespread use
of antiretroviral therapy [27, 28]. However, the use of antiretroviral drugs to treat HIV
infection is also associated with the development of Cryptococcus-related immune
reconstitution inflammatory syndrome (IRIS) which is also life-threatening [29-31].
Cryptococcus-associated IRIS is also observed in solid organ transplant (SOT) recipients
following receipt of antifungal therapy and reduction of immunosuppressive drugs [3, 32—
34]. Additionally, patients who are HIV negative or are not organ transplant recipients may
be among the most at risk groups for mortality attributed to cryptococcosis in resource-
available settings; perhaps because of delayed diagnosis due to lack of clinical suspicion and
the myriad of other underlying diseases that are present within this patient population [35].
There are also genetic risk factors that may attribute to increased susceptibility to
cryptococcosis in HIV positive and HIV negative patients [36-38].

The overwhelming majority of Cryptococcus exposures do not progress to cryptococcal
disease. Thus, it is more prudent to select appropriate at-risk populations as candidates to
receive a Cryptococcus vaccine. The pervasive presence of Cryptococcus in the environment
indicates that exposure of a high number of persons with defective or suppressed immunity
or some underlying genetic risk factor(s) is a concern. Consequently, individuals with
compromised immunity and/or some pre-disposing genetic risk factors are obvious targets
for an anti-cryptococcal vaccine. Also, certain individuals predicted to have an exceptionally

Trends Microbiol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Caballero Van Dyke and Wormley Page 3

high risk for developing cryptococcosis (/.e., patients scheduled to receive organ transplants,
otherwise healthy HIV positive persons, and immune competent persons in endemic areas
observed to contain C. gattii) would be ideal candidates for vaccination as a prophylactic
measure. A more difficult but necessary challenge will be to prospectively identify patient
populations with no apparent risk factors but who are expected to have higher mortality due
to delayed diagnosis or additional underlying diseases as candidates for vaccination.
Vaccines designed to prevent cryptococcosis will need to be broadly effective against the
most virulent members of the C. neoformans and C. gattii species complexes and consider
the current and predicted immune status of the patient. While there are a number of factors
that will generally need to be considered to devise a viable vaccine candidate [Reviewed in
39] an effective cryptococcal vaccine will additionally need to 1) confer protection in
persons with suppressed T cell mediated immunity, 2) remain effective during the
subsequent development of immune suppression, 3) prevent reactivation of latent disease
without generating an over-exuberant immune response like that observed with IRIS, and 4)
contain individual proteins that would not induce deleterious T cell activation and
proliferative responses to Cryptococcus that may enhance pathogenesis [40]. Taken together,
the constant and ready exposure of high-risk populations, rise in medical procedures
predicted to increase the susceptibility of patients to Cryptococcus disease, lack of an active
and well-resourced pipeline for the development of novel classes of anti-fungal drugs, and
current public health burden of cryptococcosis underlines the need for a “call to arms” to
develop a cryptococcal vaccine. This review highlights the need for continued investment
into cryptococcal vaccine development, stresses major obstacles that need to be overcome,
and discusses promising approaches towards creating a viable Cryptococcus vaccine.

Overcoming Obstacles to Cryptococcal Vaccine Development

The consensus of studies using animal models demonstrate that cell-mediated immunity
(CMI) by T helper (Th)1-type CD4* T cells is necessary for protection against
cryptococcosis [41-47]. Results obtained from animal models mirror clinical observations
by showing that cryptococcosis is typically most aggressive in individuals with impaired T
cell function (/.e., persons with AIDS, lymphoid malignancies, and recipients of
immunosuppressive therapies) [48-50]. Thi-type CD4" T cells choreograph the protective
anti-cryptococcal immune response through the generation of Thl-type cytokines including
interleukin-2 (1L-2), IL-12, tumor necrosis factor-a (TNF-a), and interferon-y (IFN-vy).
These cytokines, in turn, induce increased lymphocyte and phagocyte recruitment to the
lungs and activation of anti-cryptococcal delayed-type hypersensitivity (DTH) responses
resulting in increased cryptococcal uptake and antimicrobial phagocyte activity [41, 42, 51].
The apparent dependency of intact T cell function on the generation of protection against
cryptococcosis questions the premise for developing an anti- cryptococcal vaccine that will
elicit protection in persons who present with low CD4* T cell counts or a vaccine that will
remain protective in vaccinated individuals following the onset of immune suppression.
However, studies utilizing animal models have provided proof that protection following
immunization can be maintained in immunocompromised hosts [52, 53].

Studies by Huffnagle et a/. have shown that CD8* T cells may compensate for the loss of
CD4™ T cells to facilitate protection against cryptococcosis [54]. Other studies show mice
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depleted of CD4" or CD8" T cells prior to and during pulmonary infection with a C.
neoformans strain genetically engineered to produce IFN-vy, designated H99vy, were able to
resolve the initial infection and were completely protected against a subsequent otherwise
lethal challenge with wild-type (WT) C. neoformans [53, 55]. Similarly, immune competent
mice immunized with C. neoformans strain H99y and subsequently rendered CD4* or CD8*
T cell deficient during challenge with WT C. neoformans were completely protected, as
evidenced by 100% survival and sterilizing immunity [53, 55]. Interestingly, 80% of H99y
immunized mice depleted of both CD4* and CD8* T cell populations survived a secondary
challenge with WT yeast. Also, mice immunized with a C. neoformans strain genetically
engineered to lack the enzyme sterylglucosidase 1 (Sgl1; see G/ossary), which results in the
accumulation of sterylglucosides (Figure 1, Key Figure), and then depleted of CD4* T cells
were protected from a subsequent infection with WT C. neoformans [52]. These studies
support the premise that a cryptococcal vaccine can induce protection in CD4* T cell
deficient hosts and/or elicit protective immunity after CD4* T cell counts are significantly
reduced. However, a question remains as to what arm of the host immune response or cell
population(s) provide protection in T cell deficient persons.

Studies by Netea ef a/. showed that an initial exposure of monocytes/macrophages to a
microbe or antigen enhances their innate immune responses against reinfection with the
same or different pathogen, a concept coined “trained immunity” [56, 57]. Altogether, the
studies showed that exposure of monocytes and macrophages to the fungal cell wall
component B-glucan induced changes in the epigenetic programming of the monocytes/
macrophages leaving them able to respond in a memory-like fashion following re-
stimulation with a potential pathogen that is independent of adaptive immunity [58]. These
findings suggest that therapies targeting monocytes and/or macrophages could potentially
provide protective immunity in the exact populations most at risk for developing
cryptococcosis. Immune-based therapies and/or vaccines designed to augment monocyte/
macrophage responses against C. neoformans are plausible strategies considering the critical
role of STAT1-mediated M1 macrophage activation in mediating protection [59].
Nonetheless, a recent study using a mouse model to investigate the long-term relevance of
this phenomenon suggested that the impact of B-glucan training of monocytes/macrophages
may be transient /in vivo; significantly subsiding within 3 weeks [60]. Thus, more
experiments are needed to establish whether innate cells can provide long-term protection
against fungal diseases including cryptococcosis.

Antibody-mediated immunity (AMI) has been shown to contribute to vaccine-mediated
protection against cryptococcosis in persons with suppressed cell-mediated immunity. The
polysaccharide capsule of Cryptococcus which is predominantly comprised of the
polysaccharides glucuronoxylomannan (GXM) and galactoxylomannan (GalXM) and to
a lesser extent, <1%, mannoproteins (MP) (Figure 1) [Reviewed in 61] is its most prominent
virulence determinant and an obvious target for development of antibody-mediated
therapies. However, cryptococcal polysaccharides have profound suppressive effects on
immune responses [Reviewed in 61] and polysaccharide-only vaccines generally do not
induce strong or long lasting immune responses associated with immunological memory. To
overcome this, conjugate vaccines consisting of GXM combined to either tetanus toxoid
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(TT) or Pseudomonas aeruginosa exoprotein A (rEPA) were developed and shown to induce
high antibody titers and elicit partial protection against cryptococcosis in mice [62, 63].
Mice actively immunized with GXM covalently linked to tetanus toxoid (GXM-TT) or by
passive immunization with GXM-TT elicited antiserum demonstrated 70-80% protection
against systemic C. neoformans infection [64]. Studies also showed that mice immunized
with a peptide mimetic of C. neoformans GXM, peptide 13 (P13), recognized by human
anti-GXM antibodies [65] conjugated to various protein carriers demonstrated prolonged
survival and lowered serum GXM levels following an otherwise lethal C. neoformans
challenge [66] or after establishment of a chronic infection [67] compared to controls.
Passive immunization with serum from P13-conjugate vaccinated mice to naive mice also
conferred partial protection against cryptococcal challenge [67, 68]. Casadevall et. al.
developed a murine monoclonal antibody (mAb), 18B7, to C. neoformans polysaccharide
that underwent phase | clinical studies in HIV* patients with cryptococcal antigenemia [69,
70]. Patients receiving mAb 18B7 showed a modest reduction in serum cryptococcal antigen
titers before eventually returning to baseline levels and the treatment was well tolerated at
certain doses [70]. However, no clinical studies focusing on the therapeutic potential of mAb
18B7 are on-going.

Additional studies included utilizing mAbs generated against C. neoformans cell wall
components such as B-glucans [71], glucosylceramide [72], and melanin (Figure 1) [73].
An anti-B-glucan mAb 2G8 targeting B(1, 3)-linked glucans of the brown alga Laminaria
digitata inhibited capsule formation and growth of C. neoformans in vitro and reduced
fungal burden in mice given a systemic cryptococcal infection [71]. Mice passively
immunized with mADbs against glucosylceramide exhibited reduced inflammatory responses
and prolonged survival to lethal infection with C. neoformans [72]. mAbs to melanin were
able to reduce the growth rate of melanized C. neoformans in vitro and mice passively
immunized with mADbs against melanin also demonstrated prolonged survival [73].
Antibodies directed against C. neoformans are able to aid in phagocytosis and modulation of
the inflammatory response, and modulate metabolism of the yeast rendering it more
susceptible to antifungal drugs [74]. While it is generally agreed that AMI contributes to
protective anti-cryptococcal host immune responses, there is no conclusive evidence
demonstrating that AMI alone can provide protection against cryptococcosis in the absence
of T cell-mediated immunity. However, mAb therapies and/or vaccines intended to elicit
protective anti- Cryptococcus antibody responses may delay onset of disease or reduce
disease severity in a host environment where T cell-mediated immunity is diminished but
not absent.

The murine model of experimental pulmonary cryptococcosis is the predominant animal
model used to evaluate the efficacy of various vaccine strategies against cryptococcosis.
However, mice of different genetic backgrounds have differential susceptibility to
cryptococcosis [75, 76]. Dissimilar levels of sensitivity to experimental cryptococcal
infection can complicate interpretation of survival data and other immunological results
attained from murine studies. For example, studies by Upadhya et a/. showed that CBA/J,
129, and A/J mice vaccinated with a chitosan-deficient (Figure 1) C. neoformans strain,
cdalA2A3A, demonstrated similar levels of protection against challenge with virulent C.
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neoformans and significantly more protection compared to that observed in BALB/c mice
followed by C57BL/6 mice [77]. Also, C. neoformans strain 52D is more virulent in
C57BL/6 compared to BALB/c mice which can resolve pulmonary infection with this strain
[78]. Most commercially available transgenic mice are readily available only on the
C57BL/6 background which may pose a problem if the phenotype of the vaccine-mediated
immune response is not effectively replicated in this mouse model. Fortunately, most
transgenic mouse lines can be re-derived or bred onto a different mouse background; albeit
at some sacrifice in time and expense. Also, vaccine candidates can be tested in multiple
inbred and/or outbred mouse strains, humanized mice, or a rabbit model of cryptococcal
meningitis [79] as alternatives.

Cryptococcal Vaccines

Perhaps an indication of the difficult challenge before us is that, to date, no vaccines are
approved for clinical use to prevent any fungal disease. Additionally, we are still working to
understand the requirements for inducing protective immunity against cryptococcosis and
defining which combination of cryptococcal antigen, adjuvant, delivery system, delivery
route, and several other factors are needed to establish an effective and viable Cryptococcus
vaccine. Herein, we discuss the strengths and weaknesses of various strategies to develop an
attractive vaccine candidate.

Heat-killed or Attenuated Mutant Strains as Cryptococcal Vaccine Candidates

An ideal vaccine will not only be effective in preventing disease but will have an impeccable
safety profile in all populations such as the elderly, young infants, and the
immunocompromised [39]. Earlier studies are mixed in regard to the efficacy of vaccination
with heat-killed Cryptococcus yeast or attenuated C. neoformans strains to elicit protective
immune responses against cryptococcosis in mice [80-83]. Nonetheless, recent studies have
shown that mice vaccinated with heat-killed or live/attenuated Crypfococcus strains with
specific modifications to their cell wall architecture elicit significant levels of protection
against cryptococcosis. Zhai and colleagues investigated the use of C. neoformans hyphal
mutants to induce protective anti-cryptococcal immune responses in mice. Vaccination of
mice with an attenuated C. neoformans strain engineered to overexpress Znf2, a master
regulator of hyphal development, resulted in protective Thl- and Th17-type immune
responses and a vaccination dose-dependent increase in protection against challenge with
WT C. neoformans [84]. Interestingly, mice immunized with heat-killed Znf2-
overexpressing strains also demonstrated 100% protection against subsequent challenge with
WT C. neoformans. Studies using the chitosan-deficient (Figure 1) C. neoformans strain
cdalA2A3A demonstrated that mice immunized with this avirulent mutant produced Th1-
type responses and subsequent protection against infection with WT C. neoformans [77, 85].
Additionally, vaccination with a high dose of heat-killed cda142A3A elicited robust
protection against an otherwise lethal challenge with WT C. neoformans compared to
unvaccinated or heat-killed C. neoformans vaccinated mice [77]. Studies also demonstrated
increased cross-protection in mice immunized with the C. neoformans cdalA2A3A strain
against challenge with C. gattii compared to unvaccinated mice.
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Potential strengths for the use of attenuated Cryptococcus strains as vaccines include low
production costs and the capacity for these strains to induce stronger, longer-lasting immune
responses compared to vaccination with heat-killed organisms [39, 86]. However, there are
concerns regarding reversion of an attenuated strain to WT virulence levels or simply that
vaccination in immunosuppressed individuals could cause a dysregulated immune response.
The probability for reversion of attenuated strains to the fully virulent phenotype can be
significantly reduced by genetically introducing several mutations into the attenuated strain.
However, the efficacy of attenuated strains to induce protective immune responses typically
declines as it is weakened. Since a majority of patients suffering from severe cryptococcosis
are immunocompromised, a non-viable mutant strain vaccine would be a safer alternative
and the results of recent studies demonstrate that heat-killed Cryptococcus mutants may,
unlike initially observed, be utilized to elicit vaccine-mediated protection against
cryptococcosis.

Crude Extracts and Recombinant Proteins as Potential Vaccine Candidates

Vaccines based on crude fungal extracts or recombinant proteins have the potential
advantage of being relatively low cost and safer than attenuated Cryptococcus strains
because there is no danger regarding reversion. A significant body of work is available to
demonstrate that vaccination with various crude Cryptococcus extracts or protein fractions
and/or individual proteins elicit protective host immune responses against experimental
cryptococcal infection in mice. Mice vaccinated with a C. neoformans culture filtrate antigen
(CneF) in complete Freund’s adjuvant (CFA) were partially protected against a subsequent
cryptococcal infection compared to mice immunized with heat-killed C. neoformans (HK-
C.n) in CFA, HK-C.n. in saline alone, or mice immunized with saline alone [82].
Fractionation of CneF revealed mannoprotein (MP) (Figure 1) as the primary antigenic
component responsible for the stimulation of anti-cryptococcal CMI responses in mice [87].
A screen for C. neoformans antigens that stimulate T cell responses resulted in the discovery
of MP98, which contains a chitin deacetylase motif with the ability to convert chitin into
chitosan [88] and MP88 [89] whose function remains unknown. MP88 and MP98 were
shown to have extensive N-and O-linked mannosylation which were demonstrated to be
essential for antigen recognition and optimal T cell responses [90, 91]. These data suggest
that vaccine designs involving recombinant proteins should consider the contribution of
post-translational modifications on the antigen’s potential immunogenicity. MPs have also
been shown to induce proinflammatory cytokine and chemokine production from dendritic
cells [92, 93]. However, not all MP fractions stimulate pro-inflammatory immunological
responses [94] and MP fractions or any additional antigens identified that are immune
stimulatory may require the appropriate adjuvant to induce the desired host immunological
response [95].

Immunogenic cryptococcal antigens are often pre-selected for analysis based on their
serological activity [96—-99]. While immune serum has traditionally been used to identify
putatively protective cryptococcal antigens, immunoreactivity to serum antibody does not
ensure that the identified antigens will also induce protective T cell responses against
Cryptococcus. In addition to MPs, Mandel ef a/. have identified and cloned a gene,
designated DHAI, which encodes a protein that induces DTH responses in mice [100].
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Biondo et a/. used a 25-kDa extracellular polysaccharide deacetylase from C. neoformansin
a vaccine strategy showing prolonged survival and reduced fungal burden in mice [101,
102]. Studies in our laboratory utilized a dual immunological and a proteomic approach to
identify potential immunogenic cell wall (CW) and cytoplasmic (CP) associated proteins
from both C. neoformansand C. gattii that may serve as attractive vaccine candidates [99,
103, 104]. C. neoformans CW and CP proteins were fractionated and screened for both
immunoreactivity against serum antibody and the ability to stimulate a protective Thl-type
cytokine response [104]. Mice immunized with individual protein fractions that elicited
antibody and Th1-type cytokine responses exhibited significantly prolonged survival against
experimental pulmonary challenge with C. neoformans. For C. gattii, mice immunized with
individual CW and/or CP protein preparations also showed significantly prolonged survival
against challenge with a virulent C. gattii strain [103]. Immunodominant proteins identified
in these studies included proteins involved in stress responses (particularly heat shock
proteins, HSPs), carbohydrate metabolism, signal transduction, amino acid biosynthesis,
and protein synthesis [99]. HSPs may be of particular interest considering that hsp70 is
highly abundant and immunogenic /7 vivo during pulmonary cryptococcosis [97, 98]. Hsp90
has been shown to govern fungal resistance to a number of anti-fungal drugs including
azoles and echinocandins [105-108]. Several of the identified immunodominant proteins
were similar between C. neoformansand C. gattii [103, 104] and could provide attractive
candidates for the development of a prophylactic sub-unit vaccine effective for the treatment
and/or prevention of both C. gattiiand C. neoformans.

A successful vaccine will require the right mixture of antigen(s) combined with an
appropriate adjuvant and/or antigen delivery system to induce preferably protective T cell
mediated immunity against cryptococcosis. Specht ef a/. evaluated the use of B-glucan
particles (GPs) (Figure 1), an antigen-delivery platform, packaged with alkaline extracts
made from C. neoformans and C. gattii capsule mutant strains as a potential vaccination
strategy against cryptococcosis [109]. Mice immunized with GPs containing immune-
stimulatory and protective protein extracts derived from capsule deficient C. neoformans or
C. gattii strains mounted antigen-specific CD4* T cell recall responses and displayed
prolonged protection against a subsequent otherwise lethal challenge with C. neoformans
and C. gattii[109]. The delivery platform appeared to function as both an adjuvant and a
vaccine delivery system. The promise of this system is that various Cryptococcus antigen
and adjuvant combinations can be packaged within GPs and tested for their efficacy to
prevent cryptococcosis in various animal model systems.

Recent studies have demonstrated the potential of glycolipids to serve as a component of a
vaccine formulated to prevent cryptococcosis [52, 110]. Glucosylceramide (GlcCer) and
SG, discussed earlier, are two major glycolipids found in fungi (Figure 1) [111]. Mice
administered purified GlcCer, derived from Candiaa utilis, prior to challenge with C.
neoformans showed significantly increased survival compared to mock vaccinated mice
[110]. A significant reduction in pulmonary fungal burden and no dissemination to the brain
were observed in GlcCer vaccinated mice compared to untreated mice. Studies have
demonstrated both the safety profile [112] and flexibility [Reviewed by 113, 114] of
glycolipids to tailor immune responses against a particular pathogen. A potential concern
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associated with the use of glycolipids, particularly the glycolipid galactosylceramide
(GalCer) (Figure 1), as adjuvants is the induction of hyporesponsiveness in particular patient
populations (i.e. immunosuppressed) and a number of side effects have been observed in
mice given GalCer, including hepatotoxicity and abortion [Reviewed by 113, 115].
Nonetheless, studies using GlcCer suggest that GlcCer may be utilized as an adjuvant or
principal component of a vaccine formulation to prevent Crypfococcus infections.
Altogether, formulations comprised of an immunodominant protein, antigen, or peptide
matched with an appropriate adjuvant and/or antigen delivery system would potentially be a
safer option compared to a live-attenuated vaccine.

Concluding Remarks

Given the substantial morbidity and mortality associated with cryptococcosis, there is a need
for continued, if not increased, investment in research to develop a vaccine to prevent
cryptococcosis. A prophylactic anti-cryptococcal vaccine will dramatically alleviate the
burden associated with cost and accessibility to mainstay anti-fungal drugs used to treat
patients suffering from cryptococcal meningoencephalitis in resource-limited settings.
Incidences associated with Crypfococcus-related IRIS in resource-limited and resource-
available settings will also be alleviated if such a vaccine is available and broadly
distributed. However, a successful Cryptococcus vaccine will need to be safe enough for
administration to immune suppressed patient populations and elicit protective immunity in T
cell deficient persons. A live or attenuated Cryptococcus vaccine will likely not be approved
for use in immunocompromised patient populations. Heat-killed Cryptococcus mutants
remain a viable option and their protective efficacy may extend beyond the Cryprococcus
serotype used for vaccination. A subunit vaccine containing antigens from multiple
Cryptococcus serotypes is also likely to provide broad protection against multiple etiological
agents of cryptococcosis and be safely administered to immune suppressed populations. The
addition of adjuvants such as GalCer or GlcCer, perhaps packaged within an antigen
delivery system such as GPs, is also likely to enhance the immunogenicity of the vaccine
and conceivably augment or “train” innate cell responses against Cryptococcus.
Nonetheless, the efficacy of any Cryptococcus vaccine candidate to induce protection
against cryptococcosis will need to be verified using an immune deficient animal model
system to mimic immune suppression in human populations. Although many questions
remain to be answered (see Outstanding Questions), studies using small animal models and
engineered Cryptococcus mutants provide proof that a vaccine against Crypfococcus is
feasible.
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a critical component of the fungal cell wall composed of B-1,3-linked polymers of glucose
with B-1,6 branches. B-glucans have immunostimulatory properties via activation of the
alternative pathway of complement and serve as a ligand for the pattern recognition receptor
Dectin-1, expressed on phagocytes

B-glucan particles (GPs)

spherical hollow shells purified from Saccharomyces cerevisiae that are primarily composed
of B-1,3 glucan and are devoid of proteins, lipids, and mannans. The inner hollow cavity of
GPs can be loaded with various compounds and agents (i.e., protein antigens, cytokines,
small interfering RNA, DNA, etc.) for delivery to antigen presenting cells. GPs have
intrinsic immunostimulatory properties allowing them to serve as an antigen-presenting cell-
targeted delivery system and an adjuvant

Chitin

a B(1,4)-linked homopolymer of A-acetylglucosamine, a simple polysaccharide and essential
component of the cell walls of all fungi. Encompasses both immune stimulatory and
immune suppressive properties and enhanced chitin levels reduce susceptibility to
echinocandin

Chitosan
deacetylated chitin; an integral component of the inner portion of the cell wall and required
for the virulence of C. neoformans.

Galactoxylomannan (GalXM)

a relatively minor component of Cryptococcus polysaccharide capsule, compared to
glucuronoxylomannan, constituting about 5-8% of the capsular mass. Structurally, GalXM
has an a-(1—6)-galactan backbone containing four potential short oligosaccharide branch
structures

Glucosylceramide (GlcCer)

a glycolipid produced by protozoa, mammalian cells, plants, and multiple fungal species
such as C. neoformans and Candida utilis. GlcCer can be found in the plasma membrane,
cell wall, and extracellular vesicles of C. neoformans

Glucuronoxylomannan (GXM)

a major component of Cryptococcus polysaccharide capsule accounting for about 90-95%
of the Cryptococcus capsule’s mass. Structurally, it consists of a linear a-(1,3)-mannan main
chain with B-(1,2)-glucuronic acid residues attached to every first mannose forming the
basic core. This component is known to suppress host immune responses via multiple
mechanisms

Heat-Shock Proteins (HSPs)

synthesized by cells in response to an environmental stress and also act as molecular
chaperones that are constitutively expressed and facilitate the synthesis and folding of
proteins. HSPs are known to be targets of both the cellular and humoral immune responses
in the host
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Mannoprotein (MP)

cell wall polysaccharide composed of mannosylated glycoproteins. MPs are a heterogeneous
family of proteins that are defined by their ability to adhere to a Concanavalin A (Con A)
affinity column. MPs are highly immunogenic and immune stimulatory

Melanin

a natural pigment typically located in the cell wall of Cryptococcus that attributes to
virulence by protecting Cryptococcus from host factors such as altering cytokine responses,
and decrease phagocytosis

Peptide Mimetic
a peptide that mimics a natural ligand or defined epitope and are often used to either
stimulate or antagonize host immune responses

Sterylglucosidase 1
an enzyme that metabolizes cryptococcal sterylglucosides. Genetic elimination of this gene
in C. neoformans results in the accumulation of sterylglucosides

Sterylglucosides

class of glycolipids produced by animals, plants, bacteria and various fungi including C.
neoformans and Candida albicans. Sterylgucosides have been shown to have
immunomoaulatory properties.
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Trends

Expansion of Cryptococcus in unique patient populations and environmental
niches highlight the need for a prophylactic vaccine to prevent cryptococcosis
caused by virulent C. neoformans and C. gattii species.

Vaccination with heat-killed Cryptococcus mutants containing cell wall
modifications appear to induce protective immune responses against
cryptococcosis in mice.

Experimental studies show potential for eliciting long lasting protective
immunity against cryptococcosis in CD4" T cell deficient hosts.

Administration of fungal glycolipids such as glucosylceramide demonstrate
significant protection against subsequent Cryptococcus infection in mice.

Mice vaccinated with innovative p-glucan antigen-delivery platform
containing immune stimulatory Cryptococcus fractions induce protective anti-
cryptococcal immune responses against virulent strains of C. neoformans and
C. gattil.
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Outstanding Questions

CD4* T cell mediated immune responses appear to be critical towards
eliciting protective immunity against cryptococcosis. Nevertheless, is it wise
to prioritize antigens that preferentially activate CD4* T cell cytokine recall
responses for inclusion in Cryptococcus vaccine formulations considering that
a significant segment of cryptococcosis patients are CD4* T cell deficient?

What is the appropriate target population for a Cryptococcus vaccine and
when should they be vaccinated?

Is it essential that all Cryptococcus vaccine candidates be found effective at
inducing protection against cryptococcosis in a T cell deficient animal model
system prior to any further serious consideration?

What is the criteria for determining which approaches and/or mutant strains
or antigens are successful and should be moved forward to clinical trials?

Should a Crypfococcus vaccine have demonstrable protection against virulent
strains of the C. neoformans and C. gattii species complexes?

What are the next steps to move from the preclinical work using mice into
clinical trials? Are there additional animal models that should be used or
developed?

Is it possible for a Cryptococcus vaccine to elicit protection in persons who
present with low CD4* T cell counts (i.e., AIDS patients or persons on
immune suppressive therapies to prevent organ transplant rejection) or be
protective in vaccinated individuals following the onset of immune
suppression?

What are the mechanisms responsible for protective vaccine-mediated
immune responses against cryptococcosis in hosts with suppressed CD4* T
cell-mediated immune responses?

Will the projected use of a Cryprfococcus vaccine in resource-rich countries
make it financially feasible to justify vaccination of select populations in
resource-limited nations? If not, is there appropriate support to underwrite an
effort to implement an anti-cryptococcal vaccination program in resource-
limited settings?
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Figure 1. Cellular Location of Potential Cryptococcal Vaccine Targets and/or Components
Various strategies to develop an effective anti-cryptococcal vaccine include targeting the

capsule [62—70], engineering recombinant proteins of mannoproteins [88-90], targeting or
utilization of B-glucans [71, 109], targeting melanin [73], engineering mutant chitosan
deficient strains [77], and utilizing cryptococcal glycolipids as vaccine candidates or
adjuvants [52, 110, 115]. GXM: glucuronoxylomannan; GalXM: galactoxylomannan;
GalCer: galactosylceramide; GlcCer: glucosylceramide.
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