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Invasive fungal diseases (IFDs) are high- 
consequence, low-probability events with 
high morbidity and mortality. Today, fun-
gal diseases are responsible for 3.8 million 
deaths worldwide (1), and their prevalence 
is increasing because of  increased numbers 
of  immunocompromised individuals and 
the ongoing HIV pandemic. In general, 
IFDs are difficult to diagnose and treat, with 
therapy usually requiring prolonged courses 
of  antifungal drugs, and the outcome often 
depends on the underlying diseases and 
extent of  immunosuppression. Unfortunate-
ly, there are no licensed vaccines to prevent 
any fungal disease (2).

In this issue of  the JCI, Okaa et al. (3) 
report that endoglucanase 2 (Eng2), an 
enzyme antigen found in Blastomyces, Coccid-
ioides, and Histoplasma spp., each of  which 
is responsible for major human mycoses, 
elicited protective immunity in a human 
immune system humanized mouse model.  
Furthermore, CD4+ T cell responses to Eng2 
were found in individuals who recovered 
from these mycoses, indicating recognition 
of  this enzyme antigen by cell-mediated 
immunity during infection. This work has 

important implications for vaccine design, 
since Eng2 is a candidate antigen for anti-
fungal vaccines, as well as diagnosis, because 
T cell memory can be exploited in diagnosis 
and epidemiological studies of  fungal infec-
tion in endemic regions.

Eng2 is shared among the three fun-
gal species, but sequence variation pre-
cludes cross-protection: immunization 
with the enzyme from one species did 
not protect against the other two species 
(Figure 1). However, immunization with 
the species-specific homologous Eng2 
protein robustly protected mice when 
they were challenged with the respec-
tive fungal species. Although this find-
ing seems to predict that a vaccine using 
one Eng2 protein cannot protect against 
all three mycoses, vaccine design could 
overcome this limitation by construct-
ing a polyvalent preparation composed  
of  Eng2 from each fungal species, similar 
to designs already in use to protect against 
such antigenically variable pathogens as 
Streptococcus pneumonia and Neisseria menin-
gitidis. Hence, the results of  this work are 
a considerable advance toward the design 

of  a broad antifungal vaccine that would 
protect against these dangerous mycoses.

Fungal vaccines and natural 
immunity form multilayered 
protection
Eng2 joins a long list of  fungal antigens that 
have been shown to elicit protective immu-
nity (4). Polysaccharides, enzymes, and cell 
wall proteins have each been shown to be 
effective experimental vaccines against sev-
eral major pathogenic fungi. In fact, there 
is no shortage of  antigens that can elicit 
protective immunity against fungi, and 
dozens of  vaccine candidates have shown 
promise in animal models (4). One of  the 
paradoxes in the field of  medical mycology 
is that, although fungal diseases are diffi-
cult to treat, it is relatively easier to protect 
against them, at least in experimental ani-
mal models. Acquired immunity to fungal 
pathogens is multilayered, relying on both 
arms of  the adaptive immune response (5), 
which provides redundancy in immune 
defenses. For example, it is possible to elicit 
protection against experimental cryptococ-
cosis with vaccines that elicit only humoral 
(6) or cellular immunity (7).

The relative success of  experimental 
vaccines against major pathogenic fun-
gi contrasts with the difficulty in making 
effective vaccines against other types of  
pathogenic microbes such as HIV, HSV-1 
and -2, Mycobacterium tuberculosis, and Plas-
modium falciparum. Although the topic of  
virulence versus success in generating a 
vaccine has not been explored, it is striking 
that for the example pathogenic microbes 
listed above — which cause disease in 
immunologically intact hosts — vaccine 
development has been difficult; in contrast, 
for most pathogenic fungi, which cause 
invasive and complicated disease primarily 
in immunocompromised hosts, there are 
more promising vaccine candidates (4). In 
this regard, it may be useful to think about 
vaccines as adding a layer of  protection over 
that existing in natural immunity. Among 
immunocompetent individuals, not all 
infections with highly pathogenic microbes 
progress to disease, which indicates that 
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and the economics of vaccine development. Despite these hurdles, there is 
optimism that such vaccines can be developed and perhaps find usefulness 
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fungi that rarely cause disease in immuno-
logically intact hosts, the amount of  immu-
nological boosting provided by vaccines in 
immunocompromised hosts may be suffi-
cient to stave off  disease.

Assuming that antifungal vaccines 
can be made and that they elicit immune 
responses in immunocompromised hosts, 
the next hurdle will be establishing efficacy  
in vulnerable populations. The fact that 
most immunocompromised individuals 
do not develop IFDs means that vaccines 
are meant to prevent a high-consequence 
but low-probability event, and the latter 
implies the need to conduct targeted clin-
ical trials to establish efficacy. Such trials 
are feasible since the epidemiology of  

to advanced immunity in the form of  
innate and adaptive immune mechanisms 
(8). Consequently, IFDs occur primarily 
in immunocompromised individuals, who 
now constitute 6.6% of  the US population 
(9). The fact that IFDs occur primarily in 
immunocompromised individuals poses 
the additional challenge that any vaccine 
strategy to protect these vulnerable hosts 
must elicit protective immunity in the set-
ting of  impaired immunity. However, the 
experience with vaccines against varicella 
zoster virus, SARS-CoV-2, and other vac-
cines shows that these can elicit sufficient 
immunity in immunocompromised hosts to 
provide some protection and/or ameliorate 
the course of  infection. For the pathogenic 

even immunologically naive hosts have for-
midable antimicrobial defenses. Hence, it 
may be that for microbes capable of  defeat-
ing intact immunity, the protection added 
by vaccines is incrementally smaller than 
for microbes that cause invasive disease 
primarily in immunocompromised hosts, 
such as the pathogenic fungi.

Immunocompromised 
individuals stand to benefit 
from fungal vaccines
Humans are remarkably resistant to inva-
sive fungal diseases, which is believed to be 
the result of  high mammalian body tem-
peratures that create a thermal exclusionary 
zone for most fungal species, in addition  

Figure 1. Eng2 elicits protective immunity against multiple pathogenic fungi. (A) Using a human immune system humanized mouse model, Okaa et al. 
(3) determined that immunization with the fungal enzyme antigen Eng2 protected against infection by Blastomyces, Coccidioides, or Histoplasma spp., 
representing three major human mycoses. However, sequence variation in Eng2 prevented cross-species protection. (B) Okaa et al. also identified CD4+ T 
cell responses to Eng2 in patients who had recently recovered from these three mycoses, supporting the interpretation that recognition of Eng2 can elicit 
cell-mediated immunity during infection. (C) The findings encourage investigation of a trivalent vaccine strategy targeting Eng2, which could provide 
pan-fungal protection as a preventative or even therapeutic approach. A therapeutic strategy could particularly benefit immunocompromised individuals 
for whom fungal infection can pose major risks.
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es described above, but the history of  vac-
cinology provides great confidence that 
they will succeed.
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Despite these hurdles, some vaccines 
against fungi have reached clinical devel-
opment. A vaccine composed of  form-
aldehyde-killed spherules of  Coccidioides 
immitis was tested in a phase III trial in the 
early 1980s. The results showed a slight 
reduction in cases among vaccinated indi-
viduals that did not reach statistical signif-
icance (10), although the study may have 
been underpowered. In the late 1980s, an 
oral vaccine for the prevention of  vaginal 
candidiasis composed of  ribosomes plus 
membrane proteoglycan from a nonencap-
sulated Klebsiella pneumoniae as an adjuvant 
was effective in reducing recurrent disease 
in a phase II trial (11). More recently, a 
vaccine against Candida albicans using the 
N-terminal portion of  the agglutinin-like 
sequence 3 (Als3) was tested in women for 
the prevention of  recurrent vaginal candi-
diasis and was found to reduce the likeli-
hood of  recurrences (12). It is noteworthy 
that the Als3 vaccine for the prevention of  
recurrent candidiasis was a therapeutic vac-
cine, since it did not prevent infection but 
rather prevented disease (13). Although the 
Als3 vaccine still has a significant develop-
mental road ahead until possible licensure, 
its success in early trials provides strong 
encouragement for the promise of  antifun-
gal vaccines.

In summary, while there is great need 
for the development of  vaccines to pre-
vent IFD in vulnerable populations and 
the experience with experimental fungal 
vaccines in animal models and limited 
human experience shows that these vac-
cines are feasible, none is expected in the 
near horizon. Nevertheless, the report by 
Okaa et al. (3) showing that a single-en-
zyme antigen can provide protection 
against three of  the major mycoses is an 
important contribution because it poten-
tially simplifies the development of  an 
effective pan-fungal vaccine (3). The his-
tory of  successful vaccines, from Jenner 
in the late 1700s to the development of  
mRNA vaccines pioneered by Katalin 
Kariko and Drew Weissman (14), is the 
story of  committed individuals who often 
struggled against great odds and skep-
ticism to prevail in finding, testing, and 
developing such immunogens and, in 
doing so, brought great benefit to human-
ity. The fungal field is fortunate to include 
many such scientists and physicians who 
are currently struggling with the challeng-

IFDs in immunocompromised individuals 
is known, and thus it may be possible to 
target cohorts at greatest risk. However, 
such trials will be costly, and the results 
will be complicated by participant hetero-
geneity and the use of  prophylactic anti-
fungal drugs in vulnerable individuals.

Vaccine economics pose a major 
challenge to the development of  vaccines 
against IFDs because vaccine development 
is costly. Moreover, the fact that fungal dis-
eases are a problem primarily for immu-
nocompromised individuals means that 
the size of  the market is smaller than for 
vaccines developed for the general pop-
ulation. Nevertheless, because IFDs are 
high-consequence events with high morbid-
ity and mortality, a vaccine may prove to 
be commercially successful even for niche 
populations. In this regard, we can expect 
a vaccine that prevents aspergillosis or coc-
cidiomycosis in organ transplant recipients 
or pregnant women, respectively, would 
find use in those at risk. mRNA vaccine 
technology could substantially lower costs 
for vaccines based on protein antigens, and 
the Eng2 protein described by Okaa et al. 
(3) would be suitable for development as an 
mRNA vaccine.

Barriers to the development of 
fungal vaccines
While the development of  preventive vac-
cines is hindered by the sporadic nature of  
IFDs in vulnerable individuals, developing 
therapeutic vaccines for fungal diseases 
could find an easier road. In this context, 
IFDs tend to be chronic, with prolonged 
courses, which would allow time for vac-
cination to elicit an immune response that 
aids antifungal therapy in clearing the 
infection. While most currently available 
vaccines are preventative, it is noteworthy 
that both the rabies and hepatitis A vac-
cines are effective after infection has taken 
hold in an individual. Hence, the principle 
for therapeutic vaccines already exists, and 
individuals who are at high risk for con-
siderable morbidity and death represent 
a targeted population for testing fungal 
vaccines in which establishing therapeutic 
efficacy may be considerably easier than 
showing preventative efficacy. If  therapeu-
tic vaccines are first shown to be safe and 
effective in therapy, that could ease the reg-
ulatory road to finding preventative use in 
vulnerable populations.
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