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ABSTRACT

Asthma is a heterogeneous chronic respiratory disease characterized by an increased burden
of infections. Respiratory tract infections associated with an increased risk for asthma espe-
cially when occurring in the first months of life, also represent the most common cause of
asthma exacerbations. The association between asthma and the increased frequency of
infections and microbiota dysbiosis might be explained by a common mechanism, such as
an underlying immune system defect. Apart from the well-established association between
primary immunodeficiencies and asthma, several alterations in the immune response follow-
ing infection have also been observed in asthmatic patients. An impairment in lung epithe-
lial barrier integrity exists and is associated with both an increased susceptibility to
infections and the development of asthma. Asthmatic patients are also found to have a defi-
cient interferon (IFN) response upon infection. Additionally, defects in Toll-like receptor (TLR)
signaling are observed in asthma and are correlated with both recurrent infections and
asthma development. In this review, we summarize the common pathophysiological back-
ground of asthma and infections, highlighting the importance of an underlying immune sys-
tem defect that predispose individuals to recurrent infections and asthma.

Abbreviations: ADAM33: disintegrin and metalloprotease domain 33; BAL: bronchoalveolar
lavage; ; BECs: bronchial epithelial cells; ; CVID: common variable immunodeficiency; ; EGF:
epidermal growth factor; ; GSDMB: gasdermin B; ; HRV: human rhinovirus; ; IFN: interferon; ;
IL-1R: interleukin-1 receptor; ; IPEX: immune dysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome; ; IRAK: interleukin 1 receptor associated kinase; ; HAART: highly active
antiretroviral therapy; ; HIV: human immunodeficiency virus; ; mAb: monoclonal antibody; ;
MD-1: myeloid differentiation-1; ; NF-kB: nuclear factor-kB; ; PBMCs: peripheral blood mono-
nuclear cells; ; pDCs: plasmacytoid dendritic cells; ; RSV: respiratory syncytial virus; ; sIgAD:
selective IgA deficiency; ; ORMDL3: sphingolipid biosynthesis regulator 3; ; SNPs: single
nuclear polymorphisms; ; SPINK: serine protease inhibitors of the Kazal type; ; SOCS: sup-
pressor of cytokine signaling; ; TGF: transforming growth factor; ; Th1, 2: T-helper 1, 2; ; TLR:
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Introduction

Asthma is a heterogeneous and genetically complex
chronic respiratory disease characterized by variable
symptoms of wheezing, shortness of breath, chest
tightness, and cough that vary over time and intensity
[1]. It affects approximately 300 million people world-
wide, being one of the most common chronic diseases
in both children and adults [2,3]. Asthma global
prevalence is estimated to be 4.3%, affecting mostly
developed countries [2]. Childhood-onset asthma is
more common in boys than girls and is correlated
with atopic sensitization. Adult-onset asthma, on the
other hand is more common in female patients and
does not seem to be associated with atopy [4].

The complex gene-environment interplay is respon-
sible for the great heterogeneity in clinical presentations
of asthma [2] in a degree that asthma is now consid-
ered as a syndrome consisting of different diseases with
similar clinical presentation rather than a single disease
[2,5]. Many researchers have tried to delineate the
pathophysiology of asthma, with most of them focusing
on the role of Th2 cytokines and the early-life allergen
exposure and atopic sensitization [2], but the data are
still scarce and our understanding remains poor [6].

There is a number of well described primary immu-
nodeficiencies (Table 1) presenting with asthma in
either childhood and/or adult life. However, even in
presumed immunocompetent patients, respiratory tract

CONTACT Fani Ladomenou, MD, PhD @ fladomenou@gmail.com e Venizeleion General Hospital, Heraklion, Crete, Greece.

© 2019 Taylor & Francis


http://crossmark.crossref.org/dialog/?doi=10.1080/08830185.2019.1588267&domain=pdf&date_stamp=2019-03-09
https://doi.org./10.1080/08830185.2019.1588267
http://www.tandfonline.com

2 (&) E A A CHRISTOU ET AL

Table 1. Immune system defects associated with both an increased susceptibility to infections and asthma development.

Mechanism Reference
Several primary All associated with asthma and recurrent infections

immunodeficiencies

cvID 7,8

slgAD 7

Netherton syndrome 9,10

IPEX 11

Hyper IgE syndromes 12

DiGeorge syndrome 13

HIV Associated with asthma and infections. 14
Increased prevalence with HAART.

Epithelial barrier defect

ADAM33 & filaggrin Involved in the lung epithelial barrier function and tissue remodeling and possibly increase the susceptibility 15
to infections. Polymorphisms in ADAM33 & filaggrin genes are associated with asthma.

GSDMB & ORMDL3 Both encoded in the 17921 locus, which is associated with asthma and respiratory tract infections. 16
Participate in the function of the lung epithelial barrier.

SPINKS Contributes to the integrity of the lung epithelial barrier and is associated with chronic rhinosinusitis. 17
Polymorphisms in SPINK5 gene are associated with asthma.

IFN deficiency Observed in asthmatic patients following viral infections and is associated with enhancement of respiratory 18-20
tract infections and asthma exacerbations.

SOCST & SOCS3 Increased in asthmatic patients and inhibits IFN production and enhances respiratory tract infection. 21
Polymorphisms in SOCS7 and SOCS3 are associated with asthma.

TGF Increased in BAL fluid and endobronchial biopsy specimens in asthmatic patients, inhibits IFN production 22,23
and enhances respiratory tract viral infection. Polymorphisms in the TGF-f gene are associated with asthma.

Vitamin A deficiency Associated with an increased risk of asthma and wheezing, possibly caused by decreasing IFN-y levels. 24

TLR polymorphisms Polymorphisms in several TLR genes are associated with asthma and increased susceptibility to atopy 25, 26
and infections.

MD-1 polymorphisms Polymorphism in the MD-1 gene, which encodes a protein enhancing the TLR4 signaling upon LPS stimula- 25
tion, is associated with asthma.

IRAK-M Polymorphisms in IRAK-M, which is a negative regulator of TLR/IL-1R pathways, is associated with early-onset 25,27
asthma. IRAK-M enhances respiratory tract HRV infection.

IL-15 deficiency Involved in asthma development and exacerbations. Polymorphisms in the /IL-75 gene are associated with 28

pediatric asthma.

CVID: common variable immunodeficiency; HRV: human rhinovirus; IL-1R: interleukin-1 receptor; IPEX: Immune dysregulation, polyendocrinopathy, enter-
opathy, X-linked syndrome; HAART: highly active antiretroviral therapy; HIV: human immunodeficiency virus; MD-1: myeloid differentiation-1; RSV:
respiratory syncytial virus; slgAD: selective IgA deficiency; ADAM33: disintegrin and metalloprotease domain 33; GSDMB: gasdermin B; ORMDL3: sphingo-
lipid biosynthesis regulator 3; SPINK: serine protease inhibitors of the Kazal type; SOCS: suppressor of cytokine signaling; TGF: transforming growth fac-

tor; TLR: toll-like receptor; IRAK3 interleukin 1 receptor associated kinase 3.

infections have a central role in asthma constituting a
major cause of asthma exacerbations and a significant
risk factor for asthma development [29-31]. During
infancy and childhood, recurrent infections are related
to the immaturity of the immune system and may
induce alterations of the developing lung, which can
predispose to asthma [32]. However, although infec-
tions of the respiratory tract are very common during
early life, only a minority of these affected children
eventually develop asthma. In this context, we hypothe-
size that underlying immune system defects may pre-
dispose to recurrent respiratory tract infections and
consequently to the development of asthma [32]. The
aim of the present review is to summarize the evidence
supporting the role of an impaired immune response
to infectious agents in the development of asthma.

Infections and asthma
Viral infections and asthma

Infections of the respiratory tract play a major role in
the pathogenesis of asthma as suggested by the

evidence that infants who experienced airway viral
infections during the very first months of life are at a
higher risk for developing asthma [33]. One wheezing
episode or more during the first years of life are
known risk factors for the development of asthma
[29,32,34,35]. Similarly, an increased number of
respiratory tract infections in adults represent a risk
factor for the disease, especially in atopic individuals
[30]. The atopic sensitization and the early-life wheez-
ing episodes act synergistically in asthma pathogen-
esis [6,32,34,36].

Numerous birth cohort studies have assessed the
association between viral respiratory tract infections in
early-life and asthma risk [16,31,32,37-40]. Although
this association is moderate for certain viruses [e.g.
influenza and human metapneumovirus), the associ-
ation is much stronger for respiratory syncytial virus
(RSV) and human rhinovirus (HRV) [40]. HRV infec-
tion, for instance, has been associated with early-life
and recurrent wheezing and is positively correlated
with asthma development at school-age and atopy co-
occurrence [41,42]. In mouse models, HRV has been
found to trigger an immune response in the



intrapulmonary airways, leading to airway hyperres-
ponsiveness and inflammation [43,44]. This finding
could possibly explain the role of HRV in asthma
exacerbation [6].

Moreover, HRV infection has been shown to pro-
mote the expression of several airway remodeling
mediators, increase mucin production and upregulate
the expression of genes involved in the interferon
pathway [45]. HRV infection also causes overexpres-
sion of the epidermal growth factor (EGF), possibly
leading to airway inflammation in asthmatic patients
[46]. EGF acts synergistically with some matrix metal-
loproteinases [46], with the genes encoding for these
matrix metalloproteinases also reported as candidate
genes for asthma [46]. HRV infection has also been
reported to break the tolerance to inhaled antigens in
mouse models, inducing an increase in the production
of TSLP, IL-33 and OX40 ligand [47]. However, these
effects are transient and occur during the infection
process, and thus their contribution in asthma patho-
genesis remains to be determined [48].

Classic studies by Sigurs et al. showed that RSV bron-
chiolitis, severe enough to require hospitalization, is also
a risk factor for asthma at the age of 7, 13, and 18
[35,49,50]. A recent study evaluating two large cohorts
of infants (>80,000 and >180,000) found that the popu-
lation-attributable risk for asthma contributed by infant
bronchiolitis during the RSV season was 10% and 13%.
However, in the subset of children with infant RSV-
bronchiolitis, the attributable risk was 49% and 47%
[40,51]. The relationship between RSV disease severity
and subsequent asthma inception is dose-dependent
lending support to a causal relationship [52,53].
However, Palivizumab, a monoclonal antibody (mAb)
used as RSV-immunoprophylaxis, although found to
decrease the number of wheezing days in the first year
of life [30,44], has no effect in asthma prevention
[54,55], suggesting a multifactorial cause of the disease.

The mechanism by which several respiratory infec-
tions are associated with subsequent asthma is not fully
understood but the different inflammatory responses
released after viral infections seem to play a relevant
role. The induction of a prevalent Th2-type response,
with the production of IL-4, IL-5, and IL-13, results in
a less robust and less efficient reaction to the infection,
clinically presenting as increased disease severity and
risk for future recurrent wheezing [56].

Recurrent airway infections in asthmatic patients
also result in damage of the bronchial epithelial cells
(BECs) which in turn leads to chronic airway altera-
tions and hyperresponsiveness [44]. In asthmatic
patients, during a viral infection, BECs express higher
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levels of IL-25 and IL-33, which play an important
role in the exacerbation of lung inflammation [21].
Moreover, IL-33 polymorphism is associated with
both wheezing and allergic sensitization [57].
Consequently, recurrent lung infections may have a
detrimental effect in impairing the architecture of the
lungs, predisposing to asthma [45]. Passive or active
smoking exacerbates the viral inflammation and lung
remodeling, and might act synergistically with the
catastrophic effect of the lung infection [46].

To conclude, the association between viral respira-
tory tract infections and asthma might be explained
by the presence of common pathogenic mechanism
[29,58]. An underlying immune defect could explain
both the increased burden of respiratory tract infec-
tions and asthma.

Bacterial infections and asthma

Bacterial infections play an important role in the
pathogenesis of asthma as well [59]. Bortetella pertus-
sis and chronic Chlamydophila infection have both
been associated with asthma development [60].
Mycoplasma  pneumoniae, Haemophilus influenza,
Streptococcus pneumoniae, Staphylococcus aureus, and
Moraxella catarrhalis have also been reported to cause
asthma exacerbations [45]. Chlamydia pneumonia may
increase virus-induced asthma exacerbations in add-
ition to causing airway hyper-responsiveness and
inflammation [39]. There are also reports of increased
risk for invasive pneumococcal disease in asthmatic
patients, indicating the possibility of an immune sys-
tem defect of systemic nature [61].

Another link between bacterial infections and
asthma is demonstrated by the beneficial use of the
oral bacterial extract vaccine OM-85 in the protection
from asthma [30,62]. The vaccine OM-85 has been
shown to decrease the frequency and duration of the
wheezing episodes in children and induce the produc-
tion of Thl IFNs and the activation of the inflamma-
some [30,62]. Moreover, azithromycin, possibly due to
its anti-bacterial and anti-inflammatory role, has been
shown to have a beneficial role in asthma in adult-
hood [63]. The pretreatment of BECs with azithromy-
cin, for instance, has led to increased IFN release
upon RV-1B and RV-16 infection [22].

Microbiota and asthma

The human microbiota indicates the entire content of
the human body in microbes and plays a detrimental
role in the human well-being and in the development
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of human diseases [64]. Several studies demonstrate
the key role of gut and lung microbiota in the patho-
genesis of asthma.

Early-life gut microbiota dysbiosis has been
described as a risk factor for asthma. Colonization
with Clostridium difficile in the first month of life, for
instance, as well as the increased proportion of certain
fungi e.g. Candida and Rhodotorula spp. and the
decreased amount of Bifidobacteria, Akkermansia and
Feacalibacterium in neonates has been associated with
an increased risk of asthma development [65]. A
decreased maturation of gut microbiome in the first
year of life also increases the risk for developing
asthma, especially in children with asthmatic mothers
[66]. Of importance, gut microbiota is found to shape
lung immune responses, proposing a cross-talk
between the two systems [67]. The use of prebiotic
and probiotic supplements seems to protect preterm
infants from rhinovirus infections while the adminis-
tration of  Lactobacillus acidophilus and
Bifidobacterium animalis has been associated with
reduction of the symptoms of viral respiratory tract
infection in children [67].

The study of lung microbiome revealed that
patients with asthma have a predominance of
Proteobacteria phylum in the lower lungs and a lung
colonization with pathogenic bacteria such as
Chlamydia pneumoniae and Mycoplasma pneumonia
[67]. Moreover, colonization of the respiratory tract
with S. pneumoniae, H. influenza and M. catarrhalis
in the first month of life has been correlated with
asthma development [65]. Patients with severe asthma
are found to be colonized with Klebsiella spp. and in
the case of obese asthmatics an increased proportion
of Bacteriodes/Firmicutes is observed [65]. The inter-
play between these pathogenic bacteria and viruses of
the respiratory tract may also be of significance
[45,59]. Of importance, the diversity of the respiratory
tract microbiota is inversely correlated with sensitiza-
tion to house dust mites early in life [65]. What
remains to be elucidated is whether the observed
microbial dysbiosis is a result of an underlying defect
in the immune response, which promotes the growth
of certain microbes possibly pathogenic for asthma, or
whether the altered microbiota contributes to asthma
development.

Microbiome in environment and asthma

The environment seems to play an important role in
the development of asthma as well. Amish people, for
example, who exhibit a very low incidence of asthma,

live in an environment with increased microbiome
diversity [68]. The opposite implies to Hutterine chil-
dren, as the Hutterine environment is characterized
by a decreased microbiome diversity and thus a much
lower protection against asthma [69]. It has been
demonstrated that Amish children express higher lev-
els of TNFAIP3, which downregulates several inflam-
matory pathways that depend on nuclear factor-kB
(NF-kB) [69]. On the other hand, Hutterine children
express higher levels of TRIMS, which is a positive
regulator of TNF-o and NF-kB [69]. Moreover, Amish
children have a decreased expression of HLA-DR on
monocytes and an increased immature neutrophils
from bone marrow, which might be the result of their
increased microbial exposure [69]. Innate immune
system responses might be associated with a protective
role to asthma development. This is highlighted by
the fact that MyD88 and Trif deficiency, which are
proteins important for the innate immune system sig-
naling, constitutes no protection from asthma in a
classic ovalbumin mouse model of allergic asthma,
when Amish dust extracts was inhaled [69]. It is pos-
sible that the innate immune system protective role
on asthma is mediated through the increased micro-
biome diversity of the environment, as the environ-
ment shapes the innate immune system responses
towards an anti-inflammatory manner [69].

Asthma as an immunodeficiency
Epithelial barrier impairment

The importance of an impaired respiratory tract epi-
thelial barrier in the pathogenesis of asthma has previ-
ously been highlighted in the literature [61].
Polymorphisms in genes involved in the lung epithe-
lial barrier function and tissue remodeling, including
ADAM33 and filaggrin, may impact the interaction
between the epithelial barrier and microbial patho-
gens, increasing the risk of developing asthma [15,68].
Single-nucleotide polymorphisms (SNPs) at chromo-
some 17g21 have been associated with susceptibility
to respiratory tract infections in the first years of life
and chronic inflammatory airway disease following a
viral infection [70]. In particular, 17q21 variants have
been linked to early-onset asthma and bronchial
hyper-responsiveness, in patients with HRV-wheezing
illness in the first years of life [16,71]. Moreover,
17921 variants have been associated with both asthma
and respiratory tract viral infections in children
exposed to tobacco in the first years of life [16]. Of
importance, the 17q21 variants are not associated with
atopy [15], suggesting that the genetic and



environmental mechanisms that determine atopic
asthma might be different.

The genes ORMDL3 and GSDMB, both encoded in
the 17g21 locus, are differentially expressed in asth-
matic patients as compared to healthy individuals [4].
Although the function of ORMDL3 is not yet fully
described, this gene has been reported to be involved
in lung epithelial secretory and stem cell proliferation
pathways [15,16]. GSDMB is involved in the
unfolded-protein response, which is a cellular mech-
anism triggered by a variety of stressful events such as
infection, as well as in the function of the epithelial
barrier [15]. HRV infections have been shown to
increase ORMDL3 expression, which in turn increases
viral replication and decreases repair capacity [16].
SPINK5 is another gene involved in the maintenance
and repair of the epithelia [17,72]. Polymorphisms in
SPINK5 gene have been associated with atopy and
asthma development [17]. Following a lung infection,
SPINK5 expression is downregulated in asthmatic
patients compared to healthy individuals [17]. Of
importance, loss-of-function mutations in SPINK5
gene cause the Netherton syndrome, which is a rare
autosomal recessive disorder that affects the skin and
the hair, and causes immune dysfunction [9,73].

Interferon deficiency

BECs are the first line of defense against numerous
agents. They produce type I and III IFNs, which con-
stitute an early defensive mechanism against external
pathogenic agents, including viruses [74,75]. These
cells are able to inhibit the viral proliferation as well
as the synthesis of viral proteins, and to induce apop-
tosis of the infected cell [75]. The function of BECs is
impaired in asthmatic patients [18-20,76]. In particu-
lar, they have been observed to be resistant to early
apoptosis  following a HRV-16 infection [76].
Moreover, IEN synthesis in response to infections is
decreased while the pro-inflammatory immune
response to viral infection appears to be normal [76].
The production of IFN-z, IFN-f, IFN-y, IFNA/I,
IFN/2/3, and IFN-ks are decreased in asthmatic
patients both in vitro and in vivo following RSV
infection [18-20,77]. This alteration has been observed
in both peripheral blood mononuclear cells (PBMCs)
and in macrophages from bronchoalveolar lavage
(BAL) [20]. Similar results were observed following
HRYV infections [19,77,78]. Studies show also a
decrease of IFN production upon Newcastle disease
virus infection from PBMCs and upon influenza virus
infection from purified plasmacytoid dendritic cells
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(pDCs) in asthmatic patients [20]. Of importance, the
observed IFN deficiency is associated with an
enhancement of respiratory tract infections and with
asthma exacerbations [20]. However, it has not yet
been clarified whether the IFN deficiency is a conse-
quence of the infections or a defect in the host
immune response associated with the pathogenesis of
asthma [18].

Toll-like receptors

Toll-like receptors (TLRs) constitute a family of innate
immunity receptors expressed on antigen-presenting
and epithelial cells, that recognize conserved microbial
molecules as ligands [79,80]. Following recognition,
TLRs primarily activate the innate immune system
and initiate an inflammatory response [81].
Polymorphisms in TLR2, TLR7 and TLR8 have been
linked with an increased risk for asthma [25]. SNPs in
CDI14, TLR2, TLR4 and TLR9Y genes have also been
found to modify the risk of asthma in children
exposed to country living compared to those living in
urban environment [26]. TLRs polymorphisms associ-
ated with asthma have also been associated with sus-
ceptibility to infections and atopy [25]. Polymorphism
in the Myeloid differentiation-1 (MD-1) gene which
encodes a protein enhancing the TLR4 signaling upon
LPS stimulation, has been associated with both pediat-
ric- and adult-onset asthma [25]. Moreover, SNPs in
IRAK-M, which is a negative regulator of TLR/IL-1R
pathways, is correlated with early-onset asthma [25].
More studies are needed to shed light on the func-
tional impact of these polymorphisms to the patho-
genesis of asthma.

Concluding remarks

Asthma is a chronic heterogeneous disease, resulting
from a complex interplay between genetic and envir-
onmental factors [16]. Both viral and bacterial infec-
tions of the respiratory tract constitute a major risk
factor for asthma development and exacerbations,
having a causal role in the pathogenesis of the disease
(Figure 1). Several defects in the respiratory tract epi-
thelial function as well as in the interferon and TLR
response have been associated with asthma. A com-
mon denominator of these immune system defects is
the increased susceptibility to infections, possibly
explaining the increased infectious burden in asthma.
Whether the reported immune system defects are
causally related to the pathogenesis of asthma or
rather a consequence of the disease remains to be
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Normal airway

ik respiratory tract infections

Asthmatic airway

1. Epithelial barrier defect
2. Interferon deficiency
3. TLR signaling defect

4. Microbiota dysbiosis

atopic sensitization

>

1. Airway inflammation

2. Mucin production

3. BECs damage

4. Airway hyperresponsiveness
5. Airway remodeling

Figure 1. The effect of recurrent respiratory tract infections in the airway. Several factors affecting the immune response following
a respiratory tract infection are associated with asthma development. Recurrent respiratory tract infections, which act synergistically
with the atopic sensitization, alter airway architecture and predispose individuals to asthma. BECs: bronchial epithelial cells; TLR:

toll-like receptor.

elucidated. Further studies are required to investigate
the role of immunodeficiency on asthma development
and to explore additional pathogenic pathways for the
implementation of asthma prevention and tar-
geted treatment.
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