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New insights on the development of fungal vaccines:
from immunity to recent challenges
Natasha P Medici, Maurizio Del Poeta/+
Stony Brook University, Department of Molecular Genetics and Microbiology, Stony Brook, NY, USA

Fungal infections are emerging as a major problem in part due to high mortality associated with systemic infections, especially in the case of immunocompromised patients. With the development of new treatments for diseases
such as cancer and the acquired immune deficiency syndrome pandemic, the number of immunosuppressed patients
has increased and, as a consequence, also the number of invasive fungal infections has increased. Several studies
have proposed new strategies for the development of effective fungal vaccines. In addition, better understanding of
how the immune system works against fungal pathogens has improved the further development of these new vaccination strategies. As a result, some fungal vaccines have advanced through clinical trials. However, there are still
many challenges that prevent the clinical development of fungal vaccines that can efficiently immunise subjects at
risk of developing invasive fungal infections. In this review, we will discuss these new vaccination strategies and
the challenges that they present. In the future with proper investments, fungal vaccines may soon become a reality.
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In recent years, several studies in the field of medical mycology have been focused on the development of
new vaccines against fungal pathogens. Many pertinent
reviews and papers have been published with both new
strategies and challenges to the development of antifungal vaccines (Deepe Jr 1997, Casadevall et al. 2002, Torosantucci et al. 2005, Cassone 2008, Edwards Jr 2012,
Iannitti et al. 2012, de Amorim et al. 2013, Muñoz et al.
2014, Assis-Marques et al. 2015, de Almeida et al. 2015).
This increase in interest is due to the rise of dangerous
systemic fungal infections, especially related to immunocompromised patients, premature infants, cancer patients and those with invasive treatments for long periods in hospital settings, which are known as high-risk
groups (Spellberg 2011, Iannitti et al. 2012, Roy & Klein
2012). High-risk groups in the past decades have been
expanding in number owing to advances in the medical
field, where new treatments to critical diseases, such as
cancer, have arisen (Das & Ranganathan 2012). These
treatments improve patient’s survival rates, but can also
affect natural barriers of the body or even significantly
impact the competence of the immune system of the individual, contributing to an increased vulnerability to
infections caused by fungi (Paramythiotou et al. 2014).
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It is estimated that patients undergoing treatment for
haematologic malignancies, such as leukaemia, have a
mortality rate of 35% due to systemic fungal infections
(Bhatt et al. 2011) while human immunodeficiency virus
(HIV)/acquired immune deficiency syndrome (AIDS)
patients are significantly affected by opportunistic fungi
as Cryptococcus neoformans, accounting for 650,000
deaths/year (Del Poeta & Casadevall 2012). By virtue
of these facts, it is important to develop vaccines that
can protect both immunocompetent and immunocompromised hosts and generate long term immunological
memory, using combined mechanisms of innate and
adaptive immune response (Roy & Klein 2012). This review seeks to provide an update on the progress made in
host-fungi interactions as it relates to vaccine development. This review will cover how the immune system
works against fungal infections, the importance of the
development of new strategies, the efforts made and
challenges that still need to be solved for the advance in
this area of fungal vaccines.
Fungi and the relation with the host
Humans are constantly exposed to many species of
fungi; those that can survive at human body temperature
can establish different interactions - from symbiotic to
pathogenic (Iannitti et al. 2012). Some are well-known
for their commensal interactions, like Candida albicans,
where the physical barriers and the adaptive immune
system of the healthy host - the epithelium and IgG/IgA
- are thought to control the growth and spread of this
yeast. This creates a well-defined tolerance between the
host and the fungi (Cassone & Cauda 2012). Most others, however, are environmental fungi that can become
opportunistic pathogens in immune compromised hosts,
like C. neoformans (Iannitti et al. 2012), Aspergillus fumigatus (Behnsen et al. 2008), Blastomyces dermatitidis (Nanjappa & Klein 2014), Histoplasma capsulatum
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(Martin-Iguacel et al. 2014) and Coccidioides immitis
(Ampel 2005). Infection by these microorganisms occurs when the host fails to control spores or conidia that
have been inhaled into the lungs. From there the infection
progresses through the bloodstream and into the brain to
cause an invasive mycosis with high mortality rates (Rittershaus et al. 2006, Dagenais & Keller 2009, Del Poeta
& Casadevall 2012). Recently, the substantial increase in
immunocompromised individuals due to the HIV/AIDS
pandemic and the development of medical treatment
with invasive profiles and immunosuppression have led
to a dramatic increase in the incidence of fungal diseases
(Cutler et al. 2007, Brown at al. 2012). Despite efforts to
avoid secondary infections, such as the development of
combined antiretroviral therapy and the use of antifungal agents for prophylaxis in cancer patients (Staber et al.
2007, Armstrong-James et al. 2014, Brown et al. 2014),
the immune dysregulation in such cases can be extremely
dramatic and even the species known for its equilibrated
relation with the host, such as C. albicans, can become a
life-threatening pathogen (Romani 2011). In this case, it
is important to know how the immune system regulates
the relation between host and fungi.
Immune response against fungal infections
Since the kingdom Fungi besets a heterogeneous
group of organisms, it is expected that each one will elicit
a different immunological response (Cutler et al. 2007).
For all pathogens discussed in this review an interconnected innate and adaptive immune response is necessary
for the resolution of the infection (Roy & Klein 2012).
Innate response - The innate response against fungi
is designed to be as efficient as possible and also stimulates several responses mediated by the adaptive immune system (Santamaria et al. 2011). The first lines of
defense are physical barriers, like the skin and mucosal epithelial surfaces in the sites of the body that are
constantly being exposed to environmental organisms,
including sites such as the mouth, the upper airways and
the gastrointestinal and genitourinary tract (Borghi et
al. 2014). The epithelium also has an important role by
actively discriminating commensal fungi, such as C. albicans, which occurs in a nonpathogenic and pathogenic
form (Dühring et al. 2015). In addition, some specific
cells and molecules from the innate immune system play
a very important role. The complement system provides
recognition and opsonisation of fungi (Romani 2011,
Borghi et al. 2014). Opsonisation is extremely important for the phagocytosis of pathogens like C. neoformans and its deficiency leads to a higher susceptibility
to the disease caused by these fungi (Rohatgi & Pirofski
2015). Defensins play an antifungal role by permeabilising target membranes and are secreted by the epithelium
and Paneth cells (Ganz 2003). Collectins are soluble
pattern recognition receptors that help in the recognition of fungi, eliciting an inflammatory response against
these microorganisms and modulating inflammation by
assisting in the opsonisation of the intruder (Cutler et
al. 2007, Gupta & Surolia 2007). Phagocytic cells, such
as macrophages, dendritic cells (DCs) and neutrophils
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can quickly recognise fungi through a variety of receptors and combat fungal pathogens by phagocytosis and
production of antimicrobial components, like oxygen
radicals (Cutler et al. 2007, Roy & Klein 2012, MuellerLoebnitz et al. 2013) (Blanco & Garcia 2008). Phagocytes can produce cytokines that help in the maturation
of T CD4+ cells toward different and important subtypes
to combat the fungi (Rohatgi & Pirofski 2015). Lastly,
DCs are also active against fungal pathogens and are
considered the most important connection between the
innate and adaptive immune system (Mueller-Loebnitz
et al. 2013). These antigen-presenting cells (APCs) can
ingest different species of fungi and mature (Cutler et
al. 2007) to present those pathogens through major histocompatibility complex (MHC) class I or II and express
molecules necessary to fully activate T-helper cells (Roy
& Klein 2012). Furthermore, APCs can recognise different structures from fungal cells through nonspecific
receptors like Toll-like receptors and dectin receptors.
This recognition leads to the production of cytokines
that also stimulate phagocytic cells (Mezger et al. 2008,
Roy & Klein 2012, Mueller-Loebnitz et al. 2013).
Adaptive response - After stimulation of the innate
immune system, it is essential that T-cells are activated
for a successful elimination and development of protective immunity against fungi (Cutler et al. 2007). Hence,
the majority of invasive fungal infections occur in condition of T-cell deficiency. The specific cytokines expressed by APCs cells like DCs and macrophages are
crucial for the differentiation of CD4+ T-cells [T-helper
(Th) cells] (Hamad 2011, LeidbundGut-Landmann et al.
2012, Rohatgi & Pirofski 2015). The different cytokine
milieu produced by components of the innate immune
system lead to the differentiation of CD4+ T-cells towards the Th1 or Th17 subtypes. Once activated, these
T-cell subtypes can produce pro-inflammatory cytokines like interferon gamma (IFN-γ), tumour necrosis
factor alpha and interleukin (IL) 17/22 (Wüthrich et al.
2012). Those molecules are extremely important for the
clearance of the infection, since they recruit neutrophils
and help control systemic fungal diseases (van de Veerdonk & Netea 2010, Gibson & Johnston 2014). Furthermore, T-helper cells are known for their importance in
the generation, maintenance and differentiation of the
other type of T-cells, CD8+ (killer T-cells). CD8+ T-cells
are also produced in the absence of CD4+ cells and play
important roles in immunity especially in the context of
diseases in which CD4+ cells are deficient (van de Veerdonk & Netea 2010, Nanjappa et al. 2012).
T CD8+ cells are cytotoxic T-cells, which possess
the ability to kill extracellular and intracellular pathogens, as well as tumourigenic cells, through the release
of microbial products, known as granulysins (Oykhman
& Mody 2010). They are activated through a different
mechanism when compared to T CD4+ cells. However,
they are found to be just as important as the latter since
in their absence, CD8+ T-cells can be protective (van de
Veerdonk & Netea 2010, Verma et al. 2014). This activating mechanism is extremely important when the aim
is to generate vaccines that can induce immunity against
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fungal pathogens in all groups of patients (Verma et al.
2014). Since the majority of systemic fungal infections
occur frequently in HIV patients that lack an efficient
CD4+ T response, the use of pathways that do not require
this cell type is a valid alternative (Iannitti et al. 2012,
Nanjappa et al. 2012). Recent data has shown that CD8+
T-cells can efficiently become long-term memory cells,
mediate resistance and maintain their high number and
phenotype for a long period after vaccination, even in
the absence of T-helper cells (Nanjappa et al. 2012).
Lastly, it has been suggested that humoral immunity
contributes to the host defense against fungal infections.
Although a lot of controversy still exists when defining
the importance of antibodies in the resolution of infection, it has been found that antibodies can target antigens
on the fungal cell wall and opsonise these pathogens
(Verma et al. 2014). Once bound, antibodies can elicit microbicidal activity and alterations in gene expression in
the fungi that modify metabolism and prevent virulence
(Cutler et al. 2007, Brena et al. 2011, Verma et al. 2014).
Additionally, antibodies can trigger other pathways, such
as phagocytosis and the complement system, to aid in the
elimination of fungi (Hamad 2011, Wüthrich et al. 2012,
Verma et al. 2014). Certain antibodies have direct fungicidal activity by preventing budding and cell growth
in vitro. Antibodies against glucosylceramide have been
shown to have this direct effect on fungi, suggesting that
they can be used as a therapy or in combination with
other existent treatments (Rodrigues et al. 2000, 2007).
Importance of fungal vaccines
As previously described, fungal diseases are rare in
immunocompetent individual whereas groups of immunocompromised individuals often are at a risk of
developing invasive fungal infections (Spellberg 2011).
Some high-risk groups that can be highlighted are HIV
patients, cancer patients and those receiving immunosuppressive treatments, such as corticoids (Spellberg
2011, Brown et al. 2012, 2014, Cassone & Cauda 2012).
The development of new treatments, especially those aggressive immunosuppressive therapies will continue to
rise and consequently increase the number of individuals in the high-risk groups for invasive fungal infections
(Spellberg 2011). The impact of the increase in the number of people affected by fungal diseases can be already
seen, such as in the case of C. albicans whose mortality
rate can reach 60% when associated with invasive infection (Moryiama et al. 2014). Additionally, in the United
States of America (USA), hospitalisation costs associated with the treatment of candidiasis are estimated at
US$ 2-4 billion/year. Invasive candidiasis is particularly
costly due to the longer treatment stay when compared to
other infections (Wilson et al. 2002, Hidron et al. 2008,
Spellberg 2011, Moryiama et al. 2014). Since it has been
proven that immune and mucosal damage are required
for Candida dissemination (Koh et al. 2008), it is crucial to protect patients under these conditions. Another
example is the yeast C. neoformans, an environmental
fungus causing the most common fungal meningoencephalitis worldwide in immunocompromised patients
(Rittershaus et al. 2006). Infections caused by this fun-

gus account for more than 600,000 deaths per year which
is statistically significant when compared to the era prior
to the mid-1950’s, where cases were not more than 300/
year. Also, it has been found that other Cryptococcus
species, such as Cryptococcus gattii, can also affect immunocompetent hosts (Kidd et al. 2004, Del Poeta &
Casadevall 2012, Espinel-Ingroff & Kidd 2015, LIFE
2015, Rella et al. 2015). Finally, species from the genus
Aspergillus are associated with the second most common cause of nosocomial infection in the USA (Spellberg 2011, Bourgeois & Kuchler 2012, Vermeulen et al.
2014). The mortality rates for invasive aspergillosis can
reach 80% in some cases, which is even more dramatic
than candidiasis (Perlroth et al. 2007). It is estimated that
at least three million people are affected by chronic pulmonary aspergillosis worldwide (LIFE 2015).
Most of these infections afflict patients with severe
immunodeficiency. In addition, current antifungal drugs
have limitations such as toxicity, availability, spectrum
of activity and may have major drug-interactions. There
is also a problem with the development of resistance
when used for long periods of time (Denning & Bromley
2015). Based on these limitations, it is important to develop new strategies involving antifungal vaccines in order to reduce the risk of death of these patients (Iannitti
et al. 2012). Currently, a considerable number of research
groups have been focusing on the creation of new fungal
vaccines that can generate long-term memory and can be
used in all groups, from high-risk to healthy patients and
improve their quality of life (Spellberg 2011, Cassone
& Casadevall 2012). The fact that fungal pathogens afflict primarily immunocompromised subjects is a major
challenge for the generation of a fungal vaccine, as immunocompetency is often required for the generation of
immunity against an infectious disease. Therefore, current research centres on development of vaccines which
can be used during immunodeficiency or immediately
prior to the development of a severe immunodeficiency.
Efforts to develop new strategies
The goal of an efficient fungal vaccine is to generate
immune responses that will lead to immunological memory and protection against a recurrent exposure to fungi and
their conidia/spores (Iannitti et al. 2012). In recent years,
many vaccine candidates have been tested against some
fungal pathogens (Nanjappa & Klein 2014), such as C. albicans, Aspergillus spp, Cryptococcus spp, Blastomyces
spp, Paracoccidioides brasiliensis and Sporothrix spp.
C. albicans - Several candidate vaccines have been
studied that utilise fungal cell wall polysaccharides,
proteins and/or live attenuated strains as strategies for
Candida vaccines (Wang et al. 2015). Also, different
strategies to enhance the activity of the vaccines have
been published, including adjuvants and delivery systems (Edwards Jr 2012, Portuondo et al. 2015). All
this effort is resulting in promising new discoveries to
combat this fungus.
In 2012, Schmidt et al. published new work that
utilised the N-terminal portion of the agglutinin like
sequence 3 protein (Als3p) as a vaccine. To enhance
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antigenicity, after the production of the protein using
Saccharomyces cerevisiae expressing cell line, the protein was purified and formulated with aluminium hydroxide as an adjuvant. Once tested in mice and nonhuman primates, the vaccine was tested in healthy humans.
The vaccination occurred in two doses, in ascending
concentrations and with placebo as control. Seventythree adults, ranging from 19-47 years old, were tested
and the results showed interesting outcomes. All subjects had a rapid response and generated anti-Als3p antibody after the first dose, including those that did not
have detectable antibodies against this protein prior to
the vaccination. The second dose elicited a very similar
IgG response to the first one; however the IgA1 response
was increased. T-cell responses were measured by the
presence of cytokines like IL-17 and IFN-g and it was
found that the higher dose was the most efficient, generating a robust T-cell response independent of antibodies.
The vaccine, however, was not tested in patients under
treatment of corticosteroids and antibiotics, the main
risk groups affected by Candida. Nonetheless, based on
the results this is a promising candidate, especially because it showed positive protection against disseminated
Candida and vaginitis caused by this pathogen.
Also in 2012, de Bernardis et al. published the development of another protein vaccine, however, utilising a recombinant version of the secreted aspartyl proteinase 2 as
the antigen in the vaccine with a virosome as adjuvant. Saps
are important virulence factors from Candida and play important roles in vaginitis (Cassone 2014). The subjects were
mice, which were vaccinated by intravaginal route. The
results showed generation of specific protective antibodies against the protein that also cross reacted with different
Saps. The vaccine showed to be low in toxicity and could be
used in human tests. The clinical trials have already started
with the vaccine being delivered by intramuscular and intravaginal routes, but the results have not been released to
the public domain thus far (Edwards Jr 2012).
Other strategies have been previously addressed
which include the use of an engineered live attenuated
strain of C. albicans and the use of components of the
cell wall in murine models (Saville et al. 2009, Edwards
Jr 2012, Cassone 2014). Those vaccines showed to be efficient, but they have not been tested in humans (Cassone 2014). The live attenuated strategies are particularly challenging, due to the high risk of introducing live
organism into a human host and even more so in the case
of immunocompromised hosts.
Aspergillus spp - A. fumigatus has not received due
attention because only severe immunocompromised
patients are typically affected by this fungus and this
would make vaccination very difficult (Spellberg 2011).
However, we now know that apparent immunocompetent subjects can also be affected by aspergillosis (Taccone et al. 2015). In addition, we also know that certain
immunocompromised patients can respond to vaccination (Stevens et al. 2011, Ljungman 2012, Rubin et al.
2014). Based on these facts, some vaccines have been
designed to prevent aspergillosis (Stevens et al. 2011).
Pioneer studies in this field used intranasal application of crude Aspergillus antigens to generate CD4+ Th1
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immunity and protect them from pulmonary aspergillosis (Cenci et al. 2000). Importantly, corticosteroid immunosuppressed mice could also respond to a sonicated
vaccine in a positive way, generating protection against
the disease (Ito & Lyons 2002).
A novel strategy used by Stuehler et al. (2011), was
the discovery of the A. fumigatus epitope p41 from the
cell wall glucanase, named Crf1, as an important immunogenic molecule. In several experiments, they showed
that this epitope can be presented through three different
MHC class II alleles. It was also shown the production
of Th1 cells that can cross-react with C. albicans. This
was a very important finding, since this epitope could
elicit immune response against two very important fungal pathogens in humans.
Recently, a panfungal vaccine using β-glucans of S.
cerevisiae was shown to generate protection against several pathogenic fungi, including A. fumigatus. Interestingly, this vaccine did not need an adjuvant to generate
protection. However, the studies were performed in immunocompetent mice and therefore do not indicate if the
vaccine would work in condition of immunodeficiency.
It is still possible to propose use of this vaccination strategy in immunocompetent subjects, such as those awaiting an organ transplant. Immunity against aspergillosis
could be achieved before they become immunocompromised (Liu et al. 2011).
All this effort can lead to future new strategies in the
prophylaxis of aspergillosis, which still need a lot of work.
However, the development of a panfungal vaccine that
protects against this disease may be one of the most promising strategies so far (Liu et al. 2011, Stevens et al. 2011).
Blastomyces spp, Paracoccidioides spp and Sporothrix spp - Endemic mycoses are diseases caused by fungi present in the nature and seldom are transmitted from
human to human (Lorthoraly et al. 1999). The species
considered endemic share similar behaviour, are limited
to certain geographic locations and, in contrast to the
species previously described, can cause invasive fungal
infections in healthy hosts more frequently (Kauffman
2006). Species belonging to the genus Paracoccidioides spp and Sporothrix spp can be considered endemic
fungi that frequently cause diseases in Latin American
countries like Brazil, Argentina, Colombia and Venezuela (Bagagli et al. 1998, Kauffman 2006, Sbeghen et al.,
unpublished observations), while fungi belonging to the
species Blastomyces are endemic in North America, with
occasional outbreaks in Africa and Asia (LIFE 2015).
In this area, one important work was completed by
Wüthrich et al. (2003), in which they vaccinated T CD4+
depleted mice with an attenuated strain of B. dermatitidis lacking the gene for the adhesin BAD1, indispensable for pathogenesis of this species. The mice were
vaccinated two times two weeks apart and challenged
with a wild type strain of B. dermatitidis. After analysis
of the mouse response, it was observed that vaccinated
mice could resist the infection for a longer period than
unvaccinated mice independent of T CD4+ response and
maintain persistent immunity. This experiment was important in showing that the host can rely on CD4+ T-cell
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independent immune pathways, which could be an option when vaccinating immunocompromised subjects,
such as the ones affected by blastomycosis.
With the increase of diseases caused by Sporothrix
schenkii and Sporothrix brasiliensis in urban areas, scientists have begun to analyse the pathogenicity of these
species in order to develop new ways to control these
infections (de Almeida et al. 2015). In 2015, de Almeida
et al. developed therapeutic antibodies, or passive immunisation, comprised of monoclonal antibodies against
the glycoprotein 70 (gp70) from S. schenkii that were
previously proven to be effective against sporotrichosis
caused by this species (Nascimento et al. 2008). After
treatment of mice infected with different strains of S.
schenkii and S. brasiliensis, the therapeutic antibodies
were shown to decrease fungal burden in mice organs,
such as liver and spleen. Since therapeutic antibodies
provide passive immunisation and do not induce the
generation of long-lasting memory which active immunisations do (Dan & Levitz 2006), they can be used as
a treatment option, especially in immunocompromised
patients, when the stimulation of active immunity is not
possible (Wang et al. 2015). Although a prophylactic
vaccine has yet to be developed against Sporothrix spp,
the gp70 used as antigen in this study was shown to be
important in the pathology of these species (de Almeida
et al. 2015) and further studies could lead to the development of this protein as a new vaccine.
In the case of paracoccidioidomycosis (PCM), the
disease can appear in two clinical forms, acute and
chronic. In each case, the treatment requires long, toxic
and intensive antifungal therapy with sulphonamides
combined with amphotericin B or azoles (Muñoz et al.
2014, Assis-Marques et al. 2015). Despite the long treatment, which can reach up to six months, relapses are frequent (Assis-Marques et al. 2015). In order to develop
alternative treatments that can generate host protection,
several researchers have been investigating Paracoccidioides components for use as vaccines against PCM.
In 2013, de Amorim et al. showed that a modified
peptide derived from the antigen gp43 from P. brasiliensis, named P10, could protect mice against this pathogen.
The mice were vaccinated with a plasmid vector containing the peptide and challenged with the pathogenic strain
of the yeast. Vaccination was found to reduce pulmonary
fungal burden and resolve the pathological alterations induced by the infection, like the formation of granulomas.
The work also found that the vaccine induced the production of T-reg cells, which are involved in the maintenance
of immunological memory. Later, the same group also
demonstrated the effectiveness of the same vaccine in
immunosuppressed mice, which led to the production of
Th1 cells predominantly. When combined with the correct fungal chemotherapy treatment, the use of P10 as an
adjuvant is a promising strategy for the treatment of PCM
and prevention of relapses (Muñoz et al. 2014).
Assis-Marques et al. (2015) developed a mechanism
utilising S. cerevisiae expressing gp43 as a vehicle for
immunisation against P. brasiliensis. Their hypothesis
was based on the fact that S. cerevisiae has components

in its cell wall with the ability to elicit a strong immune
response and could serve as an ideal adjuvant. After intraperitoneal immunisation, they observed a significant
decrease in fungal burden in mice organs after 30 days
of immunisation. In addition, several cytokines were detected in lungs and spleen, showing high concentrations
of IL-12 and IFN-g. More work needs to be done with this
vaccine candidate, especially to prove the production of
long lasting immune memory (Assis-Marques et al. 2015).
Cryptococcus spp - As with aspergillosis, vaccines
against Cryptococcus spp need to be efficient in patients
with severe T-cell deficiency, like HIV/AIDS patients
(Spellberg 2011). It is believed that patients are asymptomatic during initial infection by this genus. Once
cryptococcosis occurs in an adult with immune defects,
it is thought that that the fungus has changed from a
latent state to a case of reactivation (Datta & Pirofski
2006). Based on the fact that some Cryptococcus spp
can cause diseases in both immunocompromised and
immunocompetent hosts, a vaccine that can prevent the
recurrent disease and the acute form is the ideal solution
(Datta & Pirofski 2006).
The first studies in this field comprised the use of
an antiphagocytic antigen from the capsule of C. neoformans, the glucuronoxylomannann (GMX), as a vaccine (Devi et al. 1991). Since GMX showed low immunogenicity and T-cell independent nature, which is not
desired for the vaccination of HIV patients, the vaccine
was constructed with tetanus toxoid and generated elevated levels of specific anti-GMX antibodies in mice
(Devi 1996). Although the problem of immunogenicity
was solved, when administrated in mice, the vaccine
was shown to produce nonprotective antibodies (Casadevall & Pirofski 2005, Datta & Pirofski 2006).
In 2011, Wozniack et al. administrated an engineered
strain as a vaccine of C. neoformans that could express
IFN-g into T-cell depleted mice in order to evaluate the
generation of protective immunity in the absence of
CD4+ and/or CD8+ T-cells. After vaccination, the mice
were challenged with a secondary pulmonary infection
using a pathogenic strain. It was shown that protection
could be generated in T-cell-deficient hosts, demonstrating that it is possible to generate a protective immune
response to Cryptococcus even after becoming immunocompromised, like in cases of HIV.
Recently, a study proposed the use of a live attenuated strain as a vaccine (Rella et al. 2015). This mutant
lacks the sterol glucosidase enzyme (Δsgl1), leading to a
dramatic accumulation of sterol glucosides in the cells.
Mice infected with the Δsgl1 cells were all alive after
90 days and they were able to eliminate the mutant cells
from the lung after only 14 days. If these mice were then
challenged with virulent Cryptococcus strains, either
C. neoformans or C. gattii, they were able to efficiently
control the infection. Most interestingly, the administration of Δsgl1 could elicit a protective immunity also in T
CD4+ deficient mice. This is very encouraging considering that cryptococcosis is particularly frequent in condition of CD4+ T-cell deficiency.
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Challenges and concluding remarks
As previously discussed, several groups have been
working on different strategies to advance the field of
fungal vaccines. Some of the vaccine candidates have already gone through clinical trials Phase I in humans and
are showing good progress towards the development of
an efficient method of fungal immunisation (de Bernardis et al. 2012, Schmidt et al. 2012). However, some other
candidates are experiencing setbacks due to the combination of several issues (Edwards Jr 2012). For instance,
vaccines that utilise live attenuated strains (Saville et al.
2009) can face several safety challenges for use in humans (Edwards Jr 2012). The fact of fungal pathogens
affect mostly immunocompromised subjects greatly
limits the generation of fungal vaccines. Thus, it is important that fungal vaccines could elicit protection also
in immunocompromised subjects, without any risk of
aggravation of the underlying disease or/and the development of the fungal disease due to the administration
of the vaccine (Cassone 2008, Chatuverdi & Wormley
Jr 2013). Potential high costs in preparing the vaccines
are a challenge considering that the revenue is obtained
from vaccinating only a population at risk of developing fungal infections. In the case of endemic mycosis, a
vaccine that can maintain immunity in a small and confined population does not attract enough investment to
develop vaccines against these species (Spellberg 2011).
Additionally, a vaccine against commensal organisms
(e.g., Candida spp) could be a challenge as autoimmunity against the commensal fungal organism may become
an issue (Fidel & Cutler 2011). Despite these challenges,
vaccines against primary fungal pathogens and opportunistic fungi are becoming a reality in clinical trials
and the efforts that many research groups have put into
developing strategies to produce an efficient antifungal
vaccine have proven to be fruitful.
The world population is changing and it is expected
that the number of immunocompromised subjects will
continue to increase in the future and, as a consequence,
fungal infections will continue to rise. As the development of new antifungal drugs is now becoming a priority
in academia and industry, we should also invest in the
field of fungal vaccines, even if the revenue would be
less than those for bacterial and viral vaccines.
ACKNOWLEDGEMENTS
To Arielle Bryan, for her helpful comments and suggestions.

971

Behnsen J, Hartmann A, Schmaler J, Gehrke A, Brakhage AA, Zipfel
PF 2008. The opportunistic human pathogenic fungus Aspergillus fumigatus evades the host complement system. Infect Immun
76: 820-827.
Bhatt VR, Viola GM, Ferrajoli A 2011. Invasive fungal infections is
acute leukemia. Ther Adv Hematol 2: 231-247.
Blanco JL, Garcia ME 2008. Immune response to fungal infections.
Vet Immunol Immunopathol 125: 47-70.
Borghi M, Renga G, Puccetti M, Oikonomou V, Palmieri M, Galosi
C, Bartoli A, Romani L 2014. Antifungal Th immunity: growing
up in family. Front Immunol 5: 506.
Bourgeois C, Kuchler K 2012. Fungal pathogens - a sweet and sour
treat for Toll-like receptors. Front Cell Infect Microbiol 2: 142.
Brena S, Cabezas-Olcoz J, Moragues MD, de Larrinoa IF, Dominguez A, Quindos G, Ponton J 2011. Fungicidal monoclonal antibody C7 interferes with iron acquisition in Candida albicans.
Antimicrob Agents Chemother 55: 3156-3163.
Brown GD, Denning DW, Gow NA, Levitz SM, Netea MG, White TC
2012. Hidden killers: human fungal infections. Sci Transl Med
4: 165rv13.
Brown GD, Meintjes G, Kolls JK, Gray C, Hosnell W, Working Group
from the EMBO-AIDS Related Mycoses Workshop 2014. AIDSrelated mycoses: the way forward. Trends Microbiol 22: 107-109.
Casadevall A, Feldmesser M, Pirofski LA 2002. Induced humoral immunity and vaccination against major human fungal pathogens.
Curr Opin Microbiol 5: 386-391.
Casadevall A, Pirofski L 2005. Insights into mechanisms of antibodymediated immunity from studies with Cryptococcus neoformans. Curr Mol Med 5: 421-433.
Cassone A 2008. Fungal vaccines: real progress from real challenges.
Lancet Infect Dis 8: 114-124.
Cassone A 2014. Vulvovaginal Candida albicans infection: pathogenesis, immunity and vaccine prospects. BJOG 122: 785-794.
Cassone A, Casadevall A 2012. Recent progress in vaccines against
fungal disease. Curr Opin Microbiol 15: 427-433.
Cassone A, Cauda R 2012. Candida and candidiasis in HIV-infected
patients: where commensalism, opportunistic behavior and frank
pathogenicity lose their borders. AIDS 26: 1457-1472.
Cenci E, Mencacci A, Bacci A, Bistoni F, Kurup VP, Romani L 2000.
T-cell vaccination in mice with invasive pulmonary aspergillosis.
J Immunol 165: 381-388.
Chatuverdi AK, Wormley Jr FL 2013. Cryptococcus antigens and immune responses: implications for a vaccine. Expert Rev Vaccines
12: 1261-1272.

REFERENCES

Cutler JE, Deepe Jr GS, Klein BS 2007. Advances in combating fungal
diseases: vaccines on the threshold. Nat Rev Microbiol 5: 13-28.

Ampel NM 2005. Coccidioidomycosis in persons infected with HIV
type 1. Clin Infect Dis 41: 1174-1178.

Dagenais TR, Keller NP 2009. Pathogenesis of Aspergillus fumigatus
in invasive aspergillosis. Clin Microbiol Rev 22: 447-465.

Armstrong-James D, Meintjes G, Brown GD 2014. A neglected epidemic: fungal infections in HIV/AIDS. Trends Microbiol 22: 120-127.

Dan JM, Levitz SM 2006. Prospects for development of vaccines
against fungal diseases. Drug Resist Updat 9: 105-110.

Assis-Marques MA, Oliveira AF, Ruas LP, dos Reis TF, Roque-Barreira MC, Coelho PSR 2015. Saccharomyces cerevisiae expressing Gp43 protects mice against Paracoccidioides brasiliensis
infection. PLoS ONE 10: e0120201.

Das R, Ranganathan R 2012. An overview of changing trends in systemic fungal infections. Webmedcentral 3: WMC003386.

Bagagli E, Sano A, Coelho KI, Alquati S, Miyaji M, de Camargo ZP,
Gomes GM, Franco M, Montenegro MR 1998. Isolation of Paracoccidioides brasiliensis from armadillos (Dasypus noveminctus) captured in an endemic area of paracoccidioidomycosis. Am
J Trop Med Hyg 58: 505-512.

Datta K, Pirofski LA 2006. Towards a vaccine for Cryptococcus neoformans: principles and caveats. FEMS Yeast Res 6: 525-536.
de Almeida JRF, Kaihami GH, Jannuzzi GP, de Almeida SR 2015.
Therapeutic vaccine using a monoclonal antibody against a 70kDa glycoprotein in mice infected with highly virulent Sporothrix schenkii and Sporothrix brasiliensis. Med Mycol 53: 42-50.

972

Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 110(8), December 2015

de Amorim J, Magalhães A, Munoz JE, Rittner GMG, Nosanchuk JD,
Travassos LR, Taborda CP 2013. DNA vaccine encoding peptide
P10 against experimental paracoccidioidomycosis induces longterm protection in presence of regulatory T cells. Microbes Infect
15: 181-191.
de Bernardis F, Amacker M, Arancia S, Sandini S, Gremion C,
Zurbriggen R, Moser C, Cassone A 2012. A virosomal vaccine
against Candida vaginitis: immunogenicity, efficacy and safety
profile in animal models. Vaccine 30: 4490-4498.
Deepe Jr GS 1997. Prospects for the development of fungal vaccines.
Clin Microbiol Rev 10: 585-596.
Del Poeta M, Casadevall A 2012. Ten challenges on Cryptococcus
and cryptococcosis. Mycopathologia 173: 303-310.
Denning DW, Bromley MJ 2015. Infectious disease. How to bolster
the antifungal pipeline. Science 347: 1414-1416.
Devi SJ 1996. Preclinical efficacy of a glucuronoxylomannann-tetanus toxoid conjugate vaccine of Cryptococcus neoformans in a
murine model. Vaccine 14: 841-844.
Devi SJ, Schneerson R, Egan W, Ulrich TJ, Bryla D, Robbins JB,
Bennett JE 1991. Cryptococcus neoformans serotype A glucuronoxylomannann-protein conjugate vaccines: synthesis, characterization and immunogenicity. Infect Immunol 59: 3700-3707.
Dühring S, Germerodt S, Sherka C, Zipfel PF, Dandekar T, Schuster S
2015. Host-pathogen interactions between the human innate immune system and Candida albicans - understanding and modeling defense and evasion strategies. Front Microbiol 6: 625.
Edwards Jr JE 2012. Fungal cell wall vaccines: an update. J Med Microbiol 61: 895-903.
Espinel-Ingroff A, Kidd SE 2015. Current trends in the prevalence of
Cryptococcus gatti in the United States and Canada. Infect Drug
Resist 8: 89-97.
Fidel Jr PL, Cutler JE 2011. Prospects for development of a vaccine
to prevent and control vaginal candidiasis. Curr Infect Dis Rep
13: 102-107.
Ganz T 2003. Defensins: antimicrobial peptides of innate immunity.
Nat Rev Immunol 3: 710-720.
Gibson JF, Johnston SA 2014. Immunity to Cryptococcus neoformans
and C. gatti during cryptococcosis. Fungal Genet Biol 78: 76-86.
Gupta G, Surolia A 2007. Collectins: sentinels of innate immunity.
Bioessays 29: 452-464.
Hamad M 2011. Innate and adaptive antifungal immune responses:
partners on an equal footing. Mycosis 55: 205-217.
Hidron AI, Edwards JR, Patel J, Horan TC, Sievert DM, Pollock DA,
Fridkin SK, National Healthcare Safety Network Team, Participating National Healthcare Safety Network Facilities 2008.
NHSN annual update: antimicrobial-resistant pathogens associated with healthcare - associated infections: annual summary of
data reported to the National Healthcare Safety Network at the
Centers for Disease Control and Prevention, 2006-2007. Infect
Control Hosp Epidemiol 29: 996-1011.
Iannitti RG, Carvalho A, Romani L 2012. From memory to antifungal
vaccine design. Trends Immunol 33: 467-474.
Ito JI, Lyons JM 2002. Vaccination of corticosteroid immunosuppressed mice against invasive pulmonary aspergillosis. J Infect
Dis 186: 869-871.
Kauffman CA 2006. Endemic mycoses: blastomycosis, histoplasmosis and sporotrichosis. Infect Dis Clin North Am 20: 645-662.
Kidd SE, Hagen F, Tscharke RL, Huynh M, Bartlett KH, Fyfe M,
Macdougall L, Boekhout T, Kwong-Chung KJ, Meyer W 2004. A

rare genotype of Cryptococcus gattii caused the cryptococcosis
outbreak on Vancouver Island (British Columbia, Canada). Proc
Natl Acad Sci USA 101: 17258-17263.
Koh AY, Kohler JR, Coggshall KT, Van Rooijen K, Pier GB 2008.
Mucosal damage and neutropenia are required for Candida albicans dissemination. PLoS Pathog 4: e35.
LeidbundGut-Landmann S, Wüthrich M, Hohl TM 2012. Immunity
to fungi. Curr Opin Immunol 24: 449-458.
LIFE - Leading International Fungal Education 2015. Invasive fungal
infections. Available from: life-worldwide.org/fungal-diseases/
invasive/.
Liu M, Clemons KV, Bigos M, Medovarska I, Brummer E, Stevens
DA 2011. Immune responses induced by heat killed Saccharomyces cerevisiae: a vaccine against fungal infection. Vaccine 29:
1745-1753.
Ljungman P 2012. Vaccination of immunocompromised patients.
Clin Microbiol Infect 18: 93-99.
Lorthoraly O, Denning DW, Duppont B 1999. Endemic mycosis: a
treatment update. J Antimicrob Chemother 43: 321-331.
Martin-Iguacel R, Kurtzhals J, Jouvion G, Nielsen SD, Llibre JM
2014. Progressive disseminated histoplasmosis in the HIV population in Europe in the HAART era. Case report and literature
review. Infection 42: 611-620.
Mezger M, Kneitz S, Wozniok I, Kurzai O, Einsele H, Loeffler J
2008. Proinflammatory response of immature human dendritic
cells is mediated by dectin-1 after exposure to Aspergillus fumigatus germ tubes. J Infect Dis 197: 924-931.
Moryiama B, Gordon LA, McCarthy M, Henning SA, Walsh TJ, Penzak SR 2014. Emerging drugs and vaccines for candidemia. Mycoses 57: 718-733.
Mueller-Loebnitz C, Osterabb H, Franzke A, Loeffler J, Uharek L,
Topp M, Einsele H 2013. Immunological aspects of Candida and
Aspergillus systemic fungal infections. Interdiscip Perspect Infect Dis 2013: 7 pp.
Muñoz JE, Luft VD, Amorim J, Magalhães A, Thomaz L, Nosanchuk
JD, Travassos LR 2014. Immunization with P10 peptide increases specific immunity and protects immunosuppressed BALB/c
mice infected with virulent yeast of Paracoccidioides brasiliensis. Mycopathologia 178: 177-188.
Nanjappa SG, Henninger E, Wüthrich M, Gasper DJ, Klein BS 2012.
Tc17 cells mediate vaccine immunity against lethal fungal pneumonia in immune deficient hosts lacking CD4+ T cells. PLoS Pathog 8: e1002771.
Nanjappa SG, Klein BS 2014. Vaccine immunity against fungal infections. Curr Opin Immunol 28: 27-33.
Nascimento RC, Espíndola NM, Castro RA, Teixeira PA, Penha CVL,
Lopes-Bezerra RM, Almeida SR 2008. Passive immunization
with monoclonal antibody against a 70-kDa putative adhesin of
Sporothrix schenkii induces protection in murine sporotrichosis.
Eur J Immunol 38: 3080-3089.
Oykhman P, Mody CH 2010. Direct microbicidal activity of cytotoxic
T-lymphocites. J Biomed Biotechnol 2010: 9 pp.
Paramythiotou E, Frantzeskaki F, Flevari A, Armaganidis A, Dimopoulos G 2014. Invasive fungal infection in the ICU: how to approach, how to treat. Molecules 19: 1085-1119.
Perlroth J, Choi B, Spellberg B 2007. Nosocomial fungal infections:
epidemiology, diagnosis and treatment. Med Mycol 45: 321-346.
Portuondo DLF, Ferreira LS, Urbaczek AC, Batista-Duharte A, Carlos
IZ 2015. Adjuvants and delivery systems for antifungal vaccines:
current state and future developments. Med Mycol 53: 69-89.

New insights on fungal vaccines • Natasha P Medici, Maurizio Del Poeta
Rella A, Mor V, Farnoud AM, Singh A, Shamseddine AA, Ivanova
E, Carpino N, Montagna MT, Luberto C, Del Poeta M 2015. Role
of sterylglucosidase 1 (Sgl 1) on the pathogenicity of Cryptococcus neoformans: potential applications for vaccine development.
Front Microbiol 6: 836.
Rittershaus PC, Kechichian TB, Allegood JC, Merrill Jr AH, Hennig
M, Luberto C, Del Poeta M 2006. Glucosylceramide synthase is
an essential regulator of pathogenicity of Cryptococcus neoformans. J Clin Invest 116: 1651-1659.

973

adjuvanted vaccine for Candida and Staphylococcus aureus is
safe and immunogenic in healthy adults. Vaccine 30: 7594-7600.
Spellberg B 2011. Vaccines for invasive fungal infections. F1000 Med
Rep 3: 13-20.
Staber P, Langner S, Dornbusch HJ, Neumeister P 2007. Antifungal management in cancer patients. Wien Med Wochenschr 157: 503-510.
Stevens DA, Clemons KV, Liu A 2011. Developing a vaccine against
aspergillosis. Med Mycol 49 (Suppl. 1): S170-S176.

Rodrigues ML, Shi L, Barreto-Bergter E, Nimritcher L, Farias SE,
Rodrigues EG, Travassos LR, Nosanchuk JD 2007. Monoclonal
antibody to fungal glucosylceramide protects mice against lethal
Cryptococcus neoformans infection. Clin Vaccine Immunol 14:
1372-1376.

Stuehler C, Khanna N, Bozza S, Zelante T, Moretti S, Kruhm M,
Lurati S, Conrad B, Worschech E, Stevanovic S, Krappmann S,
Einsele H, Latge JP, Loeffler J, Romani L, Topp MS 2011. Cross
protective TH1 immunity against Aspergillus fumigatus and
Candida albicans. Blood 117: 5881-5891.

Rodrigues ML, Travassos LR, Miranda KR, Franzen AJ, Rozental
S, de Souza W, Alviano CS, Barreto-Bergter E 2000. Humans
antibodies against a purified glusocylceramide from Cryptococcus neoformans inhibits cell budding and fungal growth. Infect
Immun 68: 7048-7060.

Taccone FS, Van der Abeele AM, Bulpa P, Misset B, Meersseman W,
Cardoso T, Paiva JA, Blasco-Navalpotro M, De Laere M, Dimopoulos G, Rello J, Vogelaers D, Blot SI 2015. Epidemiology of
invasive aspergillosis in critically ill patients: clinical presentation, underlying conditions and outcomes. Critical Care 19: 7.

Rohatgi S, Pirofski LA 2015. Host immunity to Cryptococcus neoformans. Future Microbiol 10: 565-581.
Romani L 2011. Immunity to fungal infections. Nat Rev Immunol 11:
275-288.
Roy RM, Klein BS 2012. Dendritic cells in anti-fungal immunity and
vaccine design. Cell Host Microbe 11: 436-446.
Rubin LG, Levin MJ, Ljungman P, Davies EG, Avery R, Tomblyn M,
Bousvaros A, Dhanireddy S, Sung L, Keyserling H, Kang I 2014.
2013 IDSA clinical practice guideline for vaccination of the immunocompromised host. Clin Infect Dis 58: e44-e100.
Santamaria R, Rizzetto L, Bromley M, Zelante T, Lee W, Cavalieri
D, Romani L, Miller B, Gut I, Santos M, Pierre P, Bowyer P, Kapushesky M 2011. Systems biology of infectious diseases: a focus
on fungal infections. Immunobiology 216: 1212-1217.
Saville SP, Lazzell AL, Chaturvedi AK, Monteagudo C, Lopez-Ribot
JL 2009. Efficacy of a genetically engineered Candida albicans
tet-NRG1 strain as an experimental live attenuated vaccine
against hematogenously disseminated candidiasis. Clin Vaccine
Immunol 16: 430-432.
Sbeghen MR, Zanata TB, Macagnan R, de Abreu KC, da Cunha WL,
Watanabe MAE, de Camargo ZP, Ono MA 2015. Paracoccidioides brasiliensis infection in small wild animals. Mycopathologia
doi: 10.1007/s11046-015-9928-8.
Schmidt CS, White CJ, Ibrahim AS, Filler SG, Fu Y, Yeaman MR, Edwards Jr JE, Hennessey Jr JP 2012. NDV-3, a recombinant alum-

Torosantucci A, Bromuro C, Chiani P, De Bernardis F, Berti F, Galli
C, Noelli F, Bellucci C, Polonelli L, Constantino P, Rappuoli R,
Cassone A 2005. A novel glyco-conjugate vaccine against fungal
pathogens. J Exp Med 202: 597-606.
van de Veerdonk FL, Netea MG 2010. T-cell subsets and antifungal
host defenses. Curr Fungal Infect Rep 4: 238-243.
Verma A, Wüthrich M, Deepe G, Klein B 2014. Adaptive immunity to
fungi. Cold Spring Harb Perspect Med 5: a019612.
Vermeulen E, Maertens J, Meersseman P, Saegeman V, Dupont L, Lagrou K 2014. Invasive Aspergillus niger complex infections in a
Belgian tertiary care hospital. Clin Microbiol Infect 20: O333-O335.
Wang XJ, Sui X, Yan L, Wang Y, Cao YB, Jiang YY 2015. Vaccines in
the treatment of invasive candidiasis. Virulence 6: 309-315.
Wilson LS, Reyes CM, Stolpman M, Speckman J, Allen K, Benney J
2002. The direct cost and incidence of systemic fungal infections.
Value Health 5: 26-34.
Wozniack KL, Yong ML, Wormley Jr FL 2011. Protective immunity
against experimental pulmonary cryptococcosis in T-cell depleted mice. Clin Vaccine Immunol 18: 717-723.
Wüthrich M, Deepe Jr GS, Klein B 2012. Adaptive immunity to fungi. Annu Rev Immunol 30: 115-148.
Wüthrich M, Filutowicz HI, Warner T, Deepe Jr GS, Klein BS 2003.
Vaccine immunity to pathogenic fungi overcomes the requirement for CD4 help in exogenous antigen presentation to CD8+ T
cells: implications for vaccine development in immune-deficient
hosts. J Exp Med 197: 1405-1416.

