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Asthma is a chronic debilitating airway disease affecting millions of people worldwide.

Although largely thought to be a disease of the first world, it is now clear that it is on

the rise in many middle- and lower-income countries. The disease is complex, and its

etiology is poorly understood, which explains failure of most treatment strategies. We

know that in children, asthma is closely linked to poor lung function in the first 3-years

of life, when the lung is still undergoing post-natal alveolarization phase. Epidemiological

studies also suggest that environmental factors around that age do play a critical part

in the establishment of early wheezing which persists until adulthood. Some of the

factors that contribute to early development of asthma in children in Western world

are clear, however, in low- to middle-income countries this is likely to differ significantly.

The contribution of fungal species in the development of allergic diseases is known in

adults and in experimental models. However, it is unclear whether early exposure during

perinatal or post-natal lung development influences a protective or promotes allergic

asthma. Host immune cells and responses will play a crucial part in early development of

allergic asthma. How immune cells and their receptors may recognize fungi and promote

allergic asthma or protect by tolerance among other immune mechanisms is not fully

understood in this early lung development stage. The aim of this review is to discuss

what fungal species are present during early exposure as well as their contribution to the

development of allergic responses. We also discuss how the host has evolved to promote

tolerance to limit hyper-responsiveness to innocuous fungi, and how host evasion by

fungi during early development consequentially results in allergic diseases.

Keywords: allergy, severe asthma associated with fungal sensitivity, fungi, Low- and lower-middle-income

countries, hyperreactivity
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INTRODUCTION

Asthma has largely been thought to be a genetic pre-disposition,
however, over the last two decades it is becoming more
clear that environment may equally play a significant role in

the development of the disease (1). Genetic pre-disposition
is supported by numerous epidemiological data showing that

children born to both parents with asthma or low forced

expiratory volume per second (FEV1) are at higher risk of
developing asthma (2). Many studies have also linked specific
gene loci or single nucleotide polymorphisms (SNPs) to asthma
disease in different parts of the world (3). For example, HLA-DQ,
SMAD3, IL-2RB1, IL-33, IL-1RL1, IL-4RA, ADAM33, FOXP3,
STAT6, and 17q21 loci, have been linked to asthma diseases
in diverse ethnic groups with varying degrees (3–5). What is
intriguing about asthma is that it is mainly prevalent amongst
urban dwellers compared to rural areas in different regions of
the world. Although asthma has always been associated with
first world countries, it is clear that it is on the rise in middle
to lower income countries and in some of these countries the
incidence rates may be as high as Western world countries
(6, 7). This points to additional factors that can contribute to
the rise in asthma disease, apart from genetic pre-disposition.
Indeed, environmental factors are now considered as another
possible factor that contributes to the increase in asthma. This
stems from many epidemiological data mainly from North
America, Scandinavian and Eastern European countries that
have demonstrated that children raised in farm environments
tend to be protected from asthma, whereas those from urban
“cleaner” environments are at higher risks (8–10). A term now
widely known as “hygiene hypothesis” coined by David Strachan
in the late 80s (10–12). The hygiene hypothesis is primarily
based on exposure to microbes or high endotoxin levels in
the environment in early life which leads to reduced allergic
asthma. Hygiene hypothesis may not fully explain the rise of
asthma as some studies have disproved this early exposure to
high endotoxins and reduced asthma risks (13, 14). A study by
Litonjua et al. (15) in children under the age of 5 years exposed
to high concentrations of endotoxin in house dust mites were at
high risk of developing wheeze over a 46 months period. Other
studies have also found variable influence of endotoxin levels in
asthma and atopy development in early life depending on dose,
exposure and timing (16). Apart from endotoxin level studies,
other studies focusing on Bacilli Calmetté-Guerin vaccination
and earlyMycobacterium tuberculosis infection amongst children
in both high- and low-income countries, could not establish
an association between infection or immunization with allergen
sensitization (17, 18). Other studies have also shown no
association between previous infection with Toxoplasma gondii,
herpes simplex virus, hepatitis A or Helicobacter pyroli with
allergen sensitization and allergic diseases amongst Spanish and
German university students (19). Other factors linked to increase
in asthma are the rise of industrialization in many countries
which generates large amounts of air pollution. In utero pregnant
mothers and early life exposure to tobacco smoke is linked
to poor lung function and development of chronic obstructive
pulmonary disease (COPD) and early mortality (2, 20). Thus,

the relationship between early life exposure to microbes or air
pollutants and asthma is complex and is likely to be dependent
on many factors, such as the nature of exposure, how and when it
takes place, host genetic susceptibility and probably many other
factors currently not defined (21).

All these do point to the environment being important in
asthma pathogenesis. However, other microbes such as fungi
have been linked to exacerbations of asthma in both children
and adults, suggestive of a non-protective role (22, 23). Naturally,
fungi is not detected in high levels in healthy human lung,
which had lead researchers to assume that lungs contain no
fungus. This is partly due to the fact that inhaled fungal
spores are rapidly cleared by both active physical forces such
as mucociliary lining the lung epithelium and clearance by
innate immune phagocytic cells, such as macrophages. The lack
of highly sensitive techniques to detect fungi in sputum or
lavage fluid and cumbersome techniques to detect species, partly
contributes to low detection of fungi in healthy human lung
(24). Nevertheless, some studies have detected certain phyla in
healthy respiratory airways including fungi belonging to the
genera Cladosporium, Eurotium, Penicillium, and Aspergillus.
Other genera such as Candida, Malassezia, and Pneumocystis
have been detected, but in low abundance (25). It is likely
that some of these species of fungi found in lung sampling
may also be part of the oral mycobiome, as techniques used
to sample lavage fluid or endoscopy can be contaminated with
oral cavity fungi. Some fungi are often detected in sputum or
lavage fluid in chronic respiratory diseases such as asthma. These
fungal species exploit a compromised host defense system, often
germinating, and colonizing the airways, causing mycosis which
precedes sensitization and exacerbation of asthma symptoms
(26, 27). Some of the fungal species associated with asthma are
shown in Table 1. These include genera Aspergillus, Candida,
Alternaria, Cladosporium, and Cryptococcus spp. amongst others
(35, 40). Some of these species isolated from airways or sinusitis
of asthmatic patients with TH2-type disease show viability when
cultured in vitro, showing that infection is essential in disease
manifestation (27). Importantly, these patients generally show
increased fungal-specific IgE responses, memory phenotype
when stimulated with fungal antigens and eosinophilia which is
directly involved in fungal killing (28, 41). It is now clear that
fungal colonization contributes largely to asthma and its severity,
however, current methods used to determine colonization rely
on culture methods for viable fungi and molecular methods
which do not necessarily differentiate between active colonization
and fungal fragments. This leads to underestimation of disease
burden and bias in distinction between disease and colonization
depending on detection methodology used. The mode of
sensitization is mainly aerosol exposure, however, some fungal
species are commonly found colonizing the skin, for example
Malassezia spp. and Trichophyton spp. This suggests that there
might have a different mode of sensitization when found on
the skin which leads to asthma. These fungal species, although
generally found colonizing the skin have also been detected in
the both healthy and asthmatic lung and gut which may suggests
diverse adaptation in multiple barrier sites (35). In this review,
we mainly focus on how some fungi may cause or contribute
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TABLE 1 | Some of the fungal species associated with allergic asthma via various routes of sensitization.

Fungal genera Fungal species Allergens Activity Route of

exposure

Reference

Aspergillus spp. A. fumigatus

A. nudilans

A. versicolor

A. flavus

Asp f 1

Asp f 3

Asp f 11, Asp f 27

Asp f 22

Ribotoxin

Perioxisomal membrane protein

Protein folding

Enolase

Inhalation (27–29)

Alternaria spp. A. alternata Alta 1

Alta 2

Alta 4

Transporter, disarms defense

Protein initiation factor

Thioredoxin

Inhalation (22, 24, 30, 31)

Cladosporium spp. C. clasosporioides

C. herbarum

Clac c9

Clac c14

Clac h8

Peroxysomal protein

Transaldolase

Mannitol dehydrogenase

Inhalation (32–34)

Malassezia spp. M. globosa

M. furfur

M. sympodialis

M. restricta

M. japonica

MGL_1304

Mala f 2-4

Mala s 1-11,

MalaEX

Not known

Stress responses

Protease activity

Vesicle trafficking and innate

immune responses

Skin contact

Inhalation

Ingestion

(35, 36)

Cryptococcus spp. C. neoformans

C. gattii

Chitin

Chitosan

Mpr1

Immune activation

CNS invasion

Inhalation (37, 38)

Trichophyton spp. T. interdigitale

T. tonsurans

T. mentagrophytes

Trit 1

Trit 4

Enzymatic activity?

Sporulation?

Skin contact (39)

to allergic asthma, we also discuss how fungi such as Malassezia
and Trichophyton that mainly colonize the skin can be important
sources of allergens that sensitizes the skin and cause allergic
asthma through atopic march (42). We discuss some of the
genetic risk factors associated with fungal asthma and tolerance
mechanism that host has developed to limit hyperreactivity to
these ubiquitous organisms.

FUNGAL SENSITIZATION AND ASTHMA
RISKS

Sensitization to fungi poses a major risk factor for asthma
including severe form of asthma and death. Sensitization to fungi
is estimated anywhere between 2 and 90% in asthmatics (24, 43).
Factors that affects this variation include different exposure,
batch of commercially available skin prick test (SPT) extracts and
subjective methods used to measure exposure. There is also a
high degree ofmultiple fungal species sensitization, which further
complicates these estimates. For example a study done inmultiple
states within the United States of America using a Pharmacia
Capsulated hydrophobic carrier polymer (CAP) system, did show
a positive correlation between sensitization to outdoorAlternaria
and indoor Cladosporium (44). Four fungal genera namely,
Alternaria, Aspergillus, Penicillium, and Cladosporium are overly
represented when it comes to measuring fungal allergen exposure
(43, 45, 46). This is partly due to airborne abundance, distinct
morphological characteristics, geographic locations, and whether
indoor or outdoor allergens are being considered.

Highest asthma exacerbations are observed during
sporulation seasons, however, most individuals are exposed
to either sub-micron (>1µm) or larger (<1µm) fungal

fragments (23, 43, 47). These fungal fragments are derived
from broken or fractured conidia or hyphae and can be easily
dislodged by penetrating deeper pockets of the lung at much
higher concentrations than spores or conidia (46, 48, 49).
This is particularly an efficient aerosolization model for some
of the larger fungi such as Alternaria alternata that can be
over 10µm in size and can only penetrate upper respiratory
airways (48, 50). Determining whether an individual patient
has been sensitized through fungal fragments or live infection
is difficult to ascertain without a positive culture, or biopsy for
histopathology. However, several case reports have shown that
fungal mucosal infection precludes sensitization to that fungus
and exacerbates life-threatening allergic asthma (27, 51, 52).
Treatment with antifungal drugs and low dose corticosteroids
improves asthma symptoms and clears fungal infection,
suggesting that airway mycosis may be important in subsequent
sensitization (23, 51, 53). It is likely that infectious mycosis
instigates sensitization through activation of TH2-type immune
response, while fungal fragments derived from hyphae and
conidia can exacerbate allergic asthma through their easily
accessible fungal pathogen associated molecular patterns
(PAMPs) (46, 49). Several animal model studies also support
the idea that airway mycosis induces TH2-type airway disease
and that some fungal PAMPs may exacerbate allergic asthma in
the presence of allergens such as ovalbumin or house dust mite
(28, 54–56).

Some studies have suggested that infants are likely to be
exposed more than adults and more fungal fragments seem to
seed deeper pockets of the lung, which may explain increased
risk to fungal induced asthma (49, 57). However, variation
in exposure and allergic asthma has also been observed in
children from low-income and high-income homes, which may

Frontiers in Immunology | www.frontiersin.org 3 November 2019 | Volume 10 | Article 2696

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hadebe and Brombacher Environment and Host-Genetics in Asthma

suggests that exposure is also biased based how often one visits
a physician. Children from high income homes are likely to be
diagnosed with fungal induced asthma simple because of access
to healthcare, whereas children from low income homes may
even have higher exposure due to living in damp, moldy homes,
with less access to healthcare and diagnosis (58).

GENETIC BASIS FOR FUNGAL INDUCED
ASTHMA

Asthma is a multifactorial complex disease whose origins and
pathogenesis are still not clear. Multiple genetic risk factors
involved in inflammatory pathway of allergic asthma have been
reported. These polymorphisms associated with asthma risk
are not present in all patients and seem to be influenced
largely by environment. Interleukin 4 receptor alpha (IL-
4Rα) and IL-13 polymorphisms are associated with hyper
IgE and asthma severity (59, 60). There are currently eight
known naturally occurring SNPs of the IL-4RA namely ile75val,
glu400ala, cys431arg, ser436leu, ser503pro, gln576arg, ser752ala,
and ser786pro (61, 62). Some of these SNPs are associated
with A. alternata moderate to severe asthma in children (63).
HLA-DQB1∗03 and HLA-DRB1∗13 have also been associated
with A. alternata moderate to severe asthma in children, where
HLA-DQB1∗03 was reduced in frequency and HLA-DRB1∗13
increased in frequency when compared to A. alternata mild
asthmatic children (63). These SNPs were specific to fungal
sensitization as they were not present in control Allergic
Bronchopulmonary Aspergillosis (ABPA) or Chronic Pulmonary
Aspergillosis (CPA). Other studies have shown susceptibility
variants specific to innate immune responses and pattern
recognition. Toll-like receptor 3(TLR-3), TLR-9, DECTIN-1
variants were shown to be associated with severe asthma with
fungal sensitization (SAFS) induced by Aspergillus fumigatus in
a Caucasian older cohort (64, 65). In another study, DECTIN-
1 variant rs58677678 was found to be associated with reduced
gene expression leading to unrestrained type 2 immune response
and subsequently poor lung function (66). Other SNPs associated
with SAFS in this cohort were genes associated with TH2
chemoattractant (CCL17) and monocyte recruitment (CCL2)
or immune suppression (IL-10). Interestingly, even in this
cohort, there were no correlation in the SNPs between SAFS,
atopic asthma and healthy controls (64). These SNPs were
specific to SAFS and there were major genetic differences
even between closely related ABPA disease (64, 65). To fully
appreciate the function of these variants in susceptibility to
disease, it would be of great benefit to combine experimental
models to delineate function of each variant in that gene. This
was perfectly illustrated in patients with invasive Aspergillosis
where variant rs35699176 in ZNF77 was shown to cause loss of
integrity of the bronchial epithelium and allowed fungal growth
(67). This variant was recapitulated in vitro by genetically-
editing immortalized epithelial cells via CRISPR/cas9 which were
subsequently infected with A. fumigatus conidia. Such studies
in SAFS could lead to better understanding of gene function in
disease susceptibility, especially in cases where human tissue is

not easily accessible. It is worth noting that variants in the study
by Knutsen et al. (63) were from 10 year old asthmatic children
from multi-ethnic groups. This is relevant in Africa, where
there are much larger genetic variations expected compared to
Caucasian ancestry.

Several of the genetic polymorphisms associated with fungal
allergic asthma are in the innate arm of the immune response
to fungi, particularly pattern recognition receptors (PRRs)
that recognize evolutionary conserved PAMPs. Although a full
discussion is beyond this review, as we have recently reviewed
this topic in great length (68), it is worth highlighting PRRs that
are implicated in fungal induced asthma. Fungi is covered by
cell wall which is mainly composed of outer mannan layer, a β-
glucan layer and an inner chitin layer. β-glucan is a sugar found in
most fungi and varies in content depending on the fungal species
and stage of germination. Beta-glucan is recognized by Dectin-1
mainly by phagocytes and upon recognition initiates a cascade
of events including phagocytosis, NF-κB activation, induction
of pro-inflammatory genes including GM-CSF, TNF-α and
activation of TH2 cytokine secreting cells. Studies in both human
andmouse are contradictory regarding the role of Dectin-1 in the
induction of TH2 cytokines (68). Several human studies support
the idea that Dectin-1 engagement with its ligand favors TH2
environment either through instruction of naïve T cells to secrete
TH2-type cytokines (69) or releasing of chemokines (CCL20)
associated with TH2 cell recruitment (70). However, other studies
suggest that Dectin-1 inhibits TH2 polarization through favoring
a TH17 cell polarization or direct inhibition of IL-33 secretion
(66, 69). In animal models, the role of Dectin-1 in allergic asthma
is even more complicated, with several independent studies
showing considerable inconsistences (54, 55, 71–76). Beta-glucan
availability on the surface Aspergillus versicolor or Cladosporium
cladosporioides live conidia determines the importance of Dectin-
1 in TH2 airway immune responses (74). So, future studies should
ascertain how each DECTIN-1 variant directly contributes to
fungal induced asthma using both purified ligands and multiple
fungal species with varyingmorphologies and growth stages as all
these factors are likely to be important.

Toll-like receptors are another group of PRRs that have
been shown to bind to fungi and induce pro-inflammatory
cytokines (77–79). Several TLRs have been shown to recognize
various PAMPs on the surface or released nucleic acid of fungi
for example TLR2, TLR3, TLR4, TLR6, and TLR9 promote
inflammation and clearance (80). TLRs can bind to fungal PAMPs
individually or as heterodimeric clusters and have also been
reported to cooperate with CLRs to induce immune responses
(77, 81, 82). TLR3 SNP (rs10025405) rare G allele genotype
results in susceptibility to SAFS. TLR3 is involved in direct
recognition of A. fumigatus and upon recognition by epithelial
cells activates a TRIF pathway leading to indoleamine 2,3-
dioxygenase activation and cytokine production. Mice deficient
of TLR-3 are susceptible to pulmonary A. fumigatus infection
which may explain this susceptibility genotype (83). Currently,
mechanisms of how TLR-3 or TLR3 SNP (rs100254050) can
lead to susceptibility to severe asthma are unclear. TLR9 is
an endosomal TLRs whose expression has been shown to be
upregulated by Dectin-1 upon stimulation with A. fumigatus
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conidia or hyphae. TLR-9 regulates airway hyper-responsiveness
and inflammation when sensitized and challenged with resting
A. fumigatus conidia. Single nucleotide polymorphism in TLR-
9 (rs352140) specifically the rare CC and CT genotypes are
associated with SAFS (64). This suggests that TLR-9 plays
an essential part in the modulating A. fumigatus induced
allergic asthma. Mechanistically, it is likely that TLR-9 regulates
allergic asthma induced by resisting A. fumigatus through
regulating IL-5, IL-13, CCL11, and CCL21 and this process
seems to be independent of Dectin-1 (84). During swollen A.
fumigatus induced allergic asthma, TLR-9-deficient mice are
more susceptible and show increased fungal growth. In this
setting, TLR-9 completely regulates dectin-1 expression and by
extension IL-17A expression, which explains increased fungal
burden in the absence of TLR-9 (84).

Large birth cohort studies that primarily focus on the genetic-
environmental interactions in the first year of life with follow-
up of these infants up to at least 10 years of age can give
greater insights into asthma development. Most risk genetic
studies have ignored this crucial early phase where environmental
exposure exerts most of its influence in the development of
asthma. The importance of these studies was demonstrated in a
17q21 locus risk alleles ORMDL3 and GSDMB, where the same
genotype associated with risk was influenced by environment to
be protective (21). It would be of great interest to evaluate some
of the fungal asthma associated risk alleles in birth cohort studies
where environmental exposure at infancy if taken into account.

HOW IS ALLERGY TOLERANCE
GENERATED TO FUNGAL SPECIES?

Fungi is ubiquitous in our environment and it is estimated that
in some seasons an individual can be exposed to as high as 50,000
spores per day, yet most individuals do not react and remain
non-sensitized (49). Development of tolerance to fungal allergens
is intricately regulated by a balance between regulatory T cells
(Tregs) which suppress exaggerated inflammation and effector
TH2 cells, which are essential in preventing invasive airway
mycosis (85). Allergy is usually associated with loss of tolerance
to highly allergen-specific TH2 cells and B cells producing IgE
(86). In fungal induced TH2-type allergic airway responses, loss
of tolerance to fungal allergens can be viewed as an active process
aimed at limiting suppressive immune responses in favor of a
robust TH2 airway inflammation capable of containing invasive
and dissemination of infection to other organs such as the brain
(27). How the immune system choses to react to some innocuous
antigens or maintain tolerance to majority of inhaled airborne
particles is poorly understood. This is particularly of great interest
in fungal induced asthma where both active TH2 immunity and
immunoregulation are required for initial host protection against
invasive fungal species and limiting detrimental pathology.
In fact most allergic individuals are extremely tolerant to
majority of airborne allergens encountered, except for few that
cause aberrant allergic disease (85, 87). Studies specifically
focusing on T reg function in allergic neonates suggests an
early dysfunction of these cells due to reduced expression

CTLA4, TGF-β, resulting in failure in restraining a skewed
thymic and peripheral TH2 cells (88). This is also supported
by primary immune-deficiency studies in atopic neonates with
immune dysregulation, polyendocrinopathy, enteropathy, X-
linked (IPEX) syndrome where FOXP3 gene is impaired. These
patients present with multiple organ autoimmunity and neonatal
development of allergies due to unrestrained TH2 responses at
mucosal surfaces (89). There are various mechanisms in which
T reg cells can induce immune tolerance to allergens. These
mechanisms do include active tolerance where both thymic or
peripheral T regs actively suppress allergen specific naïve T cells,
allergen ignorance and immunosuppression through secretion
of IL-10 by Type 1 T regs (Tr1) (86, 89). The latter is not
induced de novo and only seem to play a role in an already
developed TH2 allergic disease, which makes it less attractive
as therapeutic intervention in most allergic disease, but may
well be beneficial in fungal induced asthma, which needs a
balanced TH2 immunity and reduced host pathology (86). Two
mechanisms seem to be relevant to fungal tolerance, namely
direct suppression of allergen-specific TH2 cells by allergen
specific T regs and allergen ignorance (85). The former is
supported by studies using antigen reactive T cell-enrichment
(ARTE) assays in sensitized individuals, where A. fumigatus-
specific Treg cells directly compete with A. fumigatus-specific
TH2 cells (85). Interestingly, this allergen suppression seems
to be specific to particulate A. fumigatus allergens and rare
in soluble allergens (85, 90). Allergen ignorance mechanisms
of tolerance does suggest that most major fungal allergens are
ignored by the immune system of healthy individuals. Studies
using MHC multimer enrichment showed that allergen-specific
T cells from healthy individuals were neither clonally expanding
nor proliferating when exposed to antigen in vitro or during
allergen season and resembled a naïve phenotype when compared
to asthmatic individuals (91). Currently, it is unclear whether
only certain fungal allergens are specific for inducing T regs
or all allergens have a potential to induce both TH2 cells
and T regs depending on the local cytokine milieu or antigen
load. It is likely that pre-disposed individuals without disease
possess a reasonable Treg compartment which keeps all airborne
allergens at bay. However, during a low-grade fungal infection,
this stable T reg compartment is highjacked leading to TH2
allergic immune response which keeps fungal load low and
prevent dissemination (27, 85). This idea is supported by studies
where chronic exposure to low grade A. niger is able to break
tolerance induced by inert ovalbumin antigen in favor of a
TH2 immune response (56). It is likely that there are numerous
ways in which the human host has co-evolved with fungal
airborne species and developed an intricately balanced tolerance
vs. necessary inflammation to keep the pathogens out. It is likely
that these tolerance mechanisms develop from birth and are
nurtured throughout life, acting alone or in synergy with others
to limit immunopathology. How tolerance induced by T reg
cells toward common ubiquitous fungal airborne allergens is
abrogated is of significant interest in the field of fungal induced
asthma. Understanding mechanisms of tolerance to airborne
fungi initiated by both neonatal and adult human thymic and
peripheral Tregs would lead to not only new therapeutics that
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prevent this break of tolerance, but also interventions that
limit immunopathology without compromising active fungal
clearance. Appropriate mouse models that closely mimic the
spectrum of fungal induced allergic asthma need to be developed
in order to delineate mechanisms of tolerance.

FUNGAL ASTHMA IN EARLY-LIFE, HOW
CAN WE UNDERSTAND IT?

Asthma is thought to be a disease that develops very early in life
with almost a third of children under 5 years showing signs of
wheezing. Lower respiratory infections contribute to poor lung
function in infants who develop early onset of the disease. This
early poor lung function is thought to persist until adulthood
and is associated with premature mortality (20). Exposure to
fungi in the first 2–3 months of life is generally associated with
exacerbations of asthma in children (9, 22, 23, 30, 92). However,
other studies in large birth cohorts that were followed from birth
until age 13 have suggested that indoor fungal sensitization by
certain dustborne yeasts were associated with protection (93).
The mechanisms of protection to dustborne yeasts are unclear,
but it is possible that because of hand-to-mouth feeding habits
in infancy, these infants develop tolerance to such airborne yeast
due to gut-specific immune responses that favor tolerance toward
same ingested yeast (93). Other mechanisms of protection could
be due to differences in species on dustborne vs. airborne fungal
species which may also result in differential PAMPs exposure
and subsequent stimulation of protective PRRs such as TLRs or
C-type lectin receptors.

Lung is incompletely developed at birth and completes its
post-natal development in the first 3 years of life (94, 95). This
post-natal development is largely shaped by encountered external
environment and means that the lung remains vulnerable to
pathogen colonization during these first 3 years of life (96,
97). What is interesting about these early stages of life, is that
pregnant mothers show a TH2 biased immune responses which is
transferred to off springs who are also dominated by this skewed
TH2 immunity (88). This inherited allergic status of infants
from mothers is well-documented and is influenced by other
factors including early exposure to microbes, cesarean delivery,
breastfeeding, use of probiotics to name a few (96, 98). This TH2
skewed immune response reduces gradually during the first 2
years of life, however, allergic infants have been observed to retain
this utero TH2 bias, which is thought to increase wheezing at this
stage (99).

The data regarding immunological changes in the airways
in early life is scarce and this is mainly due to invasive
procedures required to get BAL samples or histopathology
samples. This has also made it difficult to match clinical
expression of asthma with changes in immune cells. The evidence
which suggested both lung histopathological and physiological
changes in children before age 3 who went on to develop
asthma before pre-school gave some insights on early respiratory
symptoms (100). Histopathological features of asthma have
been observed after 3 years of age and include airway smooth
muscle remodeling, variable reticular basement membrane and
eosinophilic infiltration, a feature not seen in wheezing infants

under 2 years old (100, 101). The lack of proper bronchoscopy
control subjects in these studies makes it difficult to draw
conclusions as it is unclear if this remodeling is due to the
atopic disease or normal development of the lung. What also
complicates these observations is that these infants are usually
suspected of having severe respiratory symptoms and would
be under corticosteroids, which may supress inflammatory cells
such as eosinophils (96, 98).

To fully appreciate early determinants of asthma
pathophysiology several studies have recapitulated these
early events in animal models of allergic asthma (102–106).
At steady state and during HDM exposure, innate lymphoid
cells (ILC2s) producing IL-13 dominate the first 10 days of
life in an ST2-dependent manner. This creates a TH2-biased
immune phenotype, characterized by M2 macrophages that
favor resolution of inflammation and protect the vulnerable
developing lung (92, 102, 106). ILC2 have also been detected in
sputum of children with severe form of asthma not responsive to
corticosteroids, which suggests that these cells are essential in the
early years in wheezing (107).

In humans, most studies in infants have mainly focussed on
how certain bacterial taxa and viruses influence susceptibility
to asthma in the first 3 years of life (96, 98). The information
on fungal influence in the development of asthma at early
stages is scarce and has only been looked at in the context of
gut microbiome, where abundance of Candida and Rhodotorula
species were associated with wheezing in 12 month old birth
cohort (108). There are limited neonatal mouse studies focusing
on how fungal species exacerbate allergic asthma. Those limited
studies have solely focused on A. alternata, which is mainly
associated with severe type of asthma, a disease not only
restricted to children, but found in adults too. These studies
have shown that A. alternata induces IL-33 dependent steroid
resistant asthma (30, 105, 109, 110), which closely resemble that
in children non-responsive to oral corticosteroids. This field is
still in its infancy and more work is needed to combine asthma
clinical data in pediatrics, fungal triggers in those environments
and experimental neonatal immunology to decipher context
specific disease mechanisms. Considering how little information
is available in Africa on fungal sensitization and fungal species
associated with different types of asthma, it is conceivable
that disease mechanisms will differ, uncovering context specific
drivers of allergic diseases. Below, we discuss some of the fungal
species that have been associated with asthma.

ALTERNARIA ALTERNATA IN ASTHMA

Alternaria sp. belongs to Ascomycota phylumwhich is the second
most abundant fungal species. It is a cosmopolitan organism that
is often isolated with outdoor environments, easily growing on
dead vegetation or soil samples particularly during cultivation
season of grainy plants (111). Alternaria can be found in rural
and urban places particularly in warm climates and at higher
CO2 levels, conditions that favor sporulation and high antigen
content per spore (111). Spores have also been found in indoor
environments in places such as basements or evaporative coolers
(air-conditioning) where it is thought to be an important source
of spores that induce exacerbations (48). Although sensitization
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to most fungal species is associated with asthma exacerbations,
sensitization to A. alternata appears to increase the risk of
potentially fatal asthma leading to higher hospital admissions
under intensive care units (22, 45, 112). In a 25 year birth cohort
prospective study done in the US, sensitization to A. alternata
at age 6 was associated with increased hyperresponsiveness from
ages 11 to 26 years, even in children who did not show signs of
asthma (113). In another prospective study in Western Australia
in 9-year-old children, A. alternata sensitization was found to
strongly correlate with poor lung function when compared to
sensitization to other allergens. Increases in AHR was associated
with increase in A. alternata spores during dry season with spore
counts reaching 300 spores/m3/day over 1 month (114). In the
UK, Central and Eastern Europe, asthma exacerbations, high oral
steroid usage and hospitalization have been linked with high A.
alternata spore content and high allergen load (30, 31). Other
retrospective studies have found as high as 20% A. alternata
sensitization amongst mid-year school children from different
locations in the US using more sensitive tests such as CAP
system (44).

Most of what we know in terms of immune responses to
A. alternata has mainly come from mouse studies, where TH2
cells have been demonstrated to play a superior role in the
pathogenesis (30, 110, 115–117). In adult asthmatics or children
directly sensitized or acutely exposed to A. alternata, immune
responses have often not been done. In one pediatric study of
children under 16 years, who were sensitized to A. alternata and
had SAFS and unresponsive to oral steroids, they were found
to have increased levels of IL-33 (30, 109). The mechanisms of
steroid resistance induced by A. alternata were further evaluated
in a neonatal mouse model where mice were chronically exposed
to A. alternata and treated with steroids. IL-33 was found to
be essential in A. alternata induced steroid resistant asthma by
promoting TH2 cells and ILC2 that were not inhibited by steroids
(30). Other studies have also shown a critical part of TH2 cells,
ILC2, signaling molecule STAT6 and ST2 receptor in A. alternata
induced allergic asthma (110, 115, 116, 118). Although these
studies shed some light on immune mechanisms that lead to
steroid resistance, it is currently unclear what factors within A.
alternata organism leads to severe forms and fatal asthma. This
is further complicated by lack of understanding on the function
of major allergens, Alta 1 and 2. Serine proteases released by A.
alternata have been shown to cleave IL-33, therefore leading to
TH2 allergic airway responses (30, 110). More studies are needed
from different geographic locations, socioeconomic status and
age groups to elucidate the link between early sensitization to A.
alternata exposure and development of steroid resistant asthma
(44, 113). The function of innate immune responses and PRRs is
less studied in both animal models and human challenge models,
which can be explained by lack of studies looking at the cell wall
properties of this environmentally important fungus.

ASPERGILLUS SPECIES IN ASTHMA

Up to 50% of asthmatics are also sensitized to fungi, presenting
with increased IgE specific to fungi. The main culprit fungal

species that are often found colonizing the lower airways of
the asthmatic lung are A. fumigatus and other thermoresistant
Aspergillus genera species (43). A. fumigatus is ubiquitous and
is also found in airways of healthy people, where it does not
cause any adverse effects and cleared. In A. fumigatus sensitized
asthmatics, this fungus is associated with severe asthma which
is characterized by frequent bronchiectasis, poor lung function
and poor control of asthma. Sensitization to fungi, particularly
Aspergillus with severe asthma symptoms has been classified
as SAFS (43, 45, 119). Although SAFS is commonly used,
however, this term is restricted to adult asthma and moderately
used in children, partly because sensitization in children is
often associated with immature immune system and difficulty
in diagnoses. So, the term that has been adopted is fungal
asthma (120).

Aspergillus-associated asthma is often masked or
misdiagnosed with other Aspergillus associated diseases such as
ABPA which in itself can be worsened by CPA (43, 119, 121, 122).
Often, Aspergillus sensitized asthmatics do not meet the criteria
for ABPA as their total IgE levels fall well-below threshold
of (>410 IU/L or 1,000 ng/mL or >1,000 IU/L) and often
present with normal levels of IgG (47, 121, 122). The other
defining factors are lack of frequent pulmonary infections or
bronchiectasis and fleeting shadows often seen in ABPA patients.
CPA differs significantly from allergic asthma as it presents with
morbidity associated features such as weight loss, productive
cough, shortness of breath, pulmonary/pleural cavitation,
localized fibrosis, and sometimes aspergilloma (47, 123). A
few randomized clinical trials have shown a beneficial effect of
antifungal drug (itraconazole) in more than 60% of patients
with severe asthma sensitized to fungi, demonstrated by reduced
IgE, exacerbations, and improved lung function and quality
of life (124). Vericonazole, another antifungal drug have been
shown to be effective against CPA (123), but had no effect in
a randomized trial of moderate to severe asthmatics sensitized
to A. fumigatus (125). Discontinuation of antifungal therapy is
usually associated with rebound of asthma symptoms in both
children and adults (124, 126), which highlights the difficulties
in controlling environmental exposure to fungal allergens.
Corticosteroids are commonly used to alleviate allergic asthma
symptoms in SAFS, however they also pose a risk in developing
invasive fungal dissemination (40). Immune responses to A.
fumigatus associated sensitization are well-described in both
animal models (28, 56) and human studies (127).

A. fumigatus lung infection is associated with TH2 cells,
cytokines IL-4, IL-5, and IL-13, eosinophils and AHR. Severe
form of the diseases is associated with TH17 cells, IL-17A and
neutrophilic inflammation (128–130). However, some severe
forms of the diseases are associated with hyper IgE and
eosinophilia and resistance to corticosteroids (54). Recently, it
was shown that there is a considerable cross-reactivity between
Candida albican-specific TH17 cells residing in the gut and the
vast majority of lung associated aero-allergens from Aspergillus
spp. (127). These C. albican-specific T cells broadly promoted
pathogenic TH17 cells against A. fumigatus in the lung and were
associated with immunopathology. This gut/lung cross-talk has
been observed in experimental mouse models where gut axis
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dysbiosis due to the use of antifungal drugs exacerbates allergic
asthma (131, 132). What is characteristic of this lung responses
is the proliferation of lung resident A. fumigatus and other
aero-allergens as C. albicans disappear in the gut (131).

CLADOSPORIUM CLADOSPORIODES IN
ASTHMA

Cladosporium spp. are dematiaceous fungi and are found in
a wide variety of habits, mainly foods. Cladosporium spp. are
prevalent in indoor environments including moldy homes and
are associated with severe forms of asthma particularly during
sporulating season (133). Cladosporium spp. have been isolated
in people’s homes and air conditioners at work places and in some
cases chronic exposure lead to hypersensitivity pneumonitis,
hemorrhagic pneumonia, pulmonary fungal balls, left bronchial
obstruction and lesions (32, 33, 134, 135). In some cases,
Cladosporium spp. were associated with death, although it is
unlikely that it was the sole cause of death, as some of the patients
had underlying conditions such as diabetes milieus or cavitary
lungs (32, 135). Cladosporium cladosporiodes is the major species
detected in most atopic asthmatics followed by Cladosporium
herbarum. Some studies have estimated that as high as 38% of
atopic asthmatics are sensitized to C. cladosporiodes, which is in
a similar range to other aero-allergens such as Aspergillus (136).
This is based on immunoblot serum reactivity to major allergens
such as serine protease (Cla c14) or peroxisomal protein (Clac c9)
(Table 1). It is worth mentioning that there is a certain degree of
overlap in amino acid sequence and IgE cross-reactivity between
C. cladosporiodes and Penicillium spp., which can complicate
diagnosis as both these species have a similar habitat and modes
of human exposure (34). The mechanisms of how Cladosporium
spp. or its individual components cause or exacerbate asthma
are scarce and require further research. Some studies using
secreted proteases suggest that proteases can activate allergic
airway immune responses by cleaving key components of the
lung epithelial barrier such as occludins resulting in a leaky
barrier and more access for other allergens which leads to a co-
ordinated local inflammatory cascade (137). It is also likely that
Cladosporium spp. proteases act in a similar fashion to other
fungal proteases by degrading specific endogenous substrates
of which their products can bind directly to TLR-4 or to
protease activated receptor 2 which then activate downstream
signals through their cytoplasmic tails leading to recruitment of
eosinophils, innate type 2 lymphoid cells and systemic IgE release
(137–140). The importance of C. cladosporiodes proteases in the
induction of allergic airway responses has been demonstrated
in mouse models of allergic asthma (74, 75). In these models,
chronic exposure of mice to live conidia induced a strong
TH2 allergic airway disease characterized by eosinophilia, AHR,
elevated levels of IgE and mucus production. However, when C.
cladosporiodes conidia is inactivated by heat killing, it induced
less AHR and allergic responses due to increased exposure of
fungal β-glucan and Dectin-1 dependent neutrophilic and TH17
responses (74). These studies suggested that the factor that
promotes TH2 allergic asthma in C. cladosporiodes where less

β-glucan is exposed is likely to be proteases, although this was
not formally investigated in this study.

CRYPTOCOCCUS NEOFORMANS IN
ASTHMA

Cryptococcosis is largely associated with immunocompromised
patients and is themost common cause of HIV-relatedmeningitis
particularly in low CD4 count, killing over 150,000 people in
Sub-Saharan Africa (141, 142). Cryptococcus neoformans and
Cryptococcus gattii, are the causal agents. These are encapsulated
basidiomycete found in the soil, tree bark and bird droppings.
The spores or yeast form of fungus can easily be inhaled
localizing in the alveoli space (37). M1 macrophages, TH1 and
TH17 cells are essential in clearing infection (143). Although
the immune response is sufficient to silence Cryptococcus to its
dormancy, it is not sufficient to completely sterilize the lung
(37, 143). Breakdown of immune defense leads to re-activation
of this dormant stage and escape from lung, disseminating to
other organs, particularly the brain (144). In immunocompetent
individuals, Cryptococcus is thought to cause sub-clinical or
asymptomatic pulmonary infections. This is often observed
in urban areas that are densely populated and tend to have
large pigeon colonies that live side-by-side with humans. Sub-
clinical disease correlates with the presence of TH2 cells,
M2 macrophages, and related cytokines and are detrimental
in controlling dissemination and often associate with worse
outcomes (38, 143, 145, 146). A few studies done in Northern
America in Bronx area suggested that more than 50% of
children over the age of 2 years were exposed to Cryptococcal
antigens and their sera reacted to more than six antigens (147,
148). Cryptococcus exposure is associated with increased risk
of developing asthma in children (147, 149). There is further
evidence in mouse and rat animal models, where Cryptococcus
infection exacerbates TH2 allergic airway inflammation (150).
Cryptococcus virulent factors such as chitosan, proteases (Mpr1),
laccases are the likely culprits in the development of TH2- type
allergic asthma (Table 1), through favoring a defective immune
arm (37). Encapsulation has been shown not to be essential in
the initiation of TH2 type allergic asthma, despite its immune
modulatory effects in IL-10 production and TH1 polarization
(150, 151). Cryptococci cell wall is covered with chitin, which is
known to have TH2-type stimulatory effects (37, 38). Human and
mouse, both secrete Acidic Mammalian Chitinases (AMCase)
known to digest huge chitin polymers and mediate TH2 airway
immune responses (149, 152–154). Chitinases expression is
increased in lung biopsies of adult asthmatics (152), although
other studies have not shown comparable levels in BAL fluid
(153). Children showing signs of exposure to Cryptococcal
antigens, have elevated chitinases activity in the BAL fluid (149).
A case study of a 10 year old boy also in the Bronx area who
was sensitized to multiple fungal species including C. neoformans
showed improvement in asthma symptoms such as reduced IgE
and lung function when treated with itraconazole (126). Long
term prospective studies are required to link early Cryptococcus
exposure or infection to poor lung function and early acquisition
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of allergic asthma in children. What is currently known is that
children are exposed to Cryptococcal antigen after the 2 years
of life and make antibody responses to at least six antigens of
similar nature to the ones observed in rat sera infected with C.
neoformans (147, 150). The nature of these antigens is unclear
and whether they can be used as diagnostic markers particularly
for skin-prick tests or CAP to test for Cryptococcus sensitization.
These studies should be strongly supported by experimental
model studies to determine which Cryptococcal antigens are
essential in establishing allergic asthma at an early age.

Fungal skin sensitization is common particularly in atopic
dermatitis (AD) patients. AD patients are often pre-disposed to
secondary allergic responses such as asthma. Atopic march is a
term used to describe this progression from skin sensitization to
allergic asthma (42). Here, we mention two fungal species that
are mainly found colonizing the skin surface and often associated
with AD and have been associated with allergic asthma. We
briefly, discuss the mechanisms on how these skin resident fungi
can cause allergic asthma.

MALASSEZIA IN ATOPIC DERMATITIS AND
ASTHMA

The skin serves as the first barrier to potential harm and
is exposed to the largest number of pathogens due to its
surface area, yet it contains the most diverse microbiome (155).
Although large part of work has been focussed on bacterial
species that colonize the skin such as Staphylococcus epidermidis,
fungi accounts for almost a quarter of normal skin flora
(156). Malassezia spp. colonize the skin of healthy and AD
patients (156), but have also been found in sputum of asthmatic
patients, which suggests their involvement in allergic asthma
(35). Malassezzia spp. are dimorphic, lipophilic skin resident
fungi that belongs to the phylum Basidiomycota, with at least
14 species identified so far in human and animal skin (36).
The distribution of the species is geographically determined and
largely driven by environment for example Malassezia furfur
is more prevalent in Japan, whereas Malassezia globota and
Malassezia restricta are found in Europe and US (36).Malassezia
colonizes the skin as early as 0 and 1 days after birth and increases
with time to almost 90% of skin being colonized by teenage
years. However, there is considerable discrepancies in the species
colonization between different studies (157, 158). A study by
Lee et al. showed M. restricta to be common in teenagers and
M. globosa predominant in adults over 50 years, whereas Gupta
et al. foundM. globosa to be more prevalent in younger subjects.
Malassezia spp. is associated with at least three skin conditions
including Malassezia folliculitis, Seborrheic dermatitis, Pityriasis
versicolor, psoriasis and AD. The mechanisms on howMalassezia
spp. contribute to any of these diseases are less defined and it is
unclear ifMalassezia spp. are the root causes of these conditions.
In AD, Malassezia spp. is implicated as an aggravating factor,
where it is thought that it releases allergens rather than being
an infectious agent. The mechanisms of how Malassezia or its
allergens promotes pathophysiology in AD patients is not well-
defined, but is thought to be due to dysfunctional skin barrier,

environmental factors, and other disturbances of normal skin
flora, due to immunosuppression that favor mycelia growth over
yeast form (36, 159). Once Malassezia spp. allergens enter the
disrupted skin barrier, they are recognized by keratinocytes,
Langerhan cells and other dermal dendritic cells that recognizes
allergens and transport to local draining lymph nodes. This
results in TH2 polarization and secretion of IL-4, IL-5, IL-
13, and IgE which migrate back to the sight of inflammation
further exacerbating AD. Other mechanisms of sensitization that
have been suggested, are trafficking of Malassezia spp. allergens
via extracellular vesicles (160). These extracellular vesicles
(MalaEx) directly interact with keratinocytes and monocytes
and are engulfed, becoming a major source of allergens, further
exacerbating AD (Table 1) (160). Malassezia spp. sensitization
(observed by Malassezia specific IgE skin prick test) is less
frequent in children compared to adults (161). M. sympodialis
is the most frequently isolated species in AD skin lesions
and patients on topical or systemic antifungal treatment show
reduced severity of skin symptoms and IgE responses (161,
162). Both toll-like receptors (TLR-2 and TLR-4) and C-type
lectin receptors, Mincle and Dectin-2 have been shown to
bind specific ligands in Malassezia spp. and inducing specific
pro-inflammatory cytokines in mouse macrophages (163, 164).
However, these studies have not definitely shown whether these
innate receptors promoteMalassezia-specific IgE or promote IgE
-independent skin inflammation that worsens AD.

TRICHOPHYTON INTERDIGITALE IN
ASTHMA

Trichophyton interdigitale is a dermatophyte that can cause
cutaneous infections when absorbed through the skin in
millions of people worldwide. Trichophyton can also be inhaled,
although it is unable to colonize the lung, it is associated with
severe form of asthma (39). In some studies T. interdigitale-
specific IgE responses correlate with severity of asthma and
history of sensitization suggests childhood exposure (165, 166).
Trichophyton and fungal skin infections are more common
in immunocompromised people such as those with HIV
infection, those receiving systemic corticosteroids and diabetes
mellitus (39). In an African setting, there is significantly
more people who are immunocompromised due to HIV and
diabetes mellitus and develop skin infections, which may
influence sensitization to Trichophyton. Trichophyton infections
particularly scalp ringworm are predominant in children of
African Caribbean or African American descent (167). In
Africa, epidemiological data is scarce, however, these infections
are likely to be high and probably involve other species of
Trichophyton not reported in European, North American and
other parts of the world. This early exposure to Trichophyton spp.
certainly has profound impact on sensitization and development
of allergies.

The immune responses to Trichophyton spp. is not well-
defined and has somewhat remained an enigma with some
anecdotes regarding its onset (39). It is believed thatTrichophyton
antigens are absorbed through barrier defected skin and these
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antigens are then taken up by local Langerhan antigen presenting
dendritic cells. These antigen presenting cells then migrate to
local draining lymph nodes and present antigens to T cells
(39, 165). There are two main dominant immune responses
to Trichophyton spp., an immediate hypersensitivity (IH) and
delayed hypersensitivity (DHT) (39, 168). Trichophyton-specific
IgE and IgG4 andmast cell activation are the main characteristics
of IH and also involve urticaria and flare and these are generally
associated with TH2 cell activation and cytokines such as IL-4,
IL-5 and are localized (166). DHT response usually takes 48 h to
come up and is correlated with presence of TH1 cells and IFN-
γ production by these activated cells (168). What is intriguing
about immune responses to Trichophyton is that some allergens
can drive both IH and DHT and stimulate both TH2 and TH1
cell subsets (168). What also remains elusive is how Trichophyton
skin sensitized individuals develop allergic airway asthma. Atopic
march is a common phenomenon in allergic diseases and is likely
at play where the skin colonizers become an important source
of chronic exposure. However, this has not been investigated in
Trichophyton sensitized individuals with asthma symptoms and
animal models have not been investigated, where an allergen,
APC and T cell can be tracked in vivo.

CONCLUSIONS

Fungal species are ubiquitous, occupying at least 25% of Earth’s
biomass and are possibly found in every single niche of the
human body cohabiting happily and forming part of the mucosal
commensals. What is clear is that although the human body
has learnt to tolerate fungi in most individuals, there are
instances where this tolerance is dysregulated and cause various
allergic pathologies. There is a lack of tools to detect fungal
associated allergic sensitization and SPT for fungi are not routine.
The use of artificial intelligence to predict IgE specific fungal
allergens will likely have a bigger impact in hospital settings,
particularly in prospective birth cohorts (169). In low- to middle-
income countries, especially in Africa, these tools are currently
beyond reach. Treatment options using both corticosteroids and
antifungal drugs are promising but require further investigations.
Antifungal drug access is also not widespread with some drugs
either with no cheap generics, not available at all or only

prescribed for life-threating infections such meningitis (170).
Pharmacokinetics and drug-drug interactions between antifungal
drugs and corticosteroids are not clear and require more
randomized clinical trials in different population and age groups
(120). Current FDA approved monoclonal therapy (omaluzimab
or mepoluzimab) might be helpful in certain cases of severe
hyper IgE, however, these are beyond reach for many African
countries, so antifungal therapy remains the only attractive
treatment method for fungal asthma (7, 120). It is important
to note that only two countries in Africa have guidelines for
asthma management in children, let alone fungal asthma (7,
171). Current SPT test in government hospitals do not include
fungal allergens which makes it even harder to diagnose these
asthma cases. There are limited studies focusing on the early
development of fungal induced asthma and more work is needed
to combine what is seen at clinics and experimental models. Long
term birth cohort prospective studies are a valuable source of
information regarding host genetics-environmental impact in the
development of asthma (10, 172). In Africa, prospective birth
cohorts to determine risk factors for asthma development are
scarce (173, 174). More of these types of studies are needed to
comprehensively evaluate impact of changing environment in the
steady increase of asthma in Africa. Birth cohorts together with
aerodynamic monitoring tools such as low-pressure impactor
(ELPI) to specifically determine fungal allergen burden in indoor
and outdoor environments will accelerate research in an African
context and determine specific triggers of poor lung function and
avoid a catastrophe (175).
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