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Aspergillosis includes a spectrum of diseases caused by different Aspergillus spp. New insights into the cellular and
molecular mechanisms of resistance and immune tolerance to the fungus in infection and allergy have been obtained
in experimental settings. The fact that virulence factors, traditionally viewed as fungal attributes, are contingent
upon microbial adaptation to various environmental stresses encountered in the human host implies that the host
and fungus are jointly responsible for pathogenicity. Ultimately, despite the occurrence of severe aspergillosis in
immunocompromised patients, clinical evidence indicates that aspergillosis also occurs in the setting of a heightened
inflammatory response, in which immunity occurs at the expense of host damage and pathogen eradication. Thus,
targeting pathogenicity rather than microbial growth, tolerance rather than resistance mechanisms of defense may
pave the way to targeted anti-inflammatory strategies in difficult-to-treat patients. The challenge now is to translate
promising results from experimental models to the clinic.
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Introduction

Aspergillus is a large genus containing more than
180 species that are ubiquitous in nature. Among
the species, Aspergillus fumigatus remains the most
common cause of human diseases, followed by other
species including A. flavus, A. niger, A. nidulans, and
A. terreus. Diseases caused by Aspergillus include
saprophytic colonization of preexisting cavities (as-
pergilloma), allergic asthma, hypersensitivity pneu-
monitis, allergic bronchopulmonary aspergillosis
(ABPA) occurring as a complication of bronchial
asthma or cystic fibrosis, and invasive aspergillosis.
Invasive aspergillosis is associated with a high mor-
tality rate in patients with dysregulated immunity,
such as patients with hematological malignancies,
recipients of solid organs and stem cell transplants,
and patients admitted to the intensive care unit.!
Although the past decade has witnessed significant
progress in the management of invasive aspergillo-
sis, the infection continues to be a deadly disease.!

The main reasons for this include intrinsic or ac-
quired antifungal resistance and the deleterious ef-
fect of a dysregulated inflammation.

Current understanding of the pathophysiol-
ogy underlying Aspergillus infection and disease
highlights the multiple cell populations and cell-
signaling pathways involved in these complex con-
ditions. Applying systems biology approaches to
these complex processes has resulted in a better ap-
preciation of the intricate cross talk provided by
temporal changes in mediators, metabolites, and
cell phenotypes underlining the coordinated pro-
cesses.? In addition to the pathogen-derived ligands
(PAMPs) of pattern recognition receptors (PRRs),’>
primary metabolites associated with fungal growth
and adaptation! and damage-associated molecu-
lar patterns (DAMPs)> all contribute to fungal
pathogenesis and generation of antifungal immune
response. These emerging themes in fungal patho-
genesis better accommodate the susceptibility to
fungal diseases in primary immunodeficiencies,
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such as chronic granulomatous disease (CGD)®’
and cystic fibrosis (CF),® in which susceptibil-
ity to Aspergillus diseases occurs in the face of
high-level inflammation. In this regard, despite the
occurrence of severe aspergillosis in immunocom-
promised patients, clinical evidence indicates that
aspergillosis also occurs in the setting of a height-
ened inflammatory response, in which immunity
occurs at the expense of host damage and pathogen
eradication.” The main implication of these find-
ings is that, at least in specific clinical settings, it is a
heightened inflammatory response that likely com-
promises a patient’s ability to eradicate infection,
not an intrinsic susceptibility to infection that deter-
mines a state of chronic or intractable disease.'® The
conceptual principle highlighting the truly bipolar
nature of the inflammatory process in infection is
best exemplified by the occurrence of severe fun-
gal infections in patients with immune reconstitu-
tion syndrome, an entity characterized by localized
and systemic inflammatory reactions and worsening
disease in opportunistic and nonopportunistic in-
fections, which are associated with immunological
recovery.”!! In addition, a high incidence of fun-
gal infections and sensitization to Aspergillus spp.
has been described in hyperimmunoglobulinemia E
(hyper-IgE) syndrome'?!* in which increased levels
of proinflammatory gene transcripts have recently
been described.!? For A. fumigatus the association of
persistent inflammation with intractable infection
is common in nonneutropenic patients after allo-
geneic hematopoietic stem cell transplantation,'* as
well as in allergic fungal diseases.'® Therefore, para-
doxically, increased inflammatory innate responses
may predispose to either fungal infections or dys-
regulated immune responses to the fungus. In ad-
dition, the status of innate host immunity may also
contribute significantly to the histological patterns
associated with fungal infections.! Thus, although
host immunity is crucial in the eradication of infec-
tion, immunological recovery can also be detrimen-
tal and may contribute to worsening disease.

Immunity to Aspergillus

Immunocompetent and nonatopic subjects are rel-
atively resistant to Aspergillus infections; disease oc-
curs only in the setting of host damage.! Thus, a
high degree of coexistence occurs between airborne
fungi and their mammalian hosts, which deviates
into overt disease only under specific conditions,
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most prominently deficits in immunity. The inflam-
matory response, initiated by cells of the innate im-
mune system, is followed by adaptive immunity,
which responds to and, at the same time, regulates
signals emanating from the innate system. The in-
flammatory allergic manifestations that follow the
contact or inhalation of Aspergillus spp. all consti-
tute compelling evidence of the pathogenic role of
T cell dysreactivity in fungal diseases.

Innate recognition: PAMPs, DAMPs,

and beyond

The physical barrier of the respiratory tract pro-
vides a first line of resistance to hundreds of coni-
dia inhaled daily. However, due to the small size
of resting Aspergillus conidia (2-5 pm in diame-
ter), inhaled conidia may go beyond the ciliated
epithelium to reach sites where they stimulate cells
of the innate immune system, such as resident alve-
olar macrophages and dendritic cells (DCs), as well
as recruited inflammatory cells, mainly polymor-
phonuclear neutrophils (PMNs), by means of sol-
uble and cell-bound pattern recognition receptors
(PRRs).*!¢!7 Thus, antigen-independent recogni-
tion of the fungus by the innate immune system
leads to the immediate mobilization of immune
effector mechanisms that provide the host with
the establishment of a first line of defense and an
appropriate adaptive immune response. This im-
plies that immunity to the fungus is a dynamic
interplay between every arm of the immune sys-
tem in which how to respond is primarily deter-
mined by interactions between the fungus and cells
of the innate immune system; T cells, however,
feed back into this dynamic equilibrium to regu-
late antifungal effector functions and the balance
between proinflammatory and anti-inflammatory
signals.

PRRs on host cells include Toll-like recep-
tors (TLRs), C-type lectin receptors, nucleotide
oligomerization domain (NOD)-like receptors,'®
and NALP3 inflammasome,'® all of which sense
PAMPs and DAMPs (Fig. 1). Both murine and hu-
man studies have confirmed the susceptibility to
Aspergillus infection and diseases associated with
genetic deficiency of selected PRRs.? By varying the
composition with the morphotype, growth stage,
environment sensing, and fungal species the cell
wall provides the prime sources of PAMPs that, as
such, are ideal targets for recognition as nonself by
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Figure 1. Innate and adaptive cell-mediated immunity to Aspergillus. The figure is an update of the innate and adaptive responses
mediated by different Th cell subsets, their transcription factors, and possible effector functions in aspergillosis. Through the
production of distinct sets of cytokines and other mediators, T cells can act as immune effectors and as master regulators of the
inflammatory and effector responses of innate cells. The ability of dendritic cells, macrophages, and epithelial cells to respond
to the different fungal PAMPs, fungal allergens, or DAMPs with flexible intracellular signaling pathways confers unexpected
plasticity to the system and contributes to shaping T cell responses. CARDY, caspase recruitment domain-containing protein 9;
CCL3, chemokine (C-C motif) ligand 3; DAMPs, damage-associated molecular patterns; IDO, indoleamine 2,3-dioxygenase;
nucleotide oligomerization domain (NOD)-like receptors; NLRP3, NOD-like receptor family, pyrin domain-containing 3; PAMPs,
pathogen-associated molecular patterns; RAGE, receptor for advanced glycation end products.

mammalian cells.?° To achieve optimal activation of
antigen-specific adaptive immunity it is first neces-
sary to activate the pathogen-detection mechanisms
of the innate immune response. However, by hyper-
inducing proinflammatory cytokines, facilitating
tissue damage, or impairing protective immunity,
PRR activation itself is a double-edged sword, and
this may explain why PMNs, although essential in
the initiation and execution of the acute inflam-
matory response and subsequent resolution, may
also act as double-edged swords, as the excessive
release of oxidants and proteases may be respon-
sible for injury to organs and fungal sepsis. As a
matter of fact, despite extensive fungal growth, pul-
monary pathology is reduced in conditions of PMN
deficiency.’! Thus, although the inflammatory re-
sponse to fungi may serve to limit infection, an

overzealous or heightened inflammatory response
may contribute to pathogenicity and, paradoxically,
favor the infection.”-?22* A hyperinflammatory re-
sponse does in fact enhance virulence of many
Aspergillus spp.>* This implies that the fungus may
exploit PRRs to divert and subvert host inflamma-
tory immune responses to become a frank pathogen.
Accordingly, it has been shown that activation of
TLRs by the fungus unmasks an essential role for
the protease-activated receptors (PAR) 2 in down-
stream signaling and inflammation.?® Conceptually,
the model is consistent with a binary signaling path-
way of mammalian recognition of fungi, as observed
in Drosophila and plants.

The unexpected convergence of molecular path-
ways responsible for the recognition of PAMPs and
DAMPs raised the question of whether and how
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the host discriminates between PAMPs and DAMPs
and the relative contribution of either one to inflam-
mation, immune homeostasis, and mechanisms of
repair during infection. A mechanism that dis-
criminates between pathogen- and danger-induced
immune responses via the spatiotemporal integra-
tion of signals from TLRs and the receptor for
advanced glycation end products (RAGE) has re-
cently been described in mice, and a genetically
determined hyperfunction of DAMP signaling was
associated with invasive aspergillosis in hematopoi-
etic stem cell transplanted (HSCT) patients.”® The
mechanism exploits a previously unrecognized role
for the S100B/RAGE axis that, in sensing danger,
plays a critical and unanticipated role as a fine
modulator of inflammation in Aspergillus pneu-
monia. Thus, the crosstalk between RAGE and
TLRs details an evolving braking circuit whereby
an endogenous danger protects the host against
pathogen-induced inflammation and a pathogen-
sensing mechanism terminates danger-induced
inflammation.

The ability of fungi to colonize almost every niche
within the human body involves specific reprogram-
ming events to adapt to environmental conditions,
to fight for nutrient acquisition, and to use and
deal with stresses generated by host defense mech-
anisms.?” Genomic and transcriptomic approaches
have revealed links among fungal metabolism, mor-
phogenesis, and the response to stress in adaptation
to the host environment. Thus, understanding in
vivo fungal metabolism in the different host mi-
croenvironments is critical for new therapeutic ap-
proaches. Recent evidence has indicated how the
ability of Aspergillus to adapt to oxygen-limited or
hypoxic microenvironments has a great impact on
fungal pathogenesis.* In these conditions, the fun-
gus activates glycolysis, transcriptional downregu-
lation of the TCA cycle, and oxidative phospho-
rylation and produces secondary metabolites that
promote lung inflammation, exacerbate the infec-
tion, and influence subsequent host immune re-
sponses.?®%

Adaptive T helper cell immunity

Different types of T helper (Th) cell subsets are
locally activated upon repeated conidia inhalation
in mice® and are present in the human T cell
repertoire.’! The ability of DCs to respond with
flexible activating programs and activation of dis-
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tinct intracellular signaling pathways to the different
PRR/PAMP combinations confers unexpected plas-
ticity to the DC system and pivotally contributes
in shaping the different Th cell responses (Fig. 1).
Although epithelial cells (ECs) are not dedicated
antigen-presenting cells they may play critical im-
munological roles by expressing PRRs and provid-
ing the machinery required for the induction of
T cell tolerance (Fig. 1). Thl responses driven by
IL-12 are essentially required for the expression of
protective immunity to the fungus in mice and hu-
mans,* as well as to fungal vaccines.® Through the
production of the signature cytokine interferon-
gamma (IFN-v), the activation of Th1 cells is in-
strumental in the optimal activation of phagocytes
and of a tolerogenic environment at sites of infec-
tion. The importance of IFN-vy in response to res-
piratory fungal pathogens has been recently recog-
nized.” Allergy is an overzealous Th2 response to
environmental airborne allergens. The inflamma-
tory allergic manifestations that follow the contact
or inhalation of fungi constitute compelling evi-
dence of the pathogenic role of T cell dysregulated
reactivity in fungal diseases. In patients with a de-
fective IL-12/IFN-y pathway, such as those with hy-
perimmunoglobulinemia E syndrome, fungal infec-
tions and allergy are observed.** Although normally
induced upon conidia inhalation in mice,>> Th2 re-
sponses are associated with aspergillosis in murine>®
and human®”-* CE. We have recently shown that
Th17 responses are also associated with susceptibil-
ity to ABPA and Aspergillus infection in experimen-
tal CE8 Thus, similar to what is observed in exper-
imental CGD,” Th17 cell activation correlates with
Aspergillus diseases in immunodeficiencies. These
findings are consistent with the observation that the
repeated intranasal exposure to A. fumigatus conidia
in mice results in a chronic pulmonary inflamma-
tory response characterized by eosinophilia, gob-
let cell metaplasia, and sustained Th17 cell activa-
tion that drives Th2-type inflammation.” However,
IL-23 production and Th17 responses also nega-
tively regulate the allergic inflammatory response
in chronic fungal-induced asthma,* a finding in-
dicating that the actual role of the Th17 pathway
and cytokines in fungal infection and allergy needs
further elucidation. Indeed, repeated exposure to
A. fumigatus conidia induced the codevelopment of
Thl, Th2, and Th17 cell responses in the lungs of
immunocompetent mice,>**"*? arguing for a
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redundancy in protective Th mechanisms of anti-
fungal immunity. In humans, A. fumigatus did not
stimulate production of IL-17, and human host de-
fense against aspergillosis has been shown to rely on
potent Thl responses.*’

Protective tolerance to Aspergillus:
regulatory T cells and the tryptophan
metabolic pathway

Continued integration of proinflammatory and an-
tiinflammatory stimuli is mandatory for proper
control of infection, tissue, and immune homeosta-
sis. A major role of the innate and adaptive im-
mune systems is to maintain tissue homeostasis by
stopping and/or preventing cell damage, caused by
invading pathogens, and promoting tissue repair
following a lesion. The inherent resistance to infec-
tions caused by A. fumigatus suggests the occurrence
of regulatory mechanisms that provide the host
with adequate defense without necessarily elimi-
nating the fungus or causing unacceptable levels
of host damage.!*** The consequence of regulatory
activity is less damage to the host but also fungal
persistence due to the impaired efficacy of protec-
tive immunity, as evidenced by a number of clini-
cal observations suggesting an inverse relationship
between IFN-y and IL-10 production in patients
with aspergillosis.*>*¢ In addition, consistent with
the inflammatory state, patients with pulmonary
aspergillosis are genetically low producers of both
TGF-B and IL-10.” Regulatory T (T,eg) cells with
tolerogenic activity have been described in murine
aspergillosis;** in these mice, fungal growth, inflam-
matory immunity, and tolerance to Aspergillus were
controlled by the coordinate activation of natural
(n)Tyeq cells, which limited early inflammation at
the sites of infection, and pathogen-induced (i) Trq
cells that regulated the expression of adaptive Th im-
munity in secondary lymphoid organs. Early in in-
fection, inflammation was controlled by the expan-
sion, activation, and local recruitment of nT,., cells
that suppressed PMNs through the combined ac-
tions of IL-10 and CTLA-4 acting on dendritic cells
to produce indoleamine 2,3-dioxygenase (IDO), an
enzyme that has revealed an unexpected potential
in controlling inflammation, infection, and allergic
airway inflammation.** Mechanistically, the levels
of inflammation and IFN-vy in the early stage of
contact with the fungus set the subsequent adaptive
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stage by conditioning the IDO-dependent tolero-
genic program of DCs and the subsequent acti-
vation and expansion of tolerogenic Ty, cells that
prevent allergy to the fungus. Asymptomatic atopy
associated with increased IDO activity and IL-10
production in seasonal allergen exposure has been
described.* Late in infection, and similarly in al-
lergy, inflammatory immunity was modulated by
inducible (i) Ty, cells, which acted through activa-
tion of IDO in DCs and prevented Th17 cell devel-
opment.***° Thus, protective tolerance to fungi is
achieved through the balanced act of Ty cells over
effector Th1 and Th17 cells, with the contribution
of IDO. Recent evidence have indicated a role for
ECs in this balance via the IFN-y/IDO axis culmi-
nating in the activation of Ty, cells and inhibition
of Th17 cell responses.”’ With pathogens like fungi
that have a complex pathogenesis, multiple types
of regulatory cells are likely to influence the out-
come. We have recently found that antigen-specific
CD4t Treg cells, which are developmentally, phe-
notypically, and functionally distinct from Foxp3*
Treq cells, are induced in response to A. fumigatus
in mice and humans (R.G. Iannitti, unpublished
observation).

Inflammation in aspergillosis:
the therapeutic

Medical treatments that increase host resistance,
such as antibiotics, place selective pressures on
pathogens. As tolerance mechanisms are not ex-
pected to have the same selective pressure on
pathogens, new drugs that target tolerance will pro-
vide therapies to which pathogens will not develop
resistance. Thus, further understanding of the co-
operation of various multiple innate and adaptive
immune responses that lead to protective tolerance
will provide the basis for novel immunomodula-
tory therapies that are no longer just promising as
adjuncts in the management of fungal infections
but are strictly required to balance protective im-
munity and inflammatory pathology in infections.
Despite the heterogeneity of patient populations
at risk for invasive aspergillosis, the greatest chal-
lenge is to pave the way from promising results in
experimental models to the clinic. The following
targeted anti-inflammatory strategies and vaccines
are potential future additions to the arsenal against
Aspergillus diseases.
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Restraining pathogenic inflammation by
exogenous kynurenines

In experimental CGD, IL-17A neutralization in-
creased fungal clearance, ameliorated inflamma-
tory pathology, and restored protective Thl an-
tifungal resistance.” Perhaps more importantly,
complete cure and reversal of the hyperinflam-
matory CGD phenotype were achieved by admin-
istration of supplemental L-kynurenine, an early
amino acid catabolite of L-tryptophan in the IDO-
dependent pathway.” Similar results have been ob-
tained in experimental CE?

Targeting IDO in fungal allergy

Consistent with the responsiveness of ABPA to cor-
ticosteroid treatment,®? the Th2 allergic phenotype
is attenuated by dexamethasone, which enhanced
production of IL-10 and Foxp3 transcripts, both
markers of protective T, cell activity in Aspergillus
allergy. These data demonstrated that dexametha-
sone downregulates exacerbating Th2 cell responses
in ABPA by inhibiting the expansion and activa-
tion of Th2 cells and by upregulating the expres-
sion of Foxp3 via mechanisms that require trypto-
phan catabolism.>® Thus, induction of IDO could
be an important mechanism underlying the anti-
inflammatory action of corticosteroids.

Targeting inflammatory pathways via siRNA

It has been demonstrated that the activation of dis-
tinct signaling pathways in DCs and other antigen-
presenting cells translates recognition of the fungus
into distinct inflammatory and adaptive immune
responses*” (Fig. 1). Thus, the screening of signal-
ing pathways in DCs through a systems biology ap-
proach could be exploited for the development of
therapeutics to attenuate inflammation in respira-
tory fungal infections and diseases. Indeed, the study
showed the utility of the DC systems biology ap-
proach for quick screening of therapeutic siRNA to
attenuate inflammation in Aspergillus infection and
allergy. The intranasal administration of siRNA has
opened new avenues in drug delivery and respira-
tory therapy.>®

Exploiting IDO + DCs as fungal vaccines

in transplantation

The finding that Aspergillus-pulsed DCs could be
used as a vaccine in hematopoietic transplanta-
tion>* raised excitement about vaccination against
aspergillosis.”®> Within the instructive model of DC-
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mediated regulation of the Th repertoire, it is con-
ceivable that an improved understanding of the
pathogen/DC interaction will allow the potential
use of pathogen- or TLR-conditioned DCs for the
induction of patient-tailored Ty cells with indi-
rect antidonor allospecificity. Over recent years, ex-
perimental models have shown that it is possible
to exploit the mechanisms that normally maintain
immune homeostasis and tolerance to self-antigens
to induce tolerance to alloantigens.’® Like natu-
ral tolerance, transplantation tolerance is achieved
through control of T cell reactivity by central and pe-
ripheral mechanisms of tolerance. We have recently
found that this goal is achievable by the adoptive cel-
lular therapy of Aspergillus-pulsed DCs + IDO that
could induce antifungal resistance within a regula-
tory environment.”” Tolerogenic DCs + IDO proved
to be pivotal in the generation of some form of
dominant regulation that ultimately controlled in-
flammation, pathogen immunity, and tolerance in
transplant recipients, eventually leading to preven-
tion of graft-versus-host reaction and reduction of
aspergillosis incidence rates.

Conclusions

In summary, because immunity is neither a set of
discrete signaling pathways activated by pathogens
nor simply a function of the host, the use of sys-
tems biology approaches has proved to be useful
for the generation of new therapeutics that targets
pathogenicity rather than microbial growth, tar-
gets the host—pathogen interface rather than the
pathogen, and promotes protective immune re-
sponses. It is now clear that genetic variants of
molecules involved in innate recognition of fungi
may account, in part, for the inherited differences in
human susceptibility to fungal infections.*®>® Thus,
the integration of systems biology approaches with
immunogenetic screenings may promote the devel-
opment of targeted immunotherapeutic strategies
in high-risk patients.
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