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The filamentous fungus Aspergillus causes a wide spectrum of diseases in the human

lung, with Aspergillus fumigatus being the most pathogenic and allergenic subspecies.
The broad range of clinical syndromes that can develop from the presence of Aspergillus
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Aspergillus is a ubiquitous filamentous fungus, found world-
wide in soil, water, food, and air. It is particularly present in
decaying vegetation. While inhalation of its spores is com-
mon, this rarely causes disease in a host with normal
immunological defense mechanisms.' Conversely, in a sus-
ceptible host, Aspergillus spp. can cause a wide variety of
clinical syndromes, with the lung being the most frequent
site of disease. The development of a clinical syndrome, its
invasiveness, and its prognosis all depend largely on the
host’s level of immune compromise or immune hyperres-
ponsiveness.? There is no defined inoculum to determine the
likelihood or severity of Aspergillus infection." More than
200,000 life-threatening infections are documented annual-
ly, predominantly in immunocompromised hosts.* With the
development of new therapies undermining the host im-
mune system, the incidence of aspergillosis is on the rise.'
Aspergillus fumigatus, the most pathogenic and allergenic
Aspergillus species, is associated with an extremely high
mortality rate (30-95%) in invasive infection.* Despite their
high mortality rates, invasive mycoses remain understudied
and underdiagnosed when compared to other infectious
diseases.*
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in the respiratory tract is determined by the interaction between host and pathogen. In
this review, an oversight of the different clinical entities of pulmonary aspergillosis is
given, categorized by their main pathophysiological mechanisms. The underlying
immune processes are discussed, and the main clinical, radiological, biochemical,
microbiological, and histopathological findings are summarized.

Aspergillus Mycology, Immunology, and
Pathophysiology

The genus Aspergillus indicates an asexual ascomycete
fungus that produces spore chains or columns radiating
from central structures. It was first described in 1729 by
Micheli and derives its name from the resemblance it bears
to a holy water sprinkler named aspergillum.”> At present
and supported by molecular techniques, Aspergillus encom-
passes more than 250 species.®’ Only a number of these
species are known to cause disease in humans, the most
important being A. fumigatus (50-67% of isolates in invasive
disease), Aspergillus flavus (8-14%), Aspergillus terreus (5-
9%), and Aspergillus niger (3-5%)." These species are all
found in a wide variety of substrata, including soil, compost
piles, fruits, organic debris, animals, and, occasionally,
humans.® A. fumigatus is known to cause disease in humans,
but it does not typically colonize the healthy human respi-
ratory tract. Genomic analyses of its encoded enzymes
show that the enzymatic activity of the fungus is more
related to the degradation of plant organic matter than
to that of animal organic matter. This underpins the
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hypothesis that aspergillosis is more a result of human
immune system failure than of Aspergillus virulence.’

A. fumigatus remains the major causative agent of pulmo-
nary aspergillosis. A possible explanation is the abundant
presence of its small reproductive spores, called conidia, in
the environment. In air sampling during construction works,
A. fumigatus is the dominant fungal species, even in hospital
environments.'®'" The fungal spores can stay airborne
for hours after release and remain viable for months. The
conidial hydrophobic outer layer plays a key role in the
supreme survival of this species and provides protection
against desiccation and freezing. Furthermore, A. fumigatus
has a superior ability to grow in a wide range of environ-
mental conditions. This includes challenging thermal (12-
65°C), acidic (pH 2.2-8.8), and nutritional (wide variety of
substrates degraded by a wide range of glycosylhydrolases
and proteinases) conditions.? 12

A careful balance between antifungal protective
responses and airway homeostasis needs to be maintained
in order to (1) clear regularly encountered fungal pathogens
with minimal effect on the host and (2) contain commensal
fungi without reducing barrier integrity.? Clearing the en-
countered pathogen is complicated by the small size of the
conidia, which have a diameter of 2 to 3.5 um in A. fumigatus.
Once inhaled, the spores travel through the tree-like struc-
ture of the bronchi. The branching of the airways causes a
turbulent flow which deposits most of the foreign substances
(e.g., pathogens, antigens, and pollutants) in the lining
airway mucus. This mucus contains microbicidal peptides,
which cause immediate inactivation of the pathogen, and
soluble pathogen recognition receptors (PRRs) that opsonize
the fungus, which leads to more downstream inactivation.'>
The ciliary beat of the epithelium constantly clears the
mucus and propels it upward to be coughed up and expelled
or swallowed into the gastrointestinal tract. This process is
called mucociliary clearance. Due to their small size, the
conidia are able to penetrate deep into the peripheral air-
ways, largely bypassing the mucociliary clearance mecha-
nisms of the bronchial epithelium, and thus escaping the first
barrier of defense of the respiratory tract.!'3-1°

In the event that the conidia do become trapped in mucus,
they retain low immunogenicity due to their hydrophobic
rodlet layer exterior composed of regularly arranged hydro-
phobin RodA.">'%17 However, within 4 to 6 hours after inha-
lation, uncleared conidia shed their rodlet layer, swell, and
germinate into germ tubes and hyphae to forma colony.'8 Inan
A. fumigatus colony, an extracellular matrix (ECM) enrobes the
hyphae to form a biofilm."® To be able to proliferate, the fungus
must withstand microbial antagonism and earn its place
among other microorganisms in the mucus. The liberation of
nutrients, such as iron and zinc, is indispensable for this
process.2%-22 Therefore, the fungus releases proteases that
challenge the airway barrier integrity by damaging the epi-
thelial cells. The majority of fungal diseases arise from poorly
cleared infection or disrupted barrier integrity,?> and clinical
syndromes only develop in hosts with dysfunctional immune
responses.’ In addition, the pathogen is extremely versatile
and able to survive in multiple microenvironments, ranging
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from the respiratory tract microbiome in the mucus during
colonization, the biofilm environment of an aspergilloma, to
the hypoxic environment of necrotic tissue.'® As a result of this
interaction with changing environments, fungi interact with
humans through the establishment of symbiotic, commensal,
latent, or pathogenic relationships.24

After shedding the conidial rodlet layer, fungal antigens are
revealed and trigger the local innate immune system, which is
the highly conserved but rapid branch of our human defense
mechanism. The antigens are pathogen-associated molecular
patterns (PAMPs) present on the fungal cell wall, categorized as
B-glucans (polymers of glucose), chitin (polymer of N-acetyl-
glucosamine), and mannans (chains of several hundred man-
nose molecules).'® These PAMPs are bound by actors of the
complement system or by a range of PRRs, such as toll-like
receptors, C-type lectin receptors (CLRs), and NOD-like recep-
tors. An example of a PAMP is 1,3-B-D-glucan, a universal
fungal cell wall component that is recognized by dectin-1, a
CLR. As a response to dectin-1 binding by 1,3-B-D-glucan,
pentraxin-3 (PTX3), a soluble PRR, is released by neutrophils,
mononuclear phagocytes, dendritic cells (DCs), and endothe-
lial cells. PTX3 opsonizes fungal conidia, which makes it
indispensable in the host defense against A. fumigatus. This
is illustrated in hematologic stem cell recipients with poly-
morphisms in the PTX3 gene, who are more susceptible to
invasive aspergillosis independent of neutropenia®>-?®,

PRR binding leads to immune cell activation, and in the
early phase of infection, alveolar macrophages clear fungal
conidia, whereas neutrophils impede hyphal tissue invasion.?’
The action of these phagocytes largely depends on the nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidation
complex to form reactive oxygen species (ROS). The vital role of
this complex in clearing the pathogen is supported by the
notable susceptibility of patients with chronic granulomatous
disease (CGD) to invasive aspergillosis. These patients lack the
normal function of the NADPH complex due to genetic muta-
tions in components of the complex. They are extensively
studied to unravel the role of the NADPH complex in immune
defense against Aspergillus spp. In alveolar macrophages,
NADPH-induced LC3-associated phagocytosis plays a nonre-
dundant role in fungal conidial engulfment and digestion of
the fungal conidia. Furthermore, the NADPH complex in
neutrophils mediates ROS-induced hyphal damage and the
release of neutrophil extracellular traps (NETs).2”-?8 NETs are
released in a certain form of cell death, called NETosis, in which
neutrophils expel threads of condensed deoxyribonucleic acid
(DNA) decorated with cationic histones to immobilize fungal
hyphae. Furthermore, NETosis causes the release of chelators
of essential ions (e.g., calprotectin which traps Fe?* and Zn>*)
to deplete essential nutrients in their immediate environ-
ment.?® Neutrophils are able to sense the microbial size and
selectively release NETs in response to the presence of the large
pathogen and capture hyphae and large aggregated conidia.?®
The role of NETosis in killing A. fumigatus remains unclear>%-3';
presumably, they confine infection rather than eliminate it. On
the contrary, NETosis might also be harmful and cause lung
tissue damage,3? making the NET-mediated control of fungal
outgrowth a subject of debate. The pathogen eludes innate
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Fig. 1 Clinical spectrum of pulmonary aspergillosis. The clinical spectrum of pulmonary aspergillosis is divided into three categories: invasive
infection (left panel), noninvasive infection (middle panel), and manifestations of hypersensitivity (right panel). The different clinical entities that
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immune responses through species-specific evasion mecha-
nisms such as complement inhibition and the release of toxins,
proteases, and phospholipases.’'8

Antigen-presenting cells (APCs) such as DCs activate the
adaptive immune system by trafficking antigen to lymph
nodes in order to induce the differentiation of naive CD4
and CD8 T cells. CD4 T cells differentiate into T helper (Th) 1,
Th2, Th17, or Th9 cell subsets.?* These T helper subset cells
produce cytokines related to the four following specific anti-
fungal responses. A Th1 response is characterized by the
release of interferon gamma (IFNY) and is associated with a
favorable outcome in experimental aspergillosis.z’33 Release of
the main cytokines involved in Th2 responses, interleukin (IL)-
4, IL-5, and IL-13 results in eosinophil recruitment and a
polyclonal immunoglobulin (Ig)E response. The Th2 response
does not eradicate the fungi but generates an intense inflam-
matory reaction characterized by mast cell degranulation and
the influx of large numbers of eosinophils and neutrophils.24
These patients may develop a hypersensitivity syndrome.3* A
Th9 response is characterized by a type 2 innate lymphoid cell
(ILC2)-driven allergic inflammation and fibrosis, through IL-9
and transforming growth factor-p release.>> A Th17 response
involves IL-17 and IL-22 and results in neutrophil recruitment
with NETosis and the production of antimicrobial peptides by
the airway epithelium.3® Antigen-loaded APCs also activate
CD8 T cells to differentiate into effector cytotoxic lymphocytes
that can induce immediate cytotoxicity. Conversely, tolero-
genic DCs induce immune tolerance through CD4 regulatory T
cells (Tregs) and type 1 regulatory T cells (Tr1 cells).>* Treg cells
induce tolerance against fungal components in human allergy,
whereas Tr1 cells regulate the expansion of antigen-specific T
cells, thus limiting immunopathology.18 In conclusion, the
host immune response to fungi is evolutionary conserved
and balances between resistance and tolerance, where the
former corresponds to the limitation of fungal burden, where-
as the latter corresponds to the limitation of pathogen- or
immune-mediated host damage.?*3’

Clinical Spectrum of Pulmonary
Aspergillosis

The respiratory clinical syndromes caused by Aspergillus in
humans can be divided into three main categories: (1)
invasive infections, (2) noninvasive infections, and (3) man-
ifestations of hypersensitivity. The allocation of a clinical
entity to a category is based on the underlying immune
defect® (~Fig. 1). Although this categorization facilitates
diagnosis and treatment, the different disease entities are
not strictly delineable and make part of a continuous clinical
spectrum. One form of clinical disease may evolve into
another over time, irrespective of the initial immunopatho-
genesis. Moreover, different disease entities may exist at the
same time. The resulting clinical syndrome depends on the
underlying host risk factors (=Table 1) and is determined by
clinical, radiological, biochemical, microbiological and his-
topathological characteristics (=~Table 2).

Invasive Manifestations of Aspergillosis:
Impaired Cell-Mediated Immunity

Acute Invasive Pulmonary Aspergillosis

Although there has been a remarkable improvement in the
early diagnosis and treatment of acute invasive pulmonary
aspergillosis (IPA) over the past decade,?® the disease is still
a major cause of morbidity and mortality in severely
immunocompromised patients. The main risk factors in-
clude prolonged neutropenia or impaired neutrophil func-
tion, immunosuppressive medication, and CD4 T-cell counts
below 100/uL.>° Almost half of this population does not
respond to treatment resulting in a mortality of 20 to 30%
within 6 weeks after treatment initiation.*>*' The diagnosis
is established based on the combination of a typical host
factor, suggestive radiological findings, and a microbiolog-
ical or histopathological proof of fungal presence??
(=Table 2).

can develop from the presence of Aspergillus are numbered 1 to 14, accompanied by an illustration of their main pathophysiological

characteristics. (1) Invasive tracheobronchial aspergillosis (ITBA) is described in an ulcerative form and a pseudomembranous form; here, the
pseudomembranous form is depicted with pseudomembranous inflammatory ulcerative plaques in a proximal airway with invasiveness in the
enrobing tissue. (2) Acute invasive pulmonary aspergillosis (IPA), depicted here in a neutropenic environment with fungal hyphae invading the
alveolar capillary, pointing out the tissue- and possible angio-invasiveness of the disease. (3) Subacute invasive aspergillosis (SAIA), a disease
entity with characteristics of both IPA and chronic cavitary pulmonary aspergillosis. The rapid progression of cavitation in this disease is indicated
with the arrow. Tissue invasiveness is often described. (4) Chronic cavitary pulmonary aspergillosis (CCPA) is characterized by one or more
cavities with or without a thickened wall. The cavities can be filled with solid or fluid material and a fungal ball can be present. Local tissue
invasion may occur depending on the hostimmune status. (5) Chronic fibrosing pulmonary aspergillosis (CFPA) is considered a fibrotic end-stage
of CCPA. (6) Saprophytic forms of tracheobronchial aspergillosis (TBA) are bronchial aspergillosis, endobronchial aspergillosis, and mucoid
impaction. The fungal hyphae are restricted to the airway lumen. (7) A single aspergilloma does not induce a clinical inflammatory response,
neither does an Aspergillus nodule (8). (9) Hypersensitivity pneumonitis (HP) due to Aspergillus spp. can present with or without fibrosis. (10)
Asthma sensitized by Aspergillus spp. involves airway constriction, mucus production and a T helper 2 (Th2) immune response with eosinophilia
and immunoglobulin E (IgE) production. (11) Allergic bronchopulmonary aspergillosis (ABPA) involves Th2 inflammation with eosinophilia,
Charcot-Leyden crystals, and overzealous IgE production which results in mucus plugging, airway constriction and congestion, central
bronchiectasis (indicated by the black arrow pointing upward), and atelectasis (indicated by the black arrow pointing downwards). (12)
Bronchocentric granulomatosis can present as ABPA that is confined to the bronchi. (13) Uncomplicated airway colonization with Aspergillus spp.
(14) Aspergillus bronchitis is described in cystic fibrosis (CF) and non-CF bronchiectasis. Bronchiectasis and sticky airway mucus in CF is a result
from the absence or malfunctioning of the ion transporter cystic fibrosis transmembrane conductance regulator (CFTR). These 14 different
disease entities are not strictly delineable and make part of a continuous clinical spectrum. One form of clinical disease may evolve into another
over time, depending on the degree of immune compromise or hyperresponsiveness of the host. Each of these different disease presentations
can evolve into one anotherirrespective of the initialimmunopathogenesis. Moreover, different disease entities may exist at the same time. This
figure was created with BioRender.
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Table 1 Immune defects and risk factors of the clinical entities of pulmonary aspergillosis

Janssens et al.

Clinical entity

Main pathophysiological
mechanism

Risk population

Risk factors

Acute invasive pulmonary
aspergillosis

Invasive tracheobronchial
aspergillosis

Subacute invasive
aspergillosis

Impaired cell-mediated
immune response

Acute leukemia,
myelodysplastic syndrome,
aplastic anemia, and other
causes of marrow failure;
GvHD after hematopoietic
stem cell transplantation; solid
organ transglantation (lung),
AIDS, CGD?

Prolonged neutropenia,
immunosuppressive
medication, CD4 T cell count
<100 /pL, defective NADPH
oxidase (in CGD)

Chronic cavitating
pulmonary aspergillosis

Chronic fibrosing
pulmonary aspergillosis

Single aspergilloma

Aspergillus nodule

Saprophytic
tracheobronchial
aspergillosis

Aspergillus bronchitis

Impaired mucosal barrier
integrity

Preexisting structural lung
disease (e.g., emphysema,
previous cavitary tuberculosis,
sarcoidosis)

Coexisting conditions ,e.g.,
diabetes mellitus, malnutrition,
alcoholism, advanced age,
rheumatoid arthritis, COPD,
connective tissue disorders,
radiation therapy,
nontuberculous mycobacterial

infection'? or AIDS'?
Pre-existing cavity in an Unknown
otherwise immunocompetent
host
Unknown Unknown
ABPA, asthma with fungal Unknown

sensitization, AIDS

Cystic fibrosis

Respiratory tract colonization
with Aspergillus, continuous
antibiotic therapy,
bronchiectasis

Asthma with fungal
sensitization

Allergic
bronchopulmonary
aspergillosis

Hypersensitivity type 1, type
2 inflammation

Male sex

Respiratory tract colonization
with Aspergillus, advanced age,
longer asthma duration,
higher maintenance oral
corticosteroid and asthma
biologic use, worse
prebronchodilator airflow
obstruction, radiological
bronchiectasis''3

Cystic fibrosis, asthma

Pet ownership, renovation
works, gardening

Hypersensitivity
pneumonitis

Two-hit hypothesis:
preexisting genetic
susceptibility or
environmental factors (i.e.,
the first hit) increases the risk
for the development of HP
after antigen exposure

(the second hit). Th1-
mediated granulomatous
inflammation.

Age > 65 years108

Exposure to high inoculum of
Aspergillus (renovation works,
horticulture)

Abbreviations: AIDS, acquired immunodeficiency syndrome; CGD, chronic granulomatous disease; COPD, chronic obstructive pulmonary disease;
GvHD, graft versus host disease; HP, hypersensitivity pneumonitis; NADPH, nicotinamide adenine dinucleotide phosphate; Th, T helper.

In acute IPA, the fungal hyphae penetrate the tissue, which
results in tissue infection and inflammation. In neutropenic
patients, the hyphae may even penetrate the blood vessels
(angio-invasion) and cause disseminated infection with sec-
ondary hemorrhagic infarction and necrosis, which is asso-
ciated with poor outcome.*? The population mainly affected

Seminars in Respiratory and Critical Care Medicine

by this aggressive infection are patients that suffer from a
hematologic malignancy, as a consequence of the disease
(e.g., in myelodysplastic syndrome) or the treatment (e.g.,
after induction chemotherapy in acute myeloid leukemia or
myeloablative pretreatment for hematopoietic stem cell
transplantation [HSCT])."> More specifically, a peak in acute

Vol. 45 No. 1/2024 © 2024. The Author(s).
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Table 2 Clinical signs, and radiological, biochemical, and microbiological findings for the different disease entities of pulmonary

aspergillosis

Clinical entity

Clinical signs

Radiological findings

Relevant serological and
biochemical findings

Aspergillus
microbiology in
respiratory samples

Histopathology

Acute invasive
pulmonary
aspergillosis

Acute cough, high
fever, pleuritic chest
pain

Typical findings (neutropenic
patients)®: Scattered nodules,
peripheral ground glass opacity (GGO)
halo, air crescent/cavitation,
hypodense sign/inverse halo sign,
peripheral wedge-shaped infarcts, and
consolidations''?

A

Atypical findings (nonneutropenic
patients)®: Tracheal/bronchial wall
thickening (large airways), tree-in-bud
opacities (small airways),
consolidations and nodules with or
without cavitation and GGO with
predominant peribronchial
distribution (most common),
T{)Snspeciﬁc infiltrates (most common)

Angio-invasive variant:
positive serum
galactomannan.
Airway-invasive variant:
serum galactomannan
negative. In both cases
BALF galactomannan
positive.

Positive culture for
Aspergillus spp. may be
present

Invasive
tracheobronchial
pulmonary
aspergillosis

Chronic dry cough and
decreased appetite to
high fever, severe
respiratory distress,
and rapid development
of respiratory and

multiorgan failure.>?

Mostly absent; but subtle tracheal
thickening (arrow) associated with
slight densification of the adjacent
mediastinal fat can occur®?

Subacute invasive
aspergillosis

Chronic cavitating
pulmonary
aspergillosis

Chronic symptoms of
productive cough,
dyspnea, hemoptysis,
fatigue, weight loss

Fungal ballin quickly expanding cavity.
A progressive consolidative lung
opacity may undergo cavitation, and
become the host site for an
aspergilloma, or have thin walls and
rapidly expand. Mycelia may invade
the pleural space. The development of
pleural thickening adjacent to lung
cavities and/or para-cavitary lung
opacities are signals of active
disease.'®

Lung cavities, thick or thin walled, with
or without fungal ball.

Positive Aspergillus specific
1gG

Positive culture for
Aspergillus spp. in
combination with
typical bronchoscopy
findings are indicative
for ITBA%®

Positive culture for
Aspergillus spp. may be
present

Angio-invasive variant:
histologically proven
hyphal invasion of blood
vessels with resulting
thrombosis, ischemic
necrosis, or hemorrhagic
infarction
Airway-invasive variant:
Aspergillus hyphae in
tissue, pyogranulomatous
inflammation with
inflammatory necrosis.

No Aspergillus hyphae in
tissue; fungal ball with
mycelia and occasionally
central necrosis

Seminars in Respiratory and Critical Care Medicine
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Table 2 (Continued)

Clinical entity Clinical signs Radiological findings Relevant serological and | Aspergillus Histopathology
biochemical findings microbiology in
respiratory samples

Chronic fibrosing
pulmonary
aspergillosis

Lung cavities with encircling sign of
fibrosis of at least two lung lobes,
sometimes filled with aspergillomas.

Single aspergilloma Minor or no symptoms,
very rarely hemoptysis,
shortness of breath, or

Positive Aspergillus specific IgG may be present.
Positive culture for Aspergillus spp. may be present.

cough.®?
Monod sign: crescent of air around fungal
ball. With effort (supine/prone position),
the fungus ball can often be shown to be
mobile within the cavity when the ball
does not fill the entire cavity.!®
Aspergillus nodule Absent Small fungal ball with
mycelia and occasionally
central necrosis
One or more dense nodules (<3 cm),
which do not usually cavitate
Saprophytic Productive cough or Normal Normal respiratory
tracheobronchial absent epithelium
aspergillosis
Chronic Aspergillus Chronic (>4 weeks) Total serum IgE levels Repeated positive Superficial invasion of
bronchitis in cystic pulmonary symptoms <200 kU/l, Aspergillus 1gG sputum culture for mucosa by Aspergillus
fibrosis (chronic productive antibody detectable in Aspergillus spp. hyphae.’”

cough, tenacious
mucus production,
dyspnea, and difficult
airway clearance)'"”

serum. Negative Aspergillus
IgE (lack of allergic
response).’” Positive
sputum galactomannan.

Bronchial wall thickening (tram track
sign, signet-ring sign). Very difficult to
make a distinction from radiological
findings frequently found in uncomplicated
CF. No pulmonary infiltrates.

Asthma with fungal Cough, chest Elevated Aspergillus Positive sputum Characteristic airway
sensitization tightness, wheezing specific IgE culture for A. fumigatus | architecture for asthma:
is supportive but not goblet cell metaplasia,
diagnostic excessive subepithelial
collagen deposition,
airway smooth muscle
hyperplasia, and increased
vascularity®®
Normal or bronchiectasis, mucus plugging,
bronchial wall thickening (tram track
sign, signet-ring sign), air trapping.
Allergic Cough, chest Elevated Aspergillus Bronchocentric
bronchopulmonary tightness, wheezing, specific IgE and 1gG, granulomatosis and
aspergillosis (ABPA) expectoration of elevated total IgE extensive mucoid
and bronchocentric brownish mucus plugs, impaction with allergic
granulomatosis pleuritic chest pain mucin consisting of mucus,
(tracheobronchial eosinophils, Charcot-
presentation of \ Leyden crystals, fibrin,
ABPA) B Curschmann spirals and

fungal hyphae
Central bronchiectasis, mucus
plugging, finger-in-glove sign, high

(Continued)
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Table 2 (Continued)

Clinical entity Clinical signs Radiological findings

Relevant serological and
biochemical findings

Aspergillus
microbiology in
respiratory samples

Histopathology

attenuation mucoid impaction,’'®

bronchial wall thickening (tram track
sign, signet-ring sign), air trapping.

-

Extrinsic allergic
alveolitis |
hypersensitivity
pneumonitis to
Aspergillus spp.

Cough, fever,
shortness of breath.
Recurrent atypical
pneumonia with a
certain reqularity (e.g.,
only at the workplace,
after moving houses,
only certain days of the
week). Intense
exposure to decaying
plant material (e.g.,
farrning).108

{

Nonfibrotic: lung infiltration (i.e., GGO
mosaic attenuation) plus at least one
HRCT abnormality suggestive of small
airway disease (e.g., air trapping).
Fibrotic: small airway disease and
irregular fine or coarse reticulation
with architectural lung distortion,
sometimes with septal thickening,
traction bronchiectasis in areas of
GGO, honeycombing.'%®

Cellular interstitial
pneumonia, chronic
fibrotic interstitial
pneumonia, cellular
bronchiolitis,
nonnecrotizin
granulomas'®

BALF lymphocytosis,'%8 Not relevant'%8
Aspergillus spp. specific

precipitins or IgG

Abbreviations: ABPA, allergic bronchopulmonary aspergillosis; BALF, broncho-alveolar lavage fluid; CF, cystic fibrosis; GGO, ground glass opacities;

Ig, immunoglobulin; ITBA, invasive tracheobronchial aspergillosis.
“Image courtesy of Ine Moors, MD

IPA incidence in these patients is observed after prolonged
neutropenia corresponding with less than 500 neutrophils/
pL for more than 10 consecutive days** (~Table 1). In non-
neutropenic immunocompromised patients, the hyphae
penetrate the tissue but usually do not become angio-inva-
sive*> On a tissue level, they develop pyogranulomatous
inflammation with inflammatory necrosis. Examples of pa-
tient groups susceptible to this disease are people with
acquired immunodeficiency syndrome (AIDS) or CGD, as
well as solid organ transplant (SOT) recipients (particularly
lung transplant recipients),*® people suffering from graft-
versus-host disease (GvHD) or people who underwent an
HSCT without myeloablative pretreatment.>® Furthermore,
IPA is increasingly reported in patients beyond the tradition-
al risk groups such as chronic obstructive pulmonary disease
(COPD) patients and critically ill patients (~Table 1, ~Fig. 2).
Critically ill patients with viral pneumonia are particularly at
risk of Aspergillus coinfection, which leads to worse out-
comes,?> even in previously immunocompetent patients.
Influenza-associated pulmonary aspergillosis (IAPA) and
coronavirus disease 2019 (COVID-19)-associated pulmonary
aspergillosis (CAPA) are the two most common examples. In
patients with severe influenza (predominantly influenza A)
who develop IAPA, intensive care unit (ICU) mortality is as
high as 45 to 61%, whereas mortality in ICU patients with
influenza without IAPA is 20%.*” The mortality in CAPA is
comparable to IAPA (44-71%) and remarkably higher com-
pared to patients with COVID-19 without CAPA (19-
37%),48'49 Moreover, most of the affected IAPA and CAPA
patients were previously immunocompetent and thus lack-
ing classical risk factors.”® They also do not present typical
radiological findings (=Table 2), which hinders a timely
diagnosis.”? IAPA and CAPA have distinct clinical character-
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istics as well, for example in terms of time of development
(IAPA develops earlier in the ICU admission than CAPA) and in
terms of the use of systemic corticosteroids.”® The immu-
nopathogenesis of IAPA and CAPA is still not fully unraveled
but results from the interplay between the viral infection,
Aspergillus itself, and the host immune response. It is hy-
pothesized that heterologous immunity can play a role in the
interplay of viral and fungal coinfections.>® Heterologous
immunity describes the influence of the immune response to
a primary pathogen on the immune response to an unrelated
pathogen.”' For instance, alveolar epithelial damage caused
by a virus can facilitate protrusion of the fungus into the
tissue. This adds to the classic release of proteases and
mycotoxins by the germinating fungal spores, enhancing
the epithelial damage. In response, the airway epithelium
produces type I and type III interferons in a sustained and
uncontrolled fashion, which has a significant impact on
innate and adaptive antifungal immunity. This results in
impaired fungal clearance from the airway and unrestrained
infection.3®

Invasive Tracheobronchial Aspergillosis

Tracheobronchial aspergillosis (TBA) can be classified into
invasive, saprophytic (noninvasive), and allergic disease
entities. Invasive tracheobronchial aspergillosis (ITBA) is a
rare but distinct clinical presentation of acute IPA and causes
ulcerative and, in a later phase, extensive pseudomembra-
nous lesions to the trachea.>® This disease is difficult to
diagnose as radiographical findings are mostly absent or
subtle®3 (~Table 2). The diagnosis is made by direct inspec-
tion through bronchoscopy (=Fig. 3) and the histological
study of tissue biopsies.">* Ulcerative ITBA is characterized
by discrete tracheal or bronchial ulcerations or inflammatory
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Aspergillus and the Lung Janssens et al. 11

Skin lesions Inhalation
of Aspergillus
spores

o
0

| Central nervous

system lesions Shedding of
hydrophobic rodlet
layer and germination o
O into hyphae -
y O s O Immune
@ suppressive drugs ==
Prolonged neutropenia No neutropenia. SARS-CoV-2

: ) v Other immune Influenza A, B

Disseminated aIfSl_ defect, e.g. lack of

and contralateral lung CD4+ Th cells
T

lesions Chemotherapy

Fungal angio-invasion
and dissemination :
No NETosis or
neutrophilic
phagocytosis

Protrusion of the
hyphae into lung tissue

No fungal angio-invasion and
dissemination

Fig. 2 Pathogenesis of acute angio-invasive and tissue-invasive pulmonary aspergillosis (IPA). Aspergillus spores are inhaled and, in the right
circumstances, shed their hydrophobic rodlet layer and germinate into hyphae. In the absence of neutrophils (1), caused by the underlying
disease or by the treatment regimen, neutrophil phagocytosis, neutrophil extracellular trap formation (NETosis) and neutrophil signaling is
impaired, and fungal hyphae protrude into the lung tissue and the blood vessels, causing disseminated disease. In nonneutropenic patients, IPA
can develop when another important immune defect is present, for example, lack of CD4 T cells in acquired immunodeficiency syndrome
(AIDS) (2) or a severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) or influenzavirus infection (3). However, angio-invasion is
usually not observed without profound and prolonged neutropenia. Abbreviations: AIDS, acquired immunodeficiency syndrome; IPA, invasive
pulmonary aspergillosis; NETosis, neutrophil extracellular trap formation; SARS-CoV-2, severe acute respiratory syndrome coronavirus

type 2. This figure was created with BioRender.

Fig.3 Ulcerative invasive tracheobronchial aspergillosis (ITBA). Endoscopic image of ulcerative ITBA in a 43-year-old male that was treated for hairy
cell leukemia. A sharply delineated ulcerative plaque covers the carina and a part of the left main stem bronchus. A. fumigatus was isolated from a
cultured biopsy. Image courtesy of Thomas Malfait, MD.
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plaques that have been described in people living with AIDS
and in SOT recipients, mostly after lung transplantation.>%°>
This not only results from the intense immunosuppressive
regimens but also from the allograft being directly exposed
to fungi in the environment and from failure of the first
barrier of defense, mucociliary clearance.”* The mortality
rate in lung transplant patients with ITBA is 23.7% and is
favorable as compared to acute IPA, which has a mortality
rate up to 81.5% in this population.”® Local complications
such as bronchomalacia, stenosis, and anastomotic dehis-
cence may occur though,>* resulting in debilitating morbidi-
ty. Pseudomembranous ITBA is believed to evolve from
ulcerative ITBA and is characterized by extensive pseudo-
membranes that cover the mucosa of a large part of the
tracheobronchial tree, with fungal hyphae protruding in the
mucosa and even the cartilage.>”->® The excess of necrotic
debris can even cause bronchial obstruction (pseudomem-
branous and obstructive TBA).58 This presentation is de-
scribed in severely immunocompromised patients
suffering from hematologic malignancies or from GvHD in
HSCT recipients.38 The reported mortality rate of pseudo-
membranous ITBA is as high as 72.2% and an early diagnosis
with prompt initiation of antifungal treatment is the key
factor of survival.>?

Subacute Invasive Aspergillosis

Subacute invasive aspergillosis (SAIA), previously termed
chronic necrotizing aspergillosis, has clinical and radiologi-
cal findings similar to those of chronic cavitary pulmonary
aspergillosis (CCPA), but the disease progresses more rapidly,
within three months®® (~Table 2). The pulmonary cavities in
which the disease develops enlarge quickly. On lung paren-
chyma biopsy, the hyphae protrude into the lung tissue and
Aspergillus-specific antigens (galactomannan) are very likely
to be detectable in broncho-alveolar lavage fluid (BALF). In
contrast to acute IPA, SAIA develops in patients with moder-
ate immune deficiencies such as iatrogenic immunosuppres-
sion because of underlying rheumatological or auto-immune
disease (~Table 1).>°

Noninvasive Manifestations of Pulmonary
Aspergillosis: Impaired Mucosal Immunity

Chronic Pulmonary Aspergillosis

Chronic pulmonary aspergillosis (CPA) is an umbrella term
for a spectrum of different disease entities with confinement
of the fungal hyphae to the cavitary wall. The disease
typically develops in patients with pre-existing pulmonary
cavities caused by COPD, pulmonary tuberculosis (TB), cystic
fibrosis (CF), connective tissue disease (CTD), bronchiectasis,
thoracic radiotherapy, and allergic bronchopulmonary as-
pergillosis (ABPA). As a second susceptibility factor, these
patients are often mildly immunocompromised due to con-
ditions such as diabetes mellitus, alcoholism, malnutrition,
advanced age, human immunodeficiency virus (HIV) infec-
tion, prolonged administration of corticosteroids or other
moderately immunocompromising agents>>° (~Table 1).
The greatest global burden of CPA develops following pul-
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monary TB (CPA prevalence of 1.74 million, affecting 30-81%
of the CPA population depending on the study population),60
whereas in low-TB-incidence countries, COPD is the most
important underlying condition (29-48% of the CPA popula-
tion).6"%2 Worldwide, a great number of CPA cases also
evolve from underlying ABPA (CPA prevalence of 411.000)
and sarcoidosis (CPA prevalence of 72.000).23 The disease
entities are defined by their radiological characteristics and
the promptness by which the disease develops®® (~Table 2).

Chronic Cavitary Pulmonary Aspergillosis

CCPA is characterized by one or more pulmonary cavities
containing either solid or liquid material or a fungus ball. The
diagnosis of CCPA requires chronic (>12 weeks) respiratory
symptoms, characteristic radiological findings, and elevated
Aspergillus specific immunoglobulin (Ig) G antibody or mi-
crobiological evidence in a person with no or minimal
immunocompromise, usually with one or more underlying
pulmonary disorders®>%:64 (~Tables 1 and 2). If this condi-
tion is left untreated, cavities will enlarge and coalesce with
the development of pericavitary infiltrates or even perfora-
tion into the pleural space and an aspergilloma may appear
or disappear. This evolution shows the slow but malignant
impact of the disease, and serological or microbiological
evidence of Aspergillus spp. should be obtained timely.

Chronic Fibrosing Pulmonary Aspergillosis

Chronic fibrosing pulmonary aspergillosis (CFPA) is the
debilitating end-stage presentation of CCPA with extensive
solid pulmonary fibrotic destruction of at least two lung
lobes with inlying pulmonary cavities, sometimes filled with
aspergillomas.63 This loss of lung tissue results in a major
loss of pulmonary function. Serological or microbiological
evidence implicating Aspergillus spp. is required for diagno-
sis®® (~Table 2).

Single Aspergilloma

Asingle aspergilloma (SA) is a fungus ball in the lung cavity of
an otherwise immunocompetent patient. It causes little or
no symptoms. Serological or microbiological evidence of the
presence of Aspergillus is possible but not obligatory. The
cavity and the fungal ball remain unchanged over at least 3
months’ time (=Table 2). The SA results from saprophytic
growth in a lung cavity, that is, without infecting the
epithelium and solely benefiting from the nutrients, humid-
ity, and ideal environmental temperature of 37°C. The path-
ogenesis of SA is characterized by formation of a fungal
biofilm, composed of hyphae embedded in an ECM.'® This
incites epithelial low-grade inflammation through mechan-
ical stirring which can occasionally cause life-threatening
hemoptysis.”®

Aspergillus Nodule

An Aspergillus nodule is often a post-hoc diagnosis, after
resection of one or more nodules (<3 cm), which do not
usually cavitate and are not tissue invasive. They may mimic
carcinoma of the lung, metastasis, tuberculoma, cryptococ-
coma, or nodular presentations of other pathogens and can
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only be definitively diagnosed on histology (=Table 2). Nod-
ules in patients with rheumatoid arthritis may be pure
rheumatoid nodules or contain Aspergillus. If the lesions
are larger than 3 centimeters, cavitation is common.>%:%3

Pathophysiology of Chronic Pulmonary Aspergillosis

The immunological processes leading to CPA are still unclear.
CPA has been associated with a dysfunctional Th1/Th17 and
NK-cell immune pathway in an immunocompetent host,
determined by a significant impairment of IFN-y, IL-12,
and IL-17 production.®>®® In addition, the possible role of
Th2 inflammation and the role of serum IgE is under investi-
gation.®”-58 Recently, the exposure of the respiratory epithe-
lium to Aspergillus has been associated with the release of IL-
33.99-71 This is an epithelial alarmin, that activates ILC2s via
the ST2 receptor, which in turn, release IL-5 and IL-13. Severe
allergic inflammation is known to induce exhausted-like
ILC2s with high expression of the inhibitory signal IL-10
and low expression of IL-5 and IL-13%6-6% The high IL-10
expression may give rise to uncontrolled Aspergillus infection
and may clarify why ABPA occasionally evolves to CPA.%%6°

Noninvasive Tracheobronchial Aspergillus
Disease

Aspergillus Colonization

Chronic airway colonization with Aspergillus spp. is deter-
mined by the isolation of an Aspergillus species from at least
two lower respiratory tract samples in 1 year without other
evidence of disease. Its exact repercussions have yet to be
unraveled. Colonization is assumed to cause low-grade in-
flammation of the epithelium which can evolve into a clinical
syndrome. For example, in lung transplant recipients, colo-
nization with Aspergillus is a major risk factor for invasive
aspergillosis, as well as for allograft failure due to chronic
rejection.”* The incidence of Aspergillus colonization after
lung transplantation is up to 23%, and 4% of lung transplant
candidates were already colonized pre lung transplant.
Therefore, antifungal prophylaxis is commonly administered
in lung transplant recipients, although the benefits and
optimal regimens remain a subject of debate.>* Moreover,
the rate of Aspergillus colonization in lung transplant recip-
ients is much higher among people living with CF (pwCF)
compared to other underlying conditions. In a study by
Samanta et al, 70% of pwCF had pretransplant Aspergillus
colonization and 39% had Aspergillus recovered from intra-
operative BALF.>* Furthermore, in pwCeF, airway colonization
with Aspergillus is associated with a lower forced expiratory
volume in 1 second in pwCF that were not chronically
infected with Pseudomonas aeruginosa. The frequency of
pulmonary exacerbations requiring antibiotic treatment in
this population is also significantly higher than in pwCF
without isolation of Aspergillus from their respiratory sam-
ples. In pwCF with cocolonization by P. aeruginosa and
Aspergillus spp., the detrimental effect of the fungal presence
is not clear anymore and might be veiled by the negative
effect on lung function of P. aeruginosa.”®’> Highly effective
cystic fibrosis transmembrane conductance regulator (CFTR)
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modulator therapy caused a paradigm shift in CF treatment
because it significantly increases pulmonary function and
decreases exacerbation rate, in an unprecedented way. In
pwCF who are not treated with CFTR modulators, airway
colonization with Aspergillus is very common and estimated
at 30%.”* Up to date, it is not yet clear whether or not the
introduction of CFTR modulators reduces the burden of
fungal lung disease in CF.”>7®

Aspergillus Bronchitis

A. fumigatus is the most prevalent colonizing fungus in CF
respiratory samples, and Aspergillus colonization may cause
acute or chronic Aspergillus bronchitis in pwCF and bronchi-
ectasis.”’ Chronically affected patients present with recur-
rent, frequently relapsing acute bronchitis. They report thick
sputum and shortness of breath. Aspergillus bronchitis is
determined by active colonization with Aspergillus, absence
of pulmonary infiltrates, no response to antibiotic treatment,
total serum IgE levels <200 kU/L (exclusion of ABPA, a
disease that also presents with mucus impaction) and treat-
ment response to antifungal therapy. Clinically, the disease is
indistinctive from CF lung disease. A prevalence of 9 to 30% in
the risk population is reported, depending on which criteria
are used.”>’477 Plastic bronchitis is a rare complication of
Aspergillus bronchitis and entails mucoid impaction, requir-
ing urgent bronchoscopic removal.??

Saprophytic Tracheobronchial Aspergillosis

Mucoid impaction, endobronchial aspergillosis, and
obstructing bronchial aspergillosis are three saprophytic
TBA presentations. These disease entities show a level of
mucoid bronchial obstruction with the abundant presence of
Aspergillus spp. without evidence of invasion or allergic
reaction. Saprophytic TBA can be found in ABPA and also
in asthma with fungal sensitization as well as nonallergic
conditions, such as AIDS.>?

Allergic Manifestations: Misdirected
Acquired Immunity Toward Aspergillus

Aspergillus can also cause allergic fungal airway disease.
Allergy is caused by allergens and allergens are defined by
IgE binding. In Aspergillus spp., 195 allergenic proteins are
described, with 72 specifically found in A. fumigatus.’® The
allergenic proteins are not always pathogen specific, many
(up to 60%) are shared across species and genera.79’80

Asthma Sensitized with Aspergillus spp.

Asthma is a chronic inflammatory airway disease that occurs
across all societies, ages, genders, health statuses, and social
statuses. More than 360 million people worldwide have been
diagnosed with asthma, and its prevalence is increasing.?!
Asthma symptoms comprise cough, mucus expectoration,
chest tightness, wheezing, and (nocturnal) shortness of
breath. Fungal sensitization is indicated by skin test positivi-
ty to Aspergillus antigens or elevated Aspergillus specific
IgE levels. Exposure to Aspergillus is linked with worsening
of asthma and sensitization to the pathogen has been
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associated with increased asthma severity, increased hospi-
tal and intensive care admissions and even death in adults.?*
Severe cases are often termed severe asthma with fungal
sensitization and encompass one-third of the patients suf-
fering from severe asthma.383

Pathophysiology of Asthma Sensitized with
Aspergillus spp.

Although fungal sensitized asthma and ABPA are presented
as distinct manifestations of allergic pulmonary disease, it
is generally accepted that the underlying pathophysiologi-
cal mechanisms are similar. Both disease entities are char-
acterized by IgE sensitization to filamentous fungi and
eosinophilic inflammation through exaggerated Th2 in-
flammation.®? Th2 inflammation and endotyping in asthma
have been extensively studied and led to the development
of targeted therapies.2*-8¢ Conversely, little is known about
whether the fungus plays an active role, apart from its
allergenic features. A key insight in this matter is that many
fungal allergens are proteases that directly affect the respi-
ratory epithelium through the generation of inflammatory
signals and the recruitment and activation of immune
cells.®” Aspergillus secretes the clinically important allergen,
alkaline protease 1 (also known as Asp f 13). In an asthma
mouse model, Alp1 infiltrates the bronchial mucosa and
provokes smooth muscle contraction and bronchoconstric-
tion by degrading the ECM.38 Furthermore, this infiltration
causes junctional damage and mechanical stress. This is
sensed by the mechanosensitive calcium channel TRPV4
(transient receptor potential cation channel subfamily V
member 4) and causes calcium influx and calcineurin
signaling within murine bronchiolar club cells, which
results in a danger signal eliciting T helper cell-dependent
lung eosinophilia89 and murine Alp1 sensitization®’
(=Fig. 5, panel A). Moreover, the prototypical alarmin IL-
33 was recently proposed to act as a soluble protease
sensor that enables host cells to react to the threat of
tissue injury. Uncharacterized Aspergillus proteases cleave
IL-33 into a highly active form that activates ILC2s via the
ST2 receptor to produce type 2 cytokines and drive IL-5-
dependent eosinophil recruitment to the lungs®® (~Fig. 5,
panel A).

Allergic Bronchopulmonary Aspergillosis

ABPA almost exclusively occurs in people living with asthma
(pwA) or CF. The highest prevalence is found in pwCF,
estimated at 10% (range 3-25%).°"-°2 ABPA is characterized
by an overzealous hypersensitivity reaction to Aspergillus
antigens, which leads to bronchial inflammation, mucus
plugging (~Fig. 4), airway destruction, and fibrosis (bron-
chiectasis).?! ABPA is associated with increased morbidity
and accelerated lung function decline.?® Existing diagnostic
criteria, such as the CF Foundation (CFF) criteria for pwCF®*
or the Agarwal criteria for pwA,®° rely on the combination of
clinical signs and symptoms, chest radiography or computed
tomography, and the presence of biomarkers such as total
and Aspergillus-specific IgE and IgG.%"°® Nevertheless, these
combined criteria remain nonspecific, rendering the diagno-
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sis of ABPA challenging.’*°® ABPA is preceded by Aspergillus
sensitization, which has a prevalence varying from 20 to 65%
in prF.92 Both the European CF Society and the United
States CFF recommend annual screening for Aspergillus sen-
sitization and ABPA.%7-%8

Pathophysiology of Allergic Bronchopulmonary
Aspergillosis

In susceptible pwA or pwCF, APCs process Aspergillus anti-
gens and present HLA-DR2- and HLA-DR5-restricted pep-
tides to CD4 T-cells in the bronchoalveolar lymphoid tissue.
This leads to differentiation in CD4 Th2 cells which subse-
quently release Th2 cytokines, such as IL-4, IL-5, and IL-13, as
is described in Th2-high asthma. The IL-4-driven activation
of B-lymphocytes results in isotype switching to IgE and an
exorbitant production of IgE, IgG, and IgA,°® facilitated in CF
through a higher sensitivity to IL-4.7% The combination of
antibody production and the released cytokines launch mast
cell and eosinophil degranulation, thereby releasing addi-
tional inflammatory mediators which further aggravate
bronchial inflammation and bronchoconstriction.®!-2%101
This type-2 immune response causes the formation of aller-
gic mucin, a significant alteration of the airway mucus,
making it elastic and sticky. In all diseases where allergic
mucin has been described, including asthma and ABPA, bi-
pyramidal Charcot-Leyden crystals (CLCs) are abundantly
present'%2193 (—Figs. 4 and 5). The constituent protein of
these crystals is dimeric galectin-10 (Gal-10), which assem-
bles into CLCs in the extracellular space upon release from
eosinophils undergoing eosinophil extracellular trap cell
death (EETosis).’%%1% |t is demonstrated that CLCs are not
only markers of eosinophilic inflammation but they also
actively promote key features of asthma, including neutro-
philic inflammation with the release of neutrophil extracel-
lular traps (NETosis)."%® NETosis in turn not only causes a
great amount of sputum extracellular DNA, which forms the
rationale for the therapeutic use of inhaled DNase in pwCF,
but also causes oxidative stress. This oxidative stress results
in mucin (e.g., MUC5AC) crosslinking and increased tenacity
of mucus'%* (~Fig. 5, panel B).

Bronchocentric Granulomatosis

Bronchocentric granulomatosis is characterized by the for-
mation of necrotizing granulomas containing numerous
inflammatory cells (mainly eosinophils) as a reaction to
Aspergillus spp. These granulomas may destroy the bron-
chioles and cause bronchiolectasis. The inflammation results
in mucoid impaction of the airway lumen (=~Fig. 6). The
necrotizing granulomas contain Aspergillus hyphae, without
tissue invasion. Bronchocentric granulomatosis is a well-
documented bronchial presentation of ABPA, but ABPA is
no prerequisite.'?’

Hypersensitivity Pneumonitis

This disease entity is also called extrinsic allergic alveolitis.
Hypersensitivity pneumonitis (HP) is an inflammatory
and/or fibrotic disease, affecting the lung parenchyma and
small airways, and manifests as an interstitial lung disease. It
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Fig. 4 Mucusplugging in the right lower lobe of a patient with cystic fibrosis and allergic bronchopulmonary aspergillosis (ABPA). Panel A shows a
multidetector computed tomography (MDCT) section with an unplugged bronchus in the right lower lobe (indicated by the arrow), whereas in
panel B, this very airway is plugged, causing lung parenchyma consolidation and ground-glass opacification along the more peripheral

tract of the bronchus (indicated by the arrow). In panel C, an endoscopic image is shown with complete obliteration of the lateral segment of the
right lower lobe by a mucus plug. In panel D, this plug is removed, revealing inflammatory bronchial epithelium. In panel E, a photograph of the
removed mucus plug is shown, its total length is 4 centimeter. In panel F, a Rapid-Chrome Kwik-Diff staining from this sputum plug
cytospin is shown. An eosinophil is indicated with the black arrow and two Charcot-Leyden crystals are indicated with the blue arrows.

Endoscopic images courtesy of Yannick Vande Weygaerde, MD.

typically results from a type IIl or IV hypersensitivity reac-
tion provoked by an overt or occult inhaled antigen in
susceptible individuals. However, a consensus definition is
lalcking.108 Intense exposure to Aspergillus antigens may
result in HP. As the ecological niche of Aspergillus is decaying
organic material, it is not surprising that a large inoculum is
set free when people are professionally exposed to moldy
hay, malt, or flour'® "9 (~Table 1). The same exposure may
result either in HP or in IPA depending on the host’s under-
lying immune status.'%? Massive spore exposure may result
in infection rather than an allergic response but he coexis-
tence of both entities also remains a possibility.> HP is a
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disease with heterogeneous clinical presentations and out-
comes. According to the latest ATS/JRS/ALAT Clinical Practice
Guideline (2020), the disease is classified into fibrotic and
nonfibrotic as the presence of radiological or histopatholog-
ical signs of fibrosis are the primary determinants of the
prognosis. Clinical signs, such as dyspnea, cough, and mid-
inspiratory squeaks, overlap with those of other acute and
chronic lung diseases.’’ Constitutional symptoms such as
weight loss, low-grade fever, and malaise are less frequent
(=Table 2). The relationship between exposure to a certain
antigen and development of symptoms can be an important
clue for the diagnosis.
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Fig. 5 The pathogenesis of fungal sensitized asthma and allergic bronchopulmonary aspergillosis (ABPA). Panel A shows how fungal allergens act as
proteases that directly affect the respiratory epithelium: (1) in murine models, alkaline serine protease 1 (Alp1) degrades club cell junctions and
the underlying extracellular matrix. This leads to smooth muscle contraction and airway hyperresponsiveness. (2) The junctional damage
activates the mechanosensitive calcium channel TRPV4, which in turn causes calcium influx, calcineurin signaling and induction of a Th2
immunological response. (3) Aspergillus proteases cleave IL-33 into a highly active form that activates ILC2s to produce type 2 cytokines and drive

IL-5-dependent eosinophil recruitment to the lungs. Panel B shows that Th2 immunity and mucus plug formation are the underlying

immunopathogenesis of allergic fungal airway disease with ABPA as the most advanced presentation. In ABPA, Charcot-Leyden crystals (CLCs)
tie the components of the plug together in a complex mesh. See text for a detailed description. Abbreviations: Alp1, alkaline serine protease 1;
APC, antigen-presenting cell; BC, B cell; CC, club cell; ECM, extracellular matrix; eDNA, extracellular DNA; EET, eosinophil extracellular trap; Eo,
eosinophil; EP, epithelium; EPO, eosinophil peroxidase; Gal-10: galectin-10; GC, goblet cell; H202, hydrogen peroxide; Ig, immunoglobulin; IL,
interleukin; ILC2, innate like cell type 2; MC, mast cell; MPO, myeloperoxidase; NE, neutrophil elastase; NET, neutrophil extracellular trap;

Neutro, neutrophil; PC, plasma cell; Th, T helper; TRPV4, transient receptor potential cation channel subfamily V. member 4. This figure was

created with BioRender.
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Fig. 6 Bronchocentric granulomatosis. Endoscopic image of bronchocentric granulomatosis in an 82-year-old female with a history of pulmonary
tuberculosis. The granulomais calcified and overgrown with Aspergillus hyphae. Image courtesy of Thomas Malfait, MD and Philippe Rogiers, MD.

Conclusion

The continuous interplay between Aspergillus and the hu-
man lung causes a wide variety of clinical syndromes in
susceptible patients. The disease presentation is steered by
the host’s immune defect, which can be classified into
impaired cell-mediated immune responses, impaired muco-

sal

barrier integrity, and hyperresponsiveness. In the pres-

ence of Aspergillus spp., this results respectively in invasive

dis
dis

ease, noninvasive (saprophytic) disease, and/or allergic
ease.
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