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Abstract: Although innate immunity primarily combats systemic infections of opportunistic fungi such as Aspergillus and
Candida spp., acquired and protective immunoreactions were observed long ago in animal trials following sublethal sys-
temic infections caused by viable fungi or after challenging animals with inactivated fungal cells. Based on these observa-
tions, fungal antigens should exist which mediate such protective immunoreactions and have in part already been identi-
fied. In this context, this review focuses primarily on the various approaches that have been used to identify protection-
mediating Aspergillus-antigens and their rationale. Emphasis is placed on screening methods that have exploited genetic
or proteomic approaches on the basis of the corresponding fungal genome projects. Thereby, a survey and description is
given of the antigens so far known to be capable of inducing immune responses that protect animals against acquiring le-

thal systemic aspergillosis.
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INTRODUCTION

Aspergillus fumigatus is the most important mold, caus-
ing invasive opportunistic infections in the immunocom-
promised host (for reviews see [1-4]). Patients suffering from
leukemia or undergoing hematopoietic stem cell transplanta-
tion (HSCT) are predominantly prone to pulmonary and sys-
temic aspergillosis, respectively. Recently, a large prospec-
tive surveillance study on the basis of 16,200 HSCTs re-
vealed 12-month cumulative incidence rates of 1.2 to 8.1%
for invasive fungal infections (IFIs), with 43% of these being
aspergillosis, by far the most prevalent agent [S]. Therefore,
the main risk factors for acquiring the disease are neutro-
penia and cortisone administration. Consequently, invasive
aspergillosis occurs as an early infection during neutropenia
in the course of the induction cycle of chemotherapy and as a
late form when the bone marrow has recovered but cortisone
treatment is necessary, particularly if the picture is compli-
cated by graft-versus-host disease (GVDH). In those patients
receiving allogeneic transplants, mortality rates of invasive
aspergillosis still reach up to 60 to 70% in spite of significant
improvements in antifungal therapeutic options during the
last decade [6-8]. In addition, invasive aspergillosis is a seri-
ous problem in other underlying diseases that are accompa-
nied by immunosuppression, for example in patients with
solid organ transplantations. The overall 12-week mortality
of invasive aspergillosis in these patients is about 30 % [9].
On the other hand, considering all underlying diseases lead-
ing to invasive aspergillosis, 12-week overall mortality rates
between 35 and 45 % are currently reported, despite antifun-
gal therapy [10-11].
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Altogether, invasive aspergillosis remains a life-
threatening disease for the immunocompromised host despite
substantial progress in antifungal therapy. Therefore, alterna-
tive prophylactic or therapeutic options would be of high
value and a vaccination approach would be one of them. At
any rate, in this context, two major questions have to be an-
swered. The first is whether a vaccine that would have the
ability to induce a protective immune response in a host with
a functional immune system may also be applicable in the
immunocompromised patient. This question is connected
with the vaccination procedure itself and the search for
proper adjuvants to elicit the desired type of immune re-
sponse. The second question is whether any antigens at all
exist that may induce a protective response, and how to iden-
tify those antigens.

This review will focus on the second question and
thereby, in particular, on the various experimental ap-
proaches that have been used to identify protection-
mediating Aspergillus-antigens and their rationale. In this
respect, this review complements other reviews on fungal
vaccine development and their experimental findings and
approaches that have already been published [12-21]. In ad-
dition, a list and description of antigens that have so far been
successfully proven to induce a protective immune response
against systemic Aspergillus infection in animals will be
provided.

RATIONALE FOR THE SEARCH FOR PROTECTIVE
ANTIGENS

The chances of developing a successful vaccine are de-
pendent on the identification of protection-mediating anti-
gens. In general, chances are good when natural infection
with the microorganism induces a permanent and sustainable
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acquired immunity (for review see [22]). This basically
means that, during infection, the microorganism expresses
antigens in substantial amounts that are capable of mediating
a protective response. Consequently, if these antigens, for
example, are produced in vitro (e.g., recombinantly) or in
vivo (e.g., by an attenuated living microorganism), they
could form the basis for a vaccine. In contrast, chances are
poor if no permanent immunity is produced by the natural
infection. Well known examples of both cases exist: there
are childhood diseases that characteristically induce perma-
nent acquired immunity against which vaccines have been
successfully developed (e.g., measles, chickenpox, rubella).
On the other hand, the search for a vaccine against HIV or
malaria turned out to be extremely challenging and difficult.
Neither disease elicits a protective acquired immune re-
sponse or, at least in the case of malaria, does not induce a
microbiological but rather a clinical immunity that develops
very slowly and is not very sustainable (for reviews see, e.g.,
[23] and [24]).

As A. fumigatus primarily accounts for opportunistic
infections, there are almost no “natural” systemic infections
in immunocompetent humans; thus, we simply cannot
know whether Aspergillus releases antigens capable of me-
diating a protective response. However, we do possess sev-
eral direct and indirect indications. First, dimorphic but
related fungi with greater virulence than A. fumigatus, for
example Histoplasma capsulatum and Coccidioides immi-
tis, cause a protective CD4+ TH1 cellular immune response
after infection of the lung that typically evolves within
weeks after infection (for reviews see [25, 26]). Second,
and most important, the development of a protective im-
mune response that is able to prevent systemic Aspergillus
infections has been shown in animals and will be depicted
in the following sections.

Basic Observations and Experiments

In 1976, Lehmann and White showed in mice that after a
localized kidney infection with A. fumigatus brought about
by i.v. administration had been present for some time; these
animals acquired a systemic immunity against another i.v.
infection that was not affected by cortisone [27]. At the same
time, Corbel and Eades found that adult mice showed con-
siderably greater resistance to Aspergillus infection than
young animals of the same strain [28]. Both observations led
to several vaccine studies and closer immunological investi-
gations. First, a vaccine study in turkey poults was conducted
with preparations from different growth stages of the fungus
[29]. Interestingly, an inactivated germ-line vaccine, admin-
istered s.c., showed the highest protection rate of 38%
against an otherwise deadly aerosol challenge with Aspergil-
lus spores [29]. In 1993, it was found that immunity induced
by a sublethal i.v. infection in mice was not transferable by
serum but by macrophages from a splenocyte cell fraction of
an immune animal to a naive one [30]. The role of the cellu-
lar immunoreaction was further underlined when, after nasal
vaccination with either viable A. fumigatus conidia or a
preparation from crude culture filtrate, protection was in-
duced and then experimentally transferred with Ag-specific
CD4" T cells from the immune animal to naive recipients
[31].
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Ito et al. also found that a crude filtrate of a 14-day old
Aspergillus culture did confer some protection in mice when
administered s.c. or intranasally. However, the effects were
not significant. In contrast, in the same experimental setting,
a sonicated 7-day old hyphal mass conferred significant pro-
tection, as well as mice infected intranasally with a sublethal
challenge of viable conidia [32].

SCREENING APPROACHES FOR PROTECTIVE
ANTIGENS

For infections caused by A. fumigatus, an acquired pro-
tective immune response can be induced in animals. As de-
scribed above, historically the protective response was ob-
served after a nonlethal infection with the pathogen or after
vaccination with whole, inactivated fungal cells, cellular sub-
fractions or culture supernatants. However, for humans and
particularly for immunosuppressed individuals, neither a
vaccine approach based on living organisms nor on unde-
fined crude fractions or extracts is an option. Thus, a search
for very specific fungal antigens that mediate the protective
response was emphasized. In this section, systematic screen-
ing approaches and their findings are summarized.

A systematic approach to identify possible vaccine can-
didates of A. fumigatus was performed by Denikus et al.
[33]. Ten rabbits were infected i.v. with A. fumigatus conidia
in sublethal doses and some of them developed an acquired
protective immune response against further systemic infec-
tions. Blood from the rabbits was collected prior to the first
infection and during the course of it. Subsequently, a cDNA-
expression-library based on young germinating conidia
(germlings) was screened with the convalescent sera of the
animals. The rationale behind this screening approach was
that the protective immune response, even if primarily based
on a T-cell reaction, should elicit also a humeral response, as
at least most large proteins should contain both T-cell and B-
cell epitopes. Altogether, the 36 proteins identified by this
method should, at minimum, primarily reflect those that are
immunodominant and / or expressed abundantly in the pro-
tection-inducing infection model. Among these proteins were
the allergens Asp f 16 (or Asp f 9 — see below) and Aspf 3
(also called AHP1) for which protection-inducing properties
against invasive aspergillosis were shown shortly before or
after this study [34, 35]. However, as cDNA-library screen-
ing with convalescent rabbit sera may not reveal all reacting
antigens, the same group later used the sera for a 2D-
Western blot screening based on protein extracts of 4. fumi-
gatus germlings [36]. Reacting spots were analyzed by mass
spectrometry and a list of 59 different proteins was gener-
ated. The proteins were again listed, including a rough esti-
mate of their reaction intensities. Among these proteins
were, once again, the allergen Asp f 3 but, in addition, 1, 3-
glucanosyltransferase (Gell) was present. Recombinant Gell
was used as a vaccine in mice a short while ago and was also
proven to mediate a protective acquired immune reaction
[18] (see below).

Ito et al. also conducted a systematic screening approach
on the basis of animals that had developed an acquired im-
munity against invasive aspergillosis [35]. To this end, mice
were either s.c. immunized with crude culture filtrate (CF) of
the fungus or subjected to a sublethal intranasal infection
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with viable conidia (VC). In particular, sera from mice that
survived the latter challenge reacted with a 19.5 kDa band in
Western blots based on hyphal protein extracts. In mass
spectrometric analysis, this band could also be attributed to
Asp f 3 (AFUA_6G02280). Recombinant Asp f 3 or trun-
cated versions lacking IgE-binding sites were shown to be
protective in animal vaccination trials [35].

Based on the assumption that the immune system first
comes into contact with superficial antigens, particularly of
A. fumigatus conidia, conidial surface proteins were ex-
tracted by Asif et al. [37]. The corresponding proteome was
then analyzed by 2D-gelelectrophoresis and mass-
spectrometry based on data of the A. fumigatus genome pro-
ject [38]. Altogether 26 different proteins were identified,
twelve of which contained a signal for secretion. Among
these was the acid protease PEP2, for which protective prop-
erties were shown later in animal vaccination trials [18].
Once again, the allergen Asp f 3 was identified among the
proteins without a secretion signal [37].

To gain insights into early germination events and facili-
tate the identification of potential stage-specific biomarkers
and vaccine candidates, Suh er al. had used quantitative
shotgun proteomics to elucidate patterns of protein abun-
dance changes during early fungal development [39]. Cell
wall extracts of dormant conidia, isotropically expanding
conidia, conidia with small germ tubes or with longer, pre-
septated hyphae were analyzed by LC-MS/MS using LTQ
ion trap mass spectrometry. Protein abundance was moni-
tored using APEX (absolute protein expression). A battery of
375 different proteins was thereby identified of which 59
were specifically enriched in dormant conidia. Remarkably,
the conidial proteome was dominated by small lineage-
specific proteins of unknown function. Among the proteins
listed were all those so far positively tested to induce protec-
tion in mice (Asp £ 9/16, Asp f 3, Gell, Pep2). While Asp f
9/16 was only detected in pre-septated hyphae, Aspf 3, Gell
and Pep2 were detected in all growth phases as well as in
dormant conidia. Aspf 3 was particularly abundant.

DIRECT TESTING APPROACHES

In 2002 Bozza et al. published the first vaccination study
in mice in which a defined antigen of 4. fumigatus adminis-
tered together with a CpG-adjuvant promoting a dominant
Thl-response was shown to elicit a protective acquired im-
mune response to invasive aspergillosis [34]. The antigen
was Asp f 16, which, as deduced from its amino acid se-
quence, is most likely identical with Asp f 9, both of which
had been described as possessing extensive sequence homol-
ogy and characterized previously as 4. fumigatus allergens in
patients suffering from allergic bronchopulmonary aspergil-
losis (ABPA) [40, 41] (Table 1). Blast searches based on the
data of the A. fumigatus genome project (Af293 strain) do
not support the existence of two closely related genes encod-
ing slightly different proteins but rather of one (our own in-
vestigations) [38].

In 2009, the same group assessed a variety of A. fumiga-
tus recombinant proteins for their ability to induce protection
in naive and bone marrow transplanted mice in a dendritic
cell (DC) model of vaccination [18]. At least three proteins
were shown to induce such a response, namely, a protease
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(Pepl) [42] and two glycosylphosphatidylinositol (GPI)-
anchored proteins, Gell (a 1, 3-  glucanosyltransferase; Afu
2g01170) and Crfl (or Asp f 9; a cell wall glucanase; Afu
1g16190) [43]. However, as mentioned above, Crfl or Asp f
9 is most likely identical with Asp f 16, which had already
been described as being protective by the same group. In
addition, although, Pepl was referred to as a secreted prote-
ase from 4. fumigatus in the discussion in the article [18], the
corresponding citation and accession-No. (Afu 3g11400)
refer to Pep2, which in fact is a cellular and primarily vacuo-
lar protease of the fungus [42]. It is the very same enzyme
that was detected before on the A. fumigatus conidial surface,
probably as a kind of moonlighting protein (see Table 1 and

[37D.

LIST OF PROTECTIVE PROTEIN ANTIGENS IDEN-
TIFIED

To the best of our knowledge, four individual proteins so
far have been proven to induce a protective immune response
to systemic aspergillosis in animal trials. The antigens and
their characteristics are given in Table 1.

CONCLUSION AND FUTURE PERSPECTIVES

A protective immune response could be induced in ani-
mals after either a nonlethal systemic infection with 4. fumi-
gatus or after vaccination with crude fungal elements or cul-
ture supernatant [27-32]. Based on the assumption that, as in
animals, a protective immune response against invasive as-
pergillosis may also be induced in humans, a search for sin-
gle fungal antigens that could elicit such a response started
approximately a decade ago.

So far, four different protein antigens have tested posi-
tive, consisting of Asp f 16 (likely identical with Asp f 9,
also called Crfl) [34], Asp f 3 (also called Ahpl) [35], Gel 1
and Pep2 [18]. Asp f 16 and Gell are GPI-anchored and at-
tached to the fungal cell wall (for characteristics and review
see [43]). As a glucanase belonging to the Crh/Crf-family,
Asp f 16 is involved in the crosslinking of chitin to (1,6)-
glucan; Gell, (Gas/Gel-family) as a 1,3-
glucanosyltransferase, elongates P(1,3)-glucans. Both are
presumably involved in remodeling processes at plastic cell
wall tips. Thus, the antigens are not only on the cell surface
and easily accessible to the immune system for uptake and
recognition but also should be more or less constitutively
expressed when the fungus is growing. In addition, they ful-
fill important functions in the growth process and, if recog-
nized by the humeral immune system, these functions may
be blocked. Therefore, although we know experimentally
that acquired immunity to fungi is primarily mediated by
Thl CD4" and CDS8" T-cell responses [12, 46-51], this
humeral response may also contribute to protective immu-
nity, or at least partly compensate the otherwise antagonistic
effects of a Th2-response with respect to the essential cellu-
lar Thl-response.

The other two antigens so far known to elicit protection
in mice are Asp f 3 and Pep2. Asp f 3 (also known as Ahpl)
is a peroxireductase with no secretion signal. However, it is
also found on the cell wall surface of conidia and is abun-
dantly present in association with the cell wall in all young
growing stages of the fungus [37, 39]. Therefore, from its
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Table 1. Recombinant Aspergillus-proteins that have been proven to induce a protective immune response to systemic aspergillosis
in animal trials.
. Other Selected
Localization Reference in References with

Antigen Synonyms Acc. No. Function ’ which Protection

Remarks . Respect to
was First Shown .
Vaccination
likely identical
. cell wall, GPI-

Aspfl16 | withAspf9or | AFUA 1g16190 glucanase [34], [18, 33, 39]

anchored
Crf'l
peroxisomal, cell wall

Asp 3 Pmp20, Ahpl | AFUA_6G02280 peroxireductase (no signal), abundantly [35] [33,36-37, 39, 44-45]
expressed
1l wall, GPI-

Gel 1 - AFUA 2g01170 | 13-glucanosyltransferase cell wall, G [18] [18, 36, 39]
anchored
Pep2 - AFUA_3g11400 aspartic endoprotease vacuole, cell wall [18] [18,37, 39, 46]

function as well as from its localization, it is likely that the
enzyme is involved in protecting the fungus against oxida-
tive stress by inactivating corresponding radicals. As oxida-
tive stress in general is thought to be one of the major de-
fense mechanisms used by the host’s neutrophils and
macrophages to combat fungal invasion [52-55], once
again, recognition may not be the sole reason immunity
develops. In line with this, it was shown that removing ei-
ther or both of the IgE-binding sites to avoid allergic and
abundant humeral responses conferred even better protec-
tion, at least when a single epitope was left in the truncated
form [35]. Last but not least, Pep2 conferred a protective
immune response when used as a recombinant vaccine in
mice [18]. This enzyme is an aspartic endoprotease with a
presumably primarily vacuolar location, but is also found
attached to the fungal cell wall, particularly in Aspergillus
conidia [37, 39, 42]. The conidial wall localization is
somewhat surprising, but in fact may provide the fungal
cell access to degradation of host proteins during the first
step of infection. Thus it is conceivable that a vaccine
based on Pep2 may not only work because the protein
serves as a recognition anchor. Inhibitory effects mediated
by the immune response may also play a role.

All recombinant antigens that were able to induce protec-
tive immune reactions against invasive aspergillosis in mice
have been listed as possible vaccine candidates in respective
screening protocols [33, 35-37, 39]. These protocols were
based on the observation that either a nonlethal fungal infec-
tion or vaccination with whole, inactivated fungal cells, cel-
lular subfractions or culture supernatants conferred immu-
nity. Of particular interest are (i) antigens identified from the
early immunoreaction of animals that developed immunity
after a systemic infection and (ii) molecules on the cell sur-
face of conidia and young fungal growing stages (germ-
lings), as these are early antigens and readily accessible to
the immune system when the infection starts. In addition to
the exploitation of antigens already successfully identified in
animal vaccine trials, further research on suitable candidates
should follow. Since a broad list of possible vaccine candi-

dates exists, a systematic approach to test them is required in
future.

More recently, and during the revision of this MS, a
broad screening approach via quantitative mass spectrometry
has been performed by Champer et al. [56]. This approach
comparatively investigated the hyphal proteoms of A. fumi-
gatus and Coccidioides posadasii. Many abundant proteins,
particularly of the cell wall, showing a high degree of cross
homology also to other pathogenic fungi, have been identi-
fied. Such proteins may serve as cross-protective vaccine
candidates being suited to combat not only invasive aspergil-
losis but also additional other life threatening fungal dis-
eases.
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