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Vaccines for fungal infections

URVASHI TIWARI, SHUKLA DAS, MUKTA TANDON, V.G. RAMACHANDRAN,

RUMPA SAHA

ABSTRACT

High morbidity and mortality caused by mycotic infections has
been a cause for concern. Trials for various vaccines against
fungal pathogens have not been approved by the US Food and
Drugs Administration because of the high cost of production
and lack of a single suitable candidate. Most fungal infections
require cell-mediated immunity for their clearance. This has
been the basis for the development of various vaccines. We
discuss the various trials of candidate vaccines, the protective
efficacy as well as their shortcomings. Recent research suggests
that a universal vaccine can be prepared which may be effective
against most fungal pathogens.
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INTRODUCTION

The incidence of invasive fungal infections has increased during
the pastdecade. The proportion of vulnerable patients is increasing,
paralleling the excess use of immunosuppressive therapies. The
conditions that predispose patients to fungal infection include
haematopoietic stem cell transplantation, solid organ transplanta-
tion, chemotherapy, preterm birth, etc. Treatment approaches for
common fungal infections such as Candida and Cryptococcus
have been well studied, but the number of clinical trials and
management strategies for other invasive fungal agents have been
few. Vaccine development is akey for progress in the management
of fungal infections.

The morbidity due to mycotic infections is high, especially due
to invasive fungal infections. Also, high mortality rates have been
reported in many infections despite antifungal therapy.' Increasing
resistance to antifungal agents and increasing healthcare costs to
treat fungal diseases are additional issues. The emergence of
immunodeficiency states such as HIV further compounds the
situation. Therefore, preventing fungal infections has become
important.

FUNGAL VACCINES

The primary objective of most vaccine trials is to enhance the
ability of the immune system to clear the tissues of all fungal
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elements. Natural immune responses are capable of clearing the
infection in most cases but a small focus of infection usually
remains in the tissues, especially in cases of invasive fungal
infections. Therefore, efforts also need to be made to prevent the
establishment of the dormant state in the host. Alternatively, a
vaccine that prevents reactivation of already dormant fungi may
be more useful in already infected individuals.?

Despite extensive investigations of these vaccines, none has
yet been approved by the US Food and Drugs Administration
(FDA) for use in humans.’ There are many hindrances to the
production of an effective vaccine against fungal infections.
There is an under-appreciation of various fungal diseases. This is
because the majority of infections are asymptomatic, manifesting
only when mucosal defenses are breached or when the immune
responses fail to clear the pathogen. However, even in symptomatic
patients, serious sequelae are rare. The high cost of antigen
production and the high cost of conducting phase 1 clinical trials
for establishing tolerability and safety is another problem. The
lowered immune status of the patient, especially in invasive
fungal diseases, further adds to the complexity of the situation.

FUNGAL IMMUNITY
Innate immunity

Innate immunity is defined as the component of the immune
system that utilizes germ-line encoded molecules to eliminate all
foreign substances. It lacks memory and is composed of physical
barriers, soluble mediators (e.g. complement) and various cell
populations including macrophages, neutrophils, dendritic cells
and natural killer (NK) cells. Neutrophils are essential for host
defence against Candida, Fusarium and Aspergillus. They have
phagocytic and microbicidal action along with secretion of
cytokines.* Macrophages are phagocytic cells that have fungistatic
as well as fungicidal functions, produce cytokines and chemokines
and present antigens to both CD8+ and CD4+ cells. Some
intracellular fungi such as Cyrptococcus neoformans, Histoplasma
capsulatum and Blastomyces dermatitidis thrive within the
macrophages, a niche that protects them from host defences.’
Monocytes and macrophages mainly produce interleukin (IL)-1,
IL-10, IL-12 and tumour necrosis factor (TNF)-o while NK cells
are capable of producing IL-12, TNF-o and interferon (IFN)-y.®
Dendritic cells engulf and kill fungal species by mobilization of
phagolysosomes, presentation of fungal antigens and activation
of various signaling pathways.” The non-cellular effectors of
innate immunity include collectins, complement and antibodies.
These molecules mediate opsonization thereby promoting ingestion
of the fungus by phagocytes.?
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Acquired immunity

Humoral immunity requires recognition of specific foreign
molecules that possess memory or recall for the molecules which
initially activated them. It is best seen with Candida albicans and
Cryptococcus neoformans.’ The antibodies produced in response
to an antigen act as opsonins that enhance the phagocytosis of
fungi. They promote agglutination of fungal elements and
antibodies to fungal surfaces block binding to host cells, which
may limit the extent of infection. Apart from all these functions,
they also exert a direct fungicidal effect.!

Cell-mediated immunity, on the other hand, plays an important
role in the pathogenesis of invasive fungal infections, viz. B.
dermatitidis, C. immitis, C. neoformans, C. albicans, H.
capsulatum, Paracoccidioides brasiliensis and Pneumocystis
Jjirovecii.* The principal mechanism by which CD4+ T cells
influence host resistance is by production of cytokines. Naive
CD4 cells in the presence of various microenvironmental stimuli
differentiate into various subsets. T-helper 1 (Th1) cells produce
IFN-v, IL-2, TNF-ocand IL-12 which are responsible for clearance
of infection, especially in primary disease.!' Th2 cells release IL-
4,1L-5,1L-10 and IL-13. These cytokines block the Th1 response,
thereby balancing the immune pathology. Increase in Th2 cytokines
is observed in progressive disease and neutralization of their
activity restores protective immunity.'? Th17 cells produce IL-17,
IL-21 and IL-22." IL-17A has been found to have a pro-
inflammatory role which helps in controlling infections with C.
albicans and P. jirovecii. Cytotoxic activity of the CD8+ T cells
is responsible for damaging the hyphae of C. albicans and C.
neoformans cells directly." T cells are also involved in the class-
switching of antibodies. Th1 cells promote the synthesis of IgG2a
and IgG3, whereas Th2 cells enhance the production of IgM,
IgGl, IgA and IgE.»

VACCINATION STRATEGIES
Conventional methods

Live attenuated vaccines have been used against various fungi
such as Candida, Coccidioides and Blastomyces dermatitidis.
Inert fungal substances such as proteins and carbohydrates have
been used for vaccination. The use of such components is safe as
they donotinvolve the use of replicating microbes whose virulence
may be altered during the course of infection on the vaccinee.
However, the yield of the native antigen is low and requires
purification. Therefore, the use of recombinant antigen is preferred.
The immunogenic determinants of the antigen that can elicit an
immune response are utilized thereby eliminating irrelevant
moieties of the protein, e.g. heat shock protein 60 from H.
capsulatum and p55 from P. jirovecii.

Newer methods

DNA vaccination at present utilizes a plasmid-encoded DNA that
does not replicate and is injected into a muscle or bombarded into
the skin. DNA delivery via gene-gun primarily induces a Th2
response whereas DNA delivered by intramuscular injection
produces a Th1 response. One of the attractive features of genetic
vaccination is that the genes are often expressed within the
endogenous pathway of antigen processing, which will lead to
cytolytic T-cell activation. Thus, genetic vaccination is superior
to the use of conventional proteins which will enter the exogenous
pathway, thus leading to activation of CD4 T cells almost
exclusively. In several systems, DNA vaccination has induced
both cellular and humoral immune responses and has generated a
protective immune response.' This approach has several
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advantages it does not require prior knowledge of the antigen and
iteliminates the risk of a live vaccine. The use of a larger genome,
an inevitable accomplice with pathogenic fungi, might not be as
fruitful as with pathogens that possess smaller genomes. The more
complex the genome, the more likely it is to discover antigens that
suppress immune responses rather than promote them. Another
method that can be used is transfection of dendritic cells, which
are potent antigen-presenting cells, with naked DNA and assess
the impact on protective immunity.'” This approach is now used
for pathogenic fungi.

CANDIDATE VACCINES
Candida albicans

Candida albicans has become a major cause of morbidity among
patients infected with HIV, patients in intensive care units (ICUs)
orthose who have undergone chemotherapy for malignant diseases
or receiving immunosuppresants after transplantation.
Candidaemia is now the fourth most common bloodstream
infection in hospitalized patients in the USA and Europe. It has a
high mortality of up to40%, despite antifungal therapy.' However,
vaccination is promising as the various risk groups are clearly
defined.

Many vaccines for Candida have been described, and two have
entered phase 1 clinical trials. The first vaccine utilizes a cell
surface, GP1 protein member of Agglutinin-like sequence (Als)
adhesion family. Vaccination with the recombinant N-termini of
the candidal surface adhesins Als1p or Als3p (rAls1p-N or Als3p-
N) protected mice from disseminated candidiasis, and reduced
fungal burden in the vaginitis model and in the steroid-treated
oropharyngeal candidiasis model.'® Effective vaccination required
an intact proinflammatory type 1 immune response, i.e. Thl and
Th17 responses. Th17 cells mediate phagocyte recruitment and
activation of phagocytes at sites of infection. Vaccine efficacy did
not require Th2 responses and was independent of the antibody or
B cells." These studies were advanced into a trial in non-human
primates to determine the extent of IgG response when rAls1p-N
was given with aluminium hydroxide as the adjuvant. IgG titres
rose by 1-2 logs in these primates, which, unlike mice, are not
naive to Candida. A phase 1 clinical trial in human subjects
included 30 subjects who were given two doses of vaccine, 30 ug
and 300 pg. The vaccine did not cause any adverse events and was
well tolerated. The results showed a robust production of IgG and
IgA1 antibodies along with an increase in production of IFN-2 as
well as IL-17A. These observations suggest that in humans, both
humoral and cell-mediated immunity were stimulated by the
vaccine.’?

Another active vaccine that has been through a phase 1 trial and
had shown tolerability and efficacy in humans, is Sap2p that
prevents vaginitis caused by C. albicans. It is a virosomal
formulation of arecombinant secretory aspartyl proteinase (Sap2)
of C. albicans. It was delivered by both intramuscular and
intravaginal forms with a proprietary virosome. This active vaccine
is being developed by a Switzerland-based company, and interim
data indicate that it is well tolerated and effective at low doses.’

There are other vaccines currently in preclinical trials in various
animal models. rHyr1p-N is a prophylactic recombinant vaccine
against the N-terminal region of Hyr1p. HYR1, amember of the I[FF
gene family of C. albicans, encodes a cell surface glycosyl
phosphatidyl inositol (GPI)-anchored protein that is expressed
during hyphal formation and is found to mediate resistance to
phagocytekilling in vitro. Immunization with rHyr1p-N had shown
efficacy in animal models at doses 10-30 times less than those used
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for rAls3p-N resulting in the production of neutralizing antibodies.
It was found to be efficacious in a disseminated candidiasis and
neutropenic mouse model. In a mouse model of disseminated
candidiasis, vaccination withrHyr1p-N with an Alhydrogel adjuvant
resulted in increased survival. These findings suggest that Hyr1p is
a promising target for both active and passive immunization. The
vaccine is efficacious against various strains of C. albicans as well
as non-C. albicans species.”

A genetically engineered non-pathogenic Candida albicans
tet-NRG1 strain had been used as an experimental live attenuated
vaccine against haematogenously disseminated candidiasis.?!
NRG1 is anegative regulator of filamentation of Candida. In this
engineered strain the gene is under control of a tetracycline
regulatable promoter. Mice were first infected with this strain as
a live attenuated vaccine. A secondary infection with the strain,
with the virulence of the organism restored by feeding the mice
doxycycline in their drinking water (downregulating NRG1, and
allowing germination to occur), resulted in substantial protection
from the virulence restored strain. The results indicated the
highest level of protection for an anti-C. albicans vaccine,
especially in immunocompromised mice.

A protein conjugate vaccine consisting of laminaran (algal
glucan) linked to diphtheria toxoid as a carrier protein resulted in
significant protection againstdisseminated candidiasis and vaginal
candidiasis in murine models. The vaccine was cross protective
against Aspergillus as well, suggesting it may be effective against
all fungi that contain glucan in their cell walls.?* Surface mannans
function as adhesins and have been shown to induce a protective
immune response in a murine model of disseminated candidiasis
viathe exaggeration of humoral immunity. Mannoprotein fraction
(MP-F2) is a cell wall fraction which preferentially stimulates
CD4+ T cells to produce IFN-y but not IL-4. Immunization of
mice with MP-F2 conferred a modest reduction in candidal colony
forming units (CFUs) and prolongation of mean survival time
compared to controls. Other antigens include candidal heat shock
proteins, other candidal surface proteins such as HYR1 and
enolase.”*?

Aspergillus spp.

Aspergillus is the second most common cause of nosocomial,
invasive fungal infections after Candida, with a higher mortality
rate of up to 80%, despite antifungal therapy.?® The risk factors for
aspergillosis include severe depletion of white blood cell levels
from cancer chemotherapy, leukaemia, bone marrow trans-
plantation and high doses of corticosteroids or other
immunosuppressants in patients receiving organ transplants or
those with severe rheumatic or other autoimmune diseases. The
main barrier to effective vaccination is that patients with invasive
aspergillosis are immunocompromised with a lowered cellular
and humoral immunity. However, various candidate vaccines are
currently being tested in preclinical settings.

Vaccination in mice with freeze—thawed hyphae and culture
supernatants of Aspergillus was tried and the allergen Asp f3 was
identified as the likely immunogen. Synthetic recombinant Asp f3
was able to establish protection in mice. The protective epitopes
of the truncated proteins that were responsible for T-cell Asp 3
specific stimulation were defined.”” It was found that fungal Asp
f3 is inaccessible to antibodies unless both cell walls and
membranes have been permeabilized. Vaccine-primed CD4+ T
cells are not expected to clear the fungal pathogen directly;
however, they may activate immunosuppressed phagocytes locally
that elicit the antifungal effect.
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Anotherantigen Asp 16fis alikely candidate vaccine. Intranasal
administration of recombinant antigen in conjunction with CpG
oligonucleotides was shown to improve the survival of
cyclophosphamide-treated mice subsequently infected withinhaled
A. fumigates.® Ex vivo dendritic cells pulsed with Aspergillus, or
fungal RNA, induced Th1 cell polarization and improved survival
of allogenic stem cell transplanted mice infected with A.
fumigatus.”® Mouse dendritic cells transfected with an IL-12
expressing adenoviral vector and exposed to A. fumigatus
stimulated type 1 immune responses in vivo.* Glucan from
Laminaria digitata conjugated with the diphtheria toxoid CRM 197
has been effective in protecting against an intravenous challenge
with Aspergillus in mice.?

Cryptococcus neoformans

Cryptococcus causes life-threatening infections in patients with
substantially compromised T-cell-mediated immunity resulting
from HIV infection, congenital causes, or the use of immune-
suppressing corticosteroids for transplantation, arthritis or other
conditions.

Oneclinical trial in the past was based on glucuronoxylomannan
(GXM) capsule, which is an important virulence factor that
functions by suppressing the host inflammatory response and
prevents opsonophagocytosis of the fungus. The capsular
polysaccharide antigen is poorly immunogenic; conjugated to
tetanus toxoid it stimulates the production of protective antibodies
in mice. These antibodies provide for efficient phagocytosis,
enhanced NK cell function and improvement in clearing capsular
polysaccharide. A phase 1 trial had been done to determine the
safety and efficacy of this vaccine in human subjects. Adverse
reactions were negligible and HIV-infected subjects were also
injected without serious side-effects. Thus, this vaccine is antigenic
and appeared in this small study to be safe. However, further
studies showed that the pleiotropic effects of GXM on host
immunity, and the variable protective responses to GXM—carrier
conjugates, militate against the use of intact GXM in human
vaccine development.’!

Protein-conjugated laminaran vaccine, used for candidiasis,
cross-reacts with Cryptococcus-inducing specific antibodies that
activated opsonophagocytosis and reduced fungal burden in healthy
as well as neutropenic mice. Yeast-mannosylated ovalbumin
induced significantly greater T cell proliferation. Luong et al.
found a similarimmunostimulatory effect of mannosylated antigens
on CD8+ T cell function. Mannosylation significantly enhanced
CD8+ T cell proliferation, and also secretion of pro-inflammatory
cytokines, such as TNF-o and IL-12.% Proteins in the cell wall and
cell membrane such as melanin and glucosylceramide are
stimulatory for lymphocytes.

Histoplasma capsulatum

Histoplasmosis is common among patients with AIDS because of
their suppressed immunity and in immunocompetent individuals
past infection results in partial protection.

Vaccine candidates containing heat shock protein 60 (Hsp60)
from H. capsulatum have conferred protection to mice given a
pulmonary challenge. Recombinant Hsp60 was produced in a
prokaryotic expression system and tested for its ability to protect
BALB/c mice from a lethal intranasal challenge of H. capsulatum
yeasts.”> More recently, a heatshock protein Hsp70 has shown
protection in mice. Cytokine release by spleen cells from mice
vaccinated with Hsp60 produced substantially more IFN-y, IL-10
and IL-12 than cells from mice immunized with H. capsulatum
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recombinant Hsp70. The generation of IFN-v, but not of IL-10,
was dependent on T cells, in particular CD4 cells. Treatment of
Hsp60-immunized mice with monoclonal antibody to IFN-y, IL-
10orIL-12inthe inductive phase of vaccination was accompanied
by increased recovery of yeast cells from lungs and spleens and
100% mortality. Subcutaneous injection of apoptotic phagocytes
containing heat killed Histoplasma capsulatum results in CTL-
mediated protection.*

Blastomyces dermatitidis

Itis adimorphic fungal pathogen, exists in the soil in a filamentous
form and produces spores directly on the wall of the hyphae.
Outbreaks are often associated with disruptions of soil that might
lead to artificial elevation of spore and/or hyphal fragments in the
air. These agents when inhaled infect human and animal hosts. In
the host the fungus undergoes a phase transition to the pathogenic
yeast form. Yeast form cells multiply in the lung and may cause
disease in immunocompetent hosts, sometimes disseminating to
the skin, central nervous system and bones.

One of the most important vaccine candidates for Blastomyces
dermatitidis is Blastomyces adhesin 1 (BAD1) antigen, formerly
known as WI-1. Itis highly immunogenic stimulating both humoral
and cell-mediated response. It serves as a ligand between
phagocytes and the fungus and is recognized by CR3 and CD14
receptors. Immunocompromised mice on vaccination with purified
BADI1 were protected from the otherwise lethal infection by
overcoming deficits in CD4+ cell function by using memory
CD8+ cells as sources for proinflammatory cytokines.* A strain
of B. dermatitidis has been mutated through knocking out the gene
encoding BAD1 and given live to beagles and foxhounds
subcutaneously, without adjuvant. The safety and immunogenicity
of this vaccine was established. Increased transcriptlevels of IFN-
v and TNF-a were found. The immune responses in this study
were dependent on the dose of the vaccine.

Coccidioides immitis

Coccidioidomycosis is asymptomatic in nearly two-thirds of
immunocompetent individuals, while the rest experience a mild-
to-moderate febrile illness that resembles community-acquired
pneumonia. The risk factors for a severe pulmonary infection and
dissemination to meningeal and extra-meningeal sites (skin, bone,
joints) include black race, low income, pregnancy, advanced age,
HIV infection and diabetes.

A mutant of Coccidioides posadasii with a double gene
knockout, CTS2 and CTS3 (chitinase genes) was used as a live
attenuated vaccine.” This attenuated mutantis not able to sporulate.
Mice are fully protected against pulmonary coccidioidomycosis
by this vaccine. The vaccinated mice, which were challenged with
intranasal organisms, showed a mixed Thl, Th2 and Th17 type
immune response. Functional Th17 cells were necessary for
protection by the vaccine in this model, adding to growing
evidence for the role of Th17 cells in the mechanism of protection
of most fungal vaccines under evaluation.*® Other antigens studied
include spherule outer wall (SOW) antigen. A formalin-killed,
whole-cell spherule vaccine was found to be exceptionally
protective against lethal intranasal infections in mice. When this
dose of formalin-killed spherule vaccine was used in a human
field trial, vaccination failed to result in significantly fewer
symptomatic cases of coccidioidal pneumonia than detected in
those receiving a placebo.® A 33 KDa antigen isolated from the
wall of mature spherules, is recognized by sera from humans who
have recovered from infection and subjects who were vaccinated
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with killed spherules. It also stimulates cell-mediated immunity.*
Recombinant protein chimera of Antigen 2/Proline-rich antigen
(Ag2/PRA) cell wall antigen combined with coccidioides-specific
antigen (CSA) has also been studied. There was lack of toxicity
but the immunogenic potential was not significant. Therefore,
further clinical trials were not done. Alkali-soluble water-soluble
antigen (C-ASWS) showed only partial protection in mice.*!

Pneumocystis jirovecii
Pneumocystis pneumonia is an important disease of immuno-
compromised humans, particularly patients with HIV, and also
patients with an immune system that is severely suppressed for
other reasons; for example, following a bone marrow transplant.
The various candidate vaccines include a recombinant p55
antigen and glycoprotein A antigen. pS5 antigen is a protein
derived from rat pneumocystis without a defined function. It
provides protection in corticosteroid-treated rats. The mechanisms
whereby these antigens promote the protective immune response
remain unknown, although it is likely that humoral immunity is
dominant since T-cell function in steroid-treated animals is very
depressed. Active immunization against Pneumocystis jirovecii
with p55-v3 DNA vaccine inrats has shown encouraging results.*
Major surface glycoprotein (MSG) or glycoprotein A is an
immunodominant antigen acting as an adhesin. Spleen cells and
CD4 T cells from rats naturally exposed to P. jirovecii were
stimulated in vitro with native MSG and transferred to
corticosteroid-treated rats with pneumocystosis. The organism
burden was significantly reduced compared to that in infected
controls. Additional studies have been done on the influence of
immunization with native MSG on the course of pneumocystis in
corticosteroid-treated rats. Injection of MSG into rats before
administration of corticosteroids leads to a reduction in the
burden of P. jirovecii compared to that in controls.*

Paracoccidiodes brasiliensis

Paracoccidioidomycosis is a fungal disease that is characterized
by a pyogranulomatous tissue reaction. It is found mainly in the
tropical and subtropical areas. Gp43 is a major diagnostic antigen
for Paracoccidioides spp. Functionally, it acts as an adhesin since
it binds to laminin-1. CD4 T cells produce IFN-y on stimulation
and may promote fungal clearance. Preliminary data indicate that
immunization can reduce the burden of P. brasiliensis in the lungs
of mice inoculated intratracheally and reduces the severity of
inflammation in the lungs.*

Recent studies with Saccharomyces

The group at the Santa Clara Valley Medical Centre affiliated with
Stanford University had shown protective response in murine
models by vaccination with heat-killed Saccharomyces cerevisiae
against Aspergillus, Coccidioides, Cryptococcus and Candida. In
this study the killed Saccharomyces induced specific immune
response—both Thl and Th2. CD4+ and CD8+ cells were
stimulated as well as the antibody against Saccharomyces glucan
and mannan. IFN-y, IL-6 and IL-17A cytokine production was
enhanced while alum enhanced the vaccine effect. However, the
antigens in the heat-killed preparation inducing the humoral and
cellular immunity have not been completely eucidated.* Table I
lists the various potential fungal vaccines that are being studied.

VACCINATION OF THE IMMUNOCOMPROMISED HOST

Many fungal infections develop in people with a compromised
immune status. Vaccines that elicit protective antibodies may be



18 THE NATIONAL MEDICAL JOURNAL OF INDIA

TaBLE 1. Fungal vaccines that are presently being evaluated
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Fungal pathogen Vaccine type Candidate

Target population Trial phase Immunity

Candida albicans Live attenuated C. albicans tet NRG-1 strain®! Disseminated candidiasis Preclinical Cell-mediated
Subunit and conjugate Als protein's!? Disseminated and mucosal Phase -1 Cell-mediated
candidiasis
Sap2p? Recurrent vulvo-vaginitis Phase-1 Humoral
rHyr1p-N* Disseminated candidiasis, Preclinical Humoral
neutropenic mice
Surface mannan® Disseminated candidiasis Preclinical Humoral
Enolase* Disseminated candidiasis Preclinical Humoral
Aspergillus spp. Recombinant antigen Asp 3% Immunosuppressed mice Preclinical Cell-mediated
Asp 16 Cyclophosphamide Preclinical Cell-mediated
treated mice
Antigen pulsed cells Dendritic cells with Preclinical Cell-mediated
fungal RNA?
Cryptococcus Subunit and conjugate Glucuronoxylomannan HIV infected Phase 1 Humoral
neoformans capsule?!
Mannosylated ovalbumin?? Immunocompromized Preclinical Cell-mediated
individuals
Histoplasma Subunit Hsp603 BALB/c mice Preclinical Cell-mediated
capsulatum
Antigen pulsed cells Apoptotic phagocytes with Preclinical Cell-mediated
heat killed histoplasma®*
Blastomyces Subunit Blastomyces adhesin 1 Immunocompromised mice Preclinical Both
dermatitidis (BAD1)¥
Coccidioides Live attenuated C. posadasii strain®3% Immunocompetent Preclinical Cell-mediated
immitis Subunit Spherule outer wall (SOW) Immunocompetent Phase 1 Cell-mediated
antigen®
Antigen 2/Proline-rich antigen Immunocompetent Preclinical Cell-mediated
(Ag2/PRA)*
Pneumocystis Subunit p55*+ Steroid treated rats Preclinical Humoral
Jirovecii Glycoprotein A antigen* Steroid treated rats Preclinical Humoral
Paracoccidioides Subunit Gp43* Immunocompetent mice Preclinical Cell-mediated

braziliensis

more useful in these conditions than those that only elicit cell-
mediated immunity, because of the relative longevity of circulating
antibodies. However, even they would eventually decrease in
titres, especially in patients whose immune system is compromised
over a long time. The delivery of a vaccine in combination with
cytokines which are known to enhance the immune system might
be an option. Another approach could be to administer the vaccine
along with immunocompetent T or B cells, or dendritic cells that
present antigens to T cells can be administered to enhance the
immunogenicity of the vaccine.?

Adding to the complexity of the situation is the fact that
clinicians do not yet have the means to identify immuno-
compromised individuals who will develop fungal infections.
Although various risk factors are known, not every individual at
risk develops a serious fungal infection. Therefore, better methods
are needed to identify those at highest risk to determine who
would benefit the most from vaccination or a combination of
vaccination and immunorestorative therapy.

Universal vaccine for mycotic infections

The experiments involving protective antibody responses against
-1,3-glucan, a glycan that activates complement and is recognized
by Dectin-1, suggest that a universal fungal vaccine could be
developed. The B-glucans are found in many fungal pathogens
and play an immunomodulatory role in various infections.
Therefore, B-glucan could be an important vaccine component.“+7

The inclusion of other oligosaccharides, such as the GXM
heptasaccharide epitope and C. albicans B-linked mannotriose,
could also be included. Additional antigens that can be considered
are GXM peptide mimotopes and the LKVIRK epitope of the C.
albicans Hsp90 antigen.*®

The choice of the protein carrier for carbohydrate epitopes
could further broaden the spectrum of coverage. The use of fungal
proteins that act as carriers is likely to induce protective Thl-
dependent responses or additional protective antibody responses.
For example, two or three carbohydrate moieties could be coupled
to a mixture of Hsp60 from H. capsulatum, BAD1 from B.
dermatitidis, and Ag2/PRA protein from C. immitis.*

CONCLUSIONS

There is a growing need for preventive or therapeutic vaccines to
limit the rising incidence of fungal infections. For decades a
variety of antigens from both opportunistic and indigenous fungi
have been studied in preclinical studies, mainly in murine models.
There have been few clinical trials in humans till date. A major
reason for the lack of human trials has been the high costs relating
to good manufacturing process and production of the antigens,
toxicity studies in animals, and high costs for clinical trials in
humans. Prototypic antigens have been identified, against which
protective immunity can be induced varying from antibody-
mediated immune responses to cell-mediated responses or a
combination of both. However, concern regarding the safety and
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efficacy of fungal vaccines has been raised including safety in
immunodeficient hosts, whether they can prevent disseminated
disease without affecting the normal microbiota and whether
fungal vaccines against agents commonly encountered by humans
will result in, or possibly prevent, allergic manifestations.
Therefore, further clinical testing should be undertaken to evaluate
the efficacy of fungal vaccines in humans. Non-replicating antigens
that would protect against a broad range of commonly encountered
fungal pathogens remains elusive and the search is on.

REFERENCES

1 Spellberg B. Vaccines for invasive fungal infections. F1000 Med Rep 2011;3:13.

2 Deepe GS Jr. Prospects for the development of fungal vaccines. Clin Microbiol Rev
1997;10:585-96.

3 Edwards JE Jr. Fungal cell wall vaccines: An update. J Med Microbiol 2012;61:
895-903.

4 Rolston KV. Management of infections in the neutropenic patient. Annu Rev Med
2004;55:519-26.

5 Newman SL, Bucher C, Rhodes J, Bullock WE. Phagocytosis of Histoplasma
capsulatum yeasts and microconidia by human cultured macrophages and alveolar
macrophages: Cellular cytoskeleton requirement for attachment and ingestion. J Clin
Invest 1990;85:223-30.

6 Fearon DT, Locksley RM. The instructive role of innate immunity in the acquired
immune response. Science 1996;272:50-3.

7 Romani L, Bistoni F, Puccetti P. Fungi, dendritic cells and receptors: A host
perspective of fungal virulence. Trends Microbiol 2002;10:508-14.

8 McCormack FX, Gibbons R, Ward SR, Kuzmenko A, Wu H, Deepe GS Jr.
Macrophage-independent fungicidal action of the pulmonary collectins. J Biol Chem
2003;278:36250-6.

9 Casadevall A. Antibody immunity and invasive fungal infections. Infect Immun
1995;63:4211-18.

10 Magliani W, Conti S, de Bernardis F, Gerloni M, Bertolotti D, Mozzoni P, et al.
Therapeutic potential of antiidiotypic single chain antibodies with yeast killer toxin
activity. Nat Biotechnol 1997;15:155-8.

11 Romani L. Immunity to fungal infections. Nat Rev Immunol 2004;4:1-23.

12 Renauld JC. New insights into the role of cytokines in asthma. J Clin Pathol
2001;54:577-89.

13 Romagnani S. Human Th17 cells. Arthritis Res Ther 2008;10:206.

14 Huffnagle GB, Deepe GS. Innate and adaptive determinants of host susceptibility to

20

21

22

23

24

25

medically important fungi. Curr Opin Microbiol 2003;6:344-50.

Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM. Th17: An
effector CD4 T cell lineage with regulatory T cell ties. Immunity 2006;24:677-88.
Feltquate DM, Heaney S, Webster RG, Robinson HL. Different T helper cell types
and antibody isotypes generated by saline and gene gun DNA immunization. J
Immunol 1997;158:2278-84.

Condon C, Watkins SC, Celluzzi CM, Thompson K, Falo LD Jr. DNA-based
immunization by in vivo transfection of dendritic cells. Nat Med 1996;2:1122-8.
Spellberg BJ, Ibrahim AS, Avanesian V, Fu'Y, Myers C, Phan QT, et al. Efficacy of
the anti-Candida rAls3p-N or rAls1p-N vaccines against disseminated and mucosal
candidiasis. J Infect Dis 2006;194:256-60.

Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, Baquir B, et al. Th1-Th17 cells
mediate protective adaptive immunity against Staphylococcus aureus and Candida
albicans infection in mice. PLoS Pathog 2009;5:¢1000703.

Luo G, Ibrahim AS, French SW, Edwards JE Jr, Fu Y. Active and passive
immunization with rHyr1p-N protects mice against hematogenously disseminated
candidiasis. PLoS One 2011;6:¢25909.

Saville SP, Lazzell AL, Chaturvedi AK, Monteagudo C, Lopez-Ribot JL. Use of a
genetically engineered strain to evaluate the pathogenic potential of yeast cell and
filamentous forms during Candida albicans systemic infection inimmunodeficient
mice. Infect Immun 2008 ;76:97-102.

Cassone A. Fungal vaccines: Real progress from real challenges. Lancet Infect Dis
2008;8:114-24.

Paulovicovd E, Machovd E, Tulinskd J, Bystricky S. Cell and antibody mediated
immunity induced by vaccination with novel Candida dubliniensis mannan
immunogenic conjugate. Int Immunopharmacol 2007;7:1325-33.

Bromuro C, La Valle R, Sandini S, Urbani F, Ausiello CM, Morelli L, et al. A 70-
kilodalton recombinant heat shock protein of Candida albicans is highly immunogenic
and enhances systemic murine candidiasis. Infect Immun 1998;66:2154-62.
Sundstrom P, Jensen J, Balish E. Humoral and cellular immune responses to enolase
after alimentary tract colonization or intravenous immunization with Candida
albicans. J Infect Dis 1994;170:390-5.

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

0

43

44

45

46

47

48

49

19

Perlroth J, Choi B, Spellberg B. Nosocomial fungal infections: Epidemiology,
diagnosis, and treatment. Med Mycol 2007;45:321-46.

Ito JI, Lyons JM, Diaz-Arevalo D, Hong TB, Kalkum M. Vaccine progress. Med
Mycol 2009;47 Suppl 1:5394-S400.

Bozza S, Gaziano R, Lipford GB, Montagnoli C, Bacci A, Di Francesco P, et al.
Vaccination of mice against invasive aspergillosis with recombinant Aspergillus
proteins and CpG oligodeoxynucleotides as adjuvants. Microbes Infect 2002;4:
1281-90.

Bozza S, Perruccio K, Montagnoli C, Gaziano R, Bellocchio S, Burchielli E, et al.
A dendritic cell vaccine against invasive aspergillosis in allogeneic hematopoietic
transplantation. Blood 2003;102:3807-14.

Shao C, Qu J, He L, Zhang Y, Wang J, Zhou H, Wang Y, Liu X. Dendritic cells
transduced with an adenovirus vector encoding interleukin-12 are a potent vaccine
for invasive pulmonary aspergillosis. Genes Immun 2005;6:103—-14.

DattaK, Lees A, Pirofski LA. Therapeutic efficacy of a conjugate vaccine containing
apeptide mimotope of cryptococcal capsular polysaccharide glucuronoxylomannan.
Clin Vaccine Immunol 2008;15:1176-87.

LuongM, LamJS, ChenJ, Levitz SM. Effects of fungal N- and O-linked mannosylation
on the immunogenicity of model vaccines. Vaccine 2007;25:4340-4.

Gomez FJ, Allendoerfer R, Deepe GS Jr. Vaccination with recombinant heat shock
protein 60 from Histoplasma capsulatum protects mice against pulmonary
histoplasmosis. Infect Immun 1995;63:2587-95.

Hsieh SH, Lin JS, Huang JH, Wu SY, Chu CL, Kung JT, et al. Immunization with
apoptotic phagocytes containing Histoplasma capsulatum activates functional CD8(+)
T cells to protect against histoplasmosis. Infect Immun 2011;79:4493-502.
Wiithrich M, Filutowicz HI, Warner T, Klein BS. Requisite elements in vaccine
immunity to Blastomyces dermatitidis: Plasticity uncovers vaccine potential in
immune-deficient hosts. J Immunol 2002;169:6969-76.

Wiithrich M, Krajaejun T, Shearn-Bochsler V, Bass C, Filutowicz HI, Legendre AM,
etal. Safety, tolerability, and immunogenicity of arecombinant, genetically engineered,
live-attenuated vaccine against canine blastomycosis. Clin Vaccine Immunol
2011;18:783-9.

Xue J, Chen X, Selby D, Hung CY, Yu JJ, Cole GT. A genetically engineered live
attenuated vaccine of Coccidioides posadasii protects BALB/c mice against
coccidioidomycosis. Infect Immun 2009;77:3196-208.

Hung CY, Gonzalez A, Wiithrich M, Klein BS, Cole GT. Vaccine immunity to
coccidioidomycosis occurs by early activation of three signal pathways of T helper
cell response (Th1, Th2, and Th17). Infect Immun 2011;79:4511-22.

Wyckoff EE, Pishko EJ, Kirkland TN, Cole GT. Cloning and expression of a gene
encoding a T-cell reactive protein from Coccidioides immitis: Homology to 4-
hydroxyphenylpyruvate dioxygenase and the mammalian F antigen. Gene
1995;161:107-11.

Galgiani JN, Peng T, Lewis ML, Cloud GA, Pappagianis D. Cerebrospinal fluid
antibodies detected by ELISA againsta 33-kDa antigen from spherules of Coccidioides
immitisin patients with coccidioidal meningitis. The National Institute of Allergy and
Infectious Diseases Mycoses Study Group. J Infect Dis 1996;173:499-502.
Kirkland TN, Fierer J. Genetic control of resistance to Coccidioides immitis: A
single gene that is expressed in spleen cells determines resistance. J Immunol
1985;135:548-52.

Feng Y, Guo S, Jiang T, Han X, Liu P, Wu T, Luo Y. Active immunization against
Pneumocystis carinii with p55-v3 DNA vaccine in rats. Can J Microbiol 2011;57:
375-81.

Theus SA, Steele P, Andrews RP, Walzer PD. A protective response is elicited
following immunization with major surface glycoprotein of Pneumocystis carinii,
Abstr 129. In: Abstracts of the Joint Meeting of The American Society of Parasitologists
and The Society of Protozoologists 1996. American Society of Parasitologists and
The Society of Protozoologists, Lawrence, Kans, USA.

Vicentini AP, Gesztesi JL, Franco MF, de Souza W, de Moraes JZ, Travassos LR,
etal. Binding of Paracoccidioides brasiliensis to laminin through surface glycoprotein
gp43 leads to enhancement of fungal pathogenesis. Infect Immun 1994;62:1465-9.
Liu M, Clemons KV, Bigos M, Medovarska I, Brummer E, Stevens DA. Immune
responses induced by heat killed Saccharomyces cerevisiae: A vaccine against
fungal infection. Vaccine 2011;29:1745-53.

Ooi VE, Liu F. Immunomodulation and anti-cancer activity of polysaccharide-
protein complexes. Curr Med Chem 2000;7:715-29.

LevitzSM, Huang H, Ostroff GR, Specht CA. Exploiting fungal cell wall components
in vaccines. Semin Immunopathol 2015;37:199-207.

Yang Q, Wang L, Lu DN, Gao RJ, Song JN, Hua PY, et al. Prophylactic vaccination
with phage-displayed epitope of C. albicans elicits protective immune responses
against systemic candidiasis in C57BL/6 mice. Vaccine 2005;23:4088-96.

Sevilla MJ, Robledo B, Rementeria A, Moragues MD, Pontén J. A fungicidal
monoclonal antibody protects against murine invasive candidiasis. Infect Immun
2006;74:3042-5.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        28.346460
        0
        28.346460
        28.346460
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


