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Antenatal and preschool factors are key in determining the progression to pre-school

wheeze and eosinophilic school age asthma. The conventional view of eosinophilic

asthma is that airway inflammation is the fundamental underlying abnormality, and airway

inflammation and hyper-responsiveness are secondary; in fact, these three are parallel

processes. Very early structural changes, independent of inflammation and infection,

are associated with early airway hyper-responsiveness and later adverse respiratory

outcomes. There is a bidirectional relationship between structural airway wall changes

and airway inflammation, with airway contraction per se leading to the release of growth

factors, and inflammatory pathways promoting airway remodeling. Early viral infection

(and increasingly being appreciated, bacterial infection) is important in wheeze outcomes.

There is evidence of abnormal immune function including cytokine release before the

onset of viral infections. However, viral infections may also have prolonged effects on the

host immune system, and the evidence for beneficial and adverse effects of viral infection

is conflicting. In older children and adults, asthmatic epithelial cells show impaired

interferon responses to viral infection, but only in the presence of uncontrolled type

2 inflammation, implying these are secondary phenomena. There are also compelling

data relating the innate immune system to later asthma and atopy, and animal studies

suggest that the effects of a high endotoxin, microbiologically diverse environment may

be modulated via the epithelial alarmin IL-33. Whereas, previously only viral infection

was thought to be important, early bacterial colonization of the upper airway is coming

to the fore, associated with a mixed pattern of TH1/TH2/TH17 cytokine secretion,

and adverse long term outcomes. Bacterial colonization is probably a marker of a

subtle immune deficiency, rather than directly causal. The airway and gut microbiome

critically impacts the development of Type 2 inflammatory responses. However, Type 2

inflammatory cytokines, which are critical both to progression from pre-school wheeze to

eosinophilic asthma, and sustaining the eosinophilic asthmatic state, are not implicated

in the very early development of the disease. Taken together, the evidence is that the

earliest cytokine and chemokine signals will come from the study of bronchial epithelial

cell function and their interactions with viruses and the microbiome.
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Bush Asthma Biomarkers

INTRODUCTION

The Lancet commission defined asthma as a clinical umbrella
term, like arthritis, and anemia, comprising combinations of
wheeze, chest tightness, breathlessness, and sometimes excessive
cough (1). The term “asthma” is thus the start, not the finish
of the diagnostic journey, and the next question is, “what sort
of “asthma” are we considering”? For the purposes of this
chapter I will consider the two commonest pediatric asthmas;
(a) non-atopic episodic pre-school wheeze (characterized by
fixed and variable airflow obstruction, no eosinophilic airway
inflammation, but recurrent viral and bacterial infection) and
(b) atopic allergic school age asthma (also fixed and variable
airflow obstruction, but dominated by eosinophilic airway
inflammation). It should be noted of course that although much
non-atopic episodic wheeze remits by school age, this is not
necessarily the case, and persistence into the teenage years,
without progression to atopic wheeze, is well-described. The key
questions are (1) how can we predict which babies will start to
have acute, episodic wheeze, and (2) how do we prevent non-
atopic pre-school wheeze progressing to atopic allergic school age
asthma? What we want is objective biomarkers to define at risk
infants, knowledge of the endotypes driving disease progression
and treatment strategies to prevent this happening. Although
these questions are the focus of much research activity, we do
not know any of the answers, so any discussion as to whether
measurements of cytokines and chemokines will be helpful will
of necessity be speculative. Hence the purpose of this chapter is
to indicate areas which may be a fruitful hunting ground, rather
than to provide definitive answers.

A major part of the problem is the lack of data on the
normal development of immune and epithelial function and
the interaction with the evolving microbiome, in large measure
due to the difficulty of obtaining relevant biological samples in
normal children. Without knowledge of normal developmental
pathways, and cytokine and chemokine expression, it is
difficult to interpret disease states. This lack is currently being
addressed (below).

THE PATHOPHYSIOLOGY OF

EOSINOPHILIC ASTHMA

The traditional model of school age and adult asthma is that
airway inflammation drives both airway hyper-responsiveness
(AHR) and airway remodeling. This simplistic view has
been challenged by studies showing that neither AHR nor
inflammation at baseline (2, 3) have any close correlation.
Also, change in AHR and change in inflammation with
treatment such as omalizumab (4) and infliximab (5), do not
correlate. Furthermore, the evidence is that airway remodeling
as conventionally described (increased reticular basement
membrane thickening, increased airway smooth muscle, goblet
cell hyperplasia, and increased bronchial circulation, for
example) correlates with the extent and duration of inflammation
(6, 7); the best evidence is that these are parallel processes. Thus,
it would be a fundamental error to look for biomarkers of future

asthma solely in inflammatory pathways. Indeed, as discussed
below, Type 2 inflammation, although the hallmark of much
school age and later asthma, is a late arrival on the airway scene.

THE FIRST STEPS: EPISODIC

VIRAL WHEEZE

The first signal of airway disease in virtually all babies is
wheezing with a usually clinically diagnosed acute respiratory
viral infection. Depending on the diagnostic fashion of the
region, this may be labeled episodic viral wheeze (although
strictly, bacteria may also have an important role to play,
see below), bronchiolitis, or viral pneumonia. Many of these
babies remit, but some go on to atopic allergic eosinophilic
asthma in school age. Factors driving persistence of wheeze
include severe acute attacks of wheeze and multiple aeroallergen
sensitization (8, 9). The endotypes driving these wheezing
phenotypes are unknown, and one can only speculate about any
role of cytokines and chemokines in triggering the disease or
leading to its progression. However, although endotypes are not
known, there are data suggesting where there may be fruitful
areas of enquiry. These include the role of antenatal structural
changes in the airway, the innate immune system, the immune
response to viral infection, and interactions with the evolving
airway and gut microbiome, considered in more detail below.
Finally, although traditionally acute wheeze is thought related to
early respiratory virus infection, there is mounting evidence that
bacterial infection may also be important, although the nature of
the relationship between bacterial infection, viral infection and
wheeze is still controversial.

Is There a Role of Very Early Structural

Airway Changes in the Pathophysiology of

the Asthmas?
Numerous animal studies have demonstrated that adverse
intra-uterine effects (usually nicotine, signaling through
the α7 nicotinic acetylcholine receptor) alter the structure
of the developing fetal lung, including increasing collagen
deposition (10), up-regulating MUC5AC expression (11), airway
lengthening and reduction in caliber (12), abnormal airway
branching (13), and failure of alveolar development leading to
early emphysema (14) and loss of the alveolar guy ropes which
stabilize the airway (15). In one study (12), the post-natal readout
was AHR, in the absence of any inflammation or airway infection.
Three groups measured AHR in new-born babies (16–18), before
any significant viral infection, and presumptively before the
onset of eosinophilic inflammation. All three showed that AHR
was associated with long term adverse respiratory outcomes,
including a greater risk of being given a diagnosis of asthma.
Indeed, in one study, AHR was a stronger predictor of asthma
age seven than airway obstruction at birth (18).

How might structural changes per se lead to AHR? There
are at least two potential mechanisms which are not mutually
exclusive. The first is altered airway dimensions, with airway
narrowing, and elongation leading to increased resistance (which
has been shown to occur in animal models, above), resulting in a
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bigger signal than in a structurally normal airway if resistance is
increased still further by another stimulus. The second is the loss
of the airway stabilizing effect of the delicate alveolar tethering
points which hold open the airways by the phenomenon of
interdependence, which has also been demonstrated in animals
and humans (15, 19). Neither seems likely to have a cytokine or
chemokine based signal, or at least, not one that is known.

Human studies are also informative. In a follow up study
of infants with really severe wheeze who underwent airway
biopsy at 30 months of age (20), increased airway smooth
muscle, but not eosinophilic inflammation or reticular basement
membrane thickening, was predictive of a school age asthma
diagnosis (21). Another follow up study also failed to implicate
eosinophilic inflammation as a marker of future asthma risk;
there were insufficient biopsies for smooth muscle to be assessed,
but reticular basement membrane thickness was predictive of a
subsequent asthma diagnosis (22, 23).

Is it biologically plausible that structural changes signaling
through AHR, could be the primary initiating abnormality
leading to asthma, or at least the early loss of lung function which
is one of the hallmarks of the disease? A study in adult asthma
patients compared the effects of bronchoconstrictor challenges
with methacholine (which is not pro-inflammatory) and house
dust mite (which causes eosinophilic airway inflammation as
well as bronchoconstriction) (24). Methacholine challenge led
to structural changes in the airway without causing any airway
inflammation. These included reticular basement membrane
thickening, increased epithelial expression of Transforming
growth factor (TGF) β and Ki67 and increased epithelial
PAS positivity. The effects of methacholine were blocked by
salbutamol, which prevented bronchoconstriction. It has been
hypothesized that phasic contraction and relaxation of the
developing fetal airway is an important drive to the release
of growth factors important for lung development (25–27).
In lung slices, bronchoconstriction-induced remodeling can be
demonstrated and abrogated by PDE4 inhibitors and anti-
muscarinic agents (28). So I hypothesize that early abnormal
AHR leading to structural airway changes via the release of
cytokines, chemokines and growth factors is a key initiator of
airway remodeling, and searching for biomarkers in families of
growth factors, including TGF-β and insulin-like growth factor,
may be fruitful (29).

There is likely a subsequent bi-directional interaction
between the airway wall and inflammation, with links between
type 2 inflammation in particular, and structural airway
wall changes. One example, which again draws attention
to the epithelium, is the alarmin IL-33-epithelial growth
factor (EGF) pathway. As a result of allergen sensing, IL-
33 is released and signals through lineage negative innate
lymphoid cells through the ST-2 receptor. These cells also
bind amphiregulin, a bi-functional growth factor which may
induce cell proliferation or differentiation. A number of studies
have demonstrated the importance of this axis in children
with asthma. There is a correlation between IL-33 positive
cells in the submucosa and reticular basement membrane
thickness in children with severe therapy resistant asthma (30).
Innate lineage negative cells (ILC), in this case Type 2 are

increased in bronchoalveolar lavage (BAL) from children with
severe asthma, compared with controls being investigated for
recurrent infection (31). Increased sputum amphiregulin and
EGF in pediatric asthma correlate with AHR and sputum
eosinophilia (32, 33). The expression of EGF receptor is
increased in asthmatic bronchial epithelium (34). However, it
seems likely that these pathways are more important in the
propagation of asthma, rather than its inception, given that
allergic sensitization and Type 2 inflammation are not early
features of wheeze (below).

The Immune Responses to Respiratory

Viruses and Subsequent Wheeze
The question of whether particular viral infections “cause”
subsequent eosinophilic asthma in children who otherwise would
not have the disease is discussed in detail below. This section
focuses on the early factors leading to acute wheeze with
respiratory viral infections.

Firstly, pre-existing structural airway changes are important
determinants of viral induced respiratory illness. Pre-existing
airway obstruction was demonstrated in the Perth cohort in
babies hospitalized for bronchiolitis, and this tracked into
mid-childhood (35). It is certainly biologically plausible that
wheezing is more likely to be detected clinically if there
is inflammation and oedema in a pre-narrowed airway. But
there is also evidence of altered ante-natal immunological
responses in those who subsequently wheeze with viral infections.
The COAST study recruited 285 newborns and measured
peripheral blood mononuclear cell (PBMC) cytokine secretion to
phytohaemagglutinen (PHA) stimulation at birth (cord blood)
and 1 year of age (36). They documented respiratory viral
infections by culture and PCR. Those with multiple viral
infections had less marked interferon (IFN)-γ responses in cord
blood PBMC to PHA stimulation, and less decline over a year
in such IFNγ responses. The effects of maternal smoking in
pregnancy (a known association of more severe respiratory viral
infection in the baby) have also been studied. Cord blood PBMCs
from infants of mothers who smoked in pregnancy showed
increased proliferation to stimulation by HDM (37). The Perth
group (38) showed that the babies of mothers who smoked in
pregnancy had reduced responses of toll-like receptors (TLR) to
their ligands, specifically reduced TLR2 responses to IL-6, IL-10,
and TNF-α and reduced TLR3 and 4 responses to TNF-α. The
TLR9 pathway showed reduced IL6 responses, but an increased
response to stimulation with IFN-γ. Thus, there are clear cut
data that there are immunological abnormalities before any direct
exposure to viral infection or respiratory treatments in babies
who go on to wheeze with viral colds. However, these are very
descriptive studies, and it is unclear how these abnormalities
relate to future respiratory outcomes, or whether in fact they
are merely markers of a more fundamental process. However,
more sophisticated cord blood studies may allow delineation of
at-risk populations and also endotypes of disease. Certainly cord
blood cytokine and chemokine PBMC studies, combined with
transcriptomics and other more sophisticated molecular tests,
look to be a promising area for predicting the risk of asthma.
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We now know that the epithelium, far from being a mere
passive barrier, has many sensory functions as the first site of
interaction with micro-organisms and pollutants, and is the
source of numerous cytokines and growth factors. Initial studies
in adults with asthma have shown that there are impaired
anti-viral mucosal responses, with deficient release of type I
interferon-β and type III interferon-λ in response to rhinovirus
stimulation (39, 40), and this was confirmed in children with
severe asthma (41, 42). What is not known is whether this is a
primary abnormality or secondary to repeated viral infections or
iatrogenic secondary to treatment. However, the fact that IFN
responses are normal in well-controlled asthma (43) suggests that
the abnormalities previously described relate to the inhibitory
effect of Type 2 inflammation (44, 45). This is the likely
mechanism whereby inhaled corticosteroids (ICS) reduce the
frequency of asthma attacks in atopic, school age children
(46). Hence abnormalities in the epithelial IFN pathways seem
an unlikely cause of progression from pre-school wheeze to
asthma, but are more likely a later phenomenon related to
Type 2 inflammation.

There are limited data on airway epithelial cell function
at birth and later wheeze outcomes. In one study, nasal
epithelial cells were harvested in newborns as a surrogate for
the lower airway (47). They were followed up by parental
questionnaire to determine wheeze outcomes. Ninety-one of 139
questionnaires were returned, of whom there were 16 children
who had ever wheezed and 11 who had recently wheezed.
When compared to those with no recent wheeze, supernatants
from cultured neonatal airway epithelial cells taken at birth
from the children with recent wheeze had reduced IL-8 release
after stimulation with culture medium alone, TNF-α/IL-1β and
lipopolysaccharide. The cells also exhibited reduced release of
IL-6, GM-CSF, and ICAM-1 on stimulation with TNF-α/IL-
1β and reduced release of ICAM-1 and RANTES after house
dust mite stimulation. Unfortunately, IFN responses to viral
stimulation were not studied. Although this study has weaknesses
(small numbers, reliance on parental report of wheeze, no
wheeze phenotyping, the inevitable requirement to assume that
upper airway epithelial cells are a good surrogate for lower), it
nonetheless provides important proof of concept that epithelial
cell function is abnormal at birth in children who go on to
wheeze. A subsequent study (48) in older children (up to age 16
years) showed that, at baseline, nasal epithelial cells from children
with a history of wheeze produced significantly less IL-8, IL-6,
MCP-1, and G-CSF, but not VEGF, RANTES, MMP-9, or TIMP-
1, than healthy controls. After stimulation with IL-1β and TNFα,
cells from children with current wheeze produced significantly
less IL-8, IL-6, and MCP-1 than control children, but release
of G-CSF, VEGF, MMP-9, and TIMP-1 was similar. Of note,
wheeze but not atopy was the only predictor of cytokine release.
Taken together, these lines of evidence suggest that abnormal
epithelial cytokine release is important in wheeze, and a search
for endotypes to asthma in the epithelium may be fruitful.
Furthermore, at least in established wheeze and asthma, we
know that the epithelium is damaged, with evidence of increased
epithelial loss (49), increased shedding of epithelial cells in
BAL (50), increased EGFR expression in bronchial biopsies

(51), and a reduced wound-healing ability despite elevation in
plasminogen activator inhibitor-1 (52), again suggesting that
epithelial function may hold the key to predicting future risk
of asthma.

Although there are compelling data of pre-existing immune
abnormalities in children who go on to wheeze with respiratory
viruses, there may be subsequent interactions between viral
infections, and the host immune responses, and disease
pathogenesis. Theoretically, such interactions could be beneficial,
reducing the risk of future viral infection and wheeze, or adverse,
and the evidence is conflicting. If these endotypes could be
discovered, in particular epithelial cytokine responses to viral
infections could be a marker to understand the pathways to
progression or remission of pre-school wheeze.

In favor of a beneficial effect of early viral infections is
one interpretation of David Strachan’s original observation (53),
confirmed many times in different contexts and by different
groups, that the greater the number of older siblings, the less
likely the child was to have atopic disease (“Hygiene hypothesis”).
This could be because the youngest child acquires more early
respiratory viral infections from the siblings. In support of
this, there is a protective effect for firstborn infants who are
placed early in a child care facility (54). In this regard, there
is at least some biological plausibility that early inflammation
may be protective from murine skin studies (55). Skin barrier
function is maintained by epithelial stem cells. In this report,
the investigators demonstrated that there was a prolonged
memory to early acute inflammation which resulted in the
stem cells restoring barrier function after subsequent tissue
injury more efficiently, independent of macrophages or T cells.
The mechanism is likely the maintenance of chromosomal
accessibility at key stress response genes which were activated by
the initial stimulus, allowing genes governed by these domains
to be transcribed more rapidly in response to subsequent
challenge. The absence of AIM2, caspase-1 and IL-1β prevents
this protective effect.

However, there is also evidence of a harmful effect of early
viral infections on longer term immunological responses. A
large randomized controlled trial of RSV prophylaxis with
palivizumab showed reduction in viral wheeze even outside the
RSV season (56), implying RSV infection hadmore than transient
acute effects. There are a number of potential cytokine based
mechanisms whereby RSV infection may impact future Type
2 inflammation. For example, infection of a neonatal but not
adult murine model with RSV induced rapid IL-33 expression
and an increase in ILC2 numbers; this was not observed in
adult mice (57). Treatment with an anti- IL-33 monoclonal
abrogated AHR, Type 2 inflammation, airway eosinophilia, and
mucus hypersecretion. IL-33 receptor knockout mice were also
protected. Interestingly, treatment of adult mice with IL-33
returned the effects of RSV infection to those of infancy; how
adult mice suppressed a harmful IL-33 response is not known.
Infants hospitalized with RSV had elevated IL-33 and IL-13
in nasal aspirates, levels of which declined during recovery.
This gives a possible mechanism linking IL-33 and ILC2s to
future asthma after RSV infection. Physiologically, lung epithelial
cells inhibit T-cell proliferation; this braking effect is lost upon
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stimulation with RSV or poly (I:C), another potential pathway
whereby RSV may switch on Type 2 inflammation (58, 59).

An important birth cohort study measured viral infection
and immune responses in nasal lavage, and related these to
the specific virus identified and wheeze outcomes over the
following 2 years (60). Briefly to summarize a huge amount
of data, they showed that in RSV but not RV infected infants,
an immune pattern characterized by down-regulation of IFN
pathways, and upregulated Type-2 and -17 pathways were
associated with recurrent wheeze in the succeeding 2 years.
Growth factors and chemokines were central to RV immune
responses. However, it should be noted that in the COAST
study, the strongest associations between early viral infection
and subsequent asthma were for RV, and not RSV infection
(61, 62). Hence perhaps of more relevance was a report from
the Manchester, UK Birth Cohort relating RV cytokine responses
of peripheral blood mononuclear cells, admittedly perhaps a
less relevant cell type (63). They measured 28 cytokines after
stimulation with RV-16 in 307 children aged 11 years, using
machine learning to relate patterns of cytokine responses to
clinical outcomes, using longitudinal models. There were six
clusters of children based on their rhinovirus-16 responses, which
were differentiated by the expression of four cytokine/chemokine
groups (IFN-related, proinflammatory, Type 2 chemokine, and
regulatory). They found that early-onset troublesome asthma
with early-life sensitization, later-onset milder allergic asthma,
and protection from wheeze were each associated with different
patterns of immune responses to RV. Of course, it would have
been of more interest to know whether these cytokine responses
preceded viral infections, and whether they were present in early
life. Nonetheless, taken together, these studies suggest that the
early cytokine responses to respiratory viral infection may be
important in the later development of both early episodic viral
wheeze and later eosinophilic, atopic asthma. It is also worth
noting that RV and RSV infection is virtually universal in infancy,
and the vast majority of those afflicted do not develop any later
airway disease (64); study of protective pathways may open novel
therapeutic avenues.

The Role of Innate Immunity in Subsequent

Wheeze
One of the striking challenges in understanding asthma
pathophysiology is the repeatedly replicated finding of a low
prevalence of asthma and atopy in babies born into farming
families and brought up on the farm (65, 66). This has been
related to environmental microbial diversity and endotoxin
levels (66). A recent study has provided powerful evidence that
the innate immune system may modulate these effects, and
thus measuring innate immune signature cytokines could be a
useful biomarker of asthma risk (67). The Amish and Hutterite
peoples, who are genetically almost identical, immigrated to
the USA from Europe more than 200 years ago. The Amish
retained very traditional farming methods, and as expected, had
a much lower prevalence of asthma and allergic sensitization
than the Hutterites, who have switched to modern methods (5.2
vs. 21.3% and 7.2 vs. 33.3%, in Amsih and Hutterites for asthma

and allergic disease, respectively). The Amish environment
had much higher dust endotoxin levels as expected. Increased
environmental bacterial and fungal diversity also appears to
be beneficial. Compared to the Hutterites, Amish children
had increased peripheral blood neutrophils, and reduced
eosinophils; monocyte counts were similar. Amish neutrophils
expressed lower levels of the chemokine receptor CXCR4 and
the adhesion molecules CD11b and CD11c, probably because
they had recently exited the bone marrow. Amish but not
Hutterite monocytes showed a suppressive phenotype, with
lower levels of human leukocyte antigen DR (HLA-DR) and
higher levels of the inhibitory molecule immunoglobulin-like
transcript 3 (ILT3). There was no difference in regulatory T-cell
(Treg) numbers. After innate (lipopolysaccharide) stimulation
of peripheral blood leucocytes, 22 cytokines [Interleukin
(IL)−17,−33,−31,−25,−27,−4,−5,−22,−2,−15,−10,−9,−13,
1β,−6,−28A,−23,−12p70, and IFN-γ, TNFα, MUP3a, and
GM-CSF] were detectable, with the median levels of each being
lower in the Amish children than in the Hutterite children. After
adaptive immune pathway stimulation (combined anti-CD3
and anti-CD28 antibodies), there was no difference between the
populations. The gene expression profiles of peripheral blood
mononuclear cells were also strikingly different, with 1,449 genes
differentially up-regulated in the Amish children and 1,360 genes
up-regulated in the cells of Hutterite children. These differentially
expressed genes were organized into 15 co-expression modules.
The most significant network contained 43 genes and was
associated with Amish and Hutterite status, and thus peripheral
blood neutrophil and eosinophil counts. Eighteen of these genes
were overexpressed in the Amish and were clustered in a network
with hubs tumor necrosis factor (TNF) and interferon regulatory
factor 7 (IRF7), both proteins being key to the innate immune
response to microbials. These results were taken forward in the
conventional murine allergic airway disease model. House dust
extracts from Amish and Hutterite homes were administered
intranasally, and bronchoalveolar lavage (BAL) obtained, and
AHR measured. Hutterite dust exacerbated ovalbumin induced
BAL eosinophilia and AHR. However, Amish dust extracts
inhibited ovalbumin-induced AHR, BAL eosinophilia, and
elevation of serum ovalbumin-specific IgE. All measured BAL
cytokines were suppressed by Amish dust inhalation. MyD88
and Trif are two molecules critical in multiple innate immune-
signaling pathways, and mice deficient in these molecules failed
to show any Amish dust induced protection. These results
were taken forward in a further murine experimental study
(68). Both recombinant IL-33 (rIL-33) and allergen (house
dust mite or Alternaria alternata) exposure from day 3 of life
led to significantly increased pulmonary IL-13+CD4+ T cells,
without which AHR did not develop. House dust mite exposure
of neonatal IL-33−/− mice was still sufficient to cause AHR.
However, neonatal mice in whom IL-13+CD4+ T cells had been
knocked out which were exposed to allergen from day 3 of life
did not develop AHR despite persistent pulmonary eosinophilia,
elevated IL-33 levels, and IL-13+ ILCs. Importantly, neonatal
mice did not develop AHR when given inhaled Acinetobacter
lwoffii (found in the environmental of cattle farms, and known
to protect from childhood asthma) was co-administered with
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HDM. A. lwoffii prevented pulmonary IL-13+CD4+ T cells
increasing in numbers, but had no effect on IL-13+ ILCs and
IL-33. The importance of these data for this chapter are two-fold;
first, they provide a novel pathway whereby environmental
bacteria may abrogate asthma risk; and secondly, they suggest
that the alarmins, although important in established pediatric
asthma, may not be as relevant to its inception, or at least, may
be one of a number of important factors.

An opportunistic study also implicated innate immunity; 64
children diagnosed with autoimmune neutropenia in the first
year of life were compared with 415 controls matched for age,
gender, indoor passive smoke exposure (69). There was no
difference in the prevalences of asthma or eczema in first degree
relatives. One of the neutropenic children developed wheeze,
compared with 9.9% of the controls. Interestingly, 3 neutropenic
patients developed school age wheeze, but only after resolution
of neutropenia, suggesting that without neutrophils, early pre-
school wheeze does not develop, and the infant appears to be
protected against subsequent asthma.

Taken together, these data suggest an important role in
innate immune function and signaling pathways in the early
pathophysiology of asthma. These pathways also show potential
for therapeutic intervention.

What Are the Roles of Early Bacterial

Infection?
Traditionally, bacterial infection has not been thought to have
a role in the pathophysiology of asthma or acute wheeze.
However, a landmark study (70) showed that children
with positive hypopharyngeal cultures for Streptococcus
pneumoniae, Haemophilus influenzae,Moraxella catarrhalis, and
Staphylococcus aureus in very early infancy were more likely
to have persistent wheeze and acute severe attacks of wheeze,
and elevated blood eosinophil count and total but not specific
IgE. Reversible airflow obstruction and an asthma diagnosis
aged 5 years was also commoner in those colonized as babies.
Clearly it could be argued either that bacterial colonization
was causal, or that it was a marker of a low grade immune
deficit which predisposed both to neonatal infection and also
independently, to subsequent asthma. In a subsequent study
(71), the mucosal immune response to these colonizing bacteria
was determined by collecting nasal lining fluid. There was no
clearly understandable immune signature. M. catharralis and H.
influenza were associated with a mixed TH1/TH2/TH17 picture
with high levels of IL-1β, TNF-α, and MIP-1β, and a subsequent
increased risk of asthma aged 7 years (72, 73). St. aureus was
associated with a TH17 profile and elevated IL-17; of note, there
was no signal with S. pneumoniae colonization. Subsequent
work on outcomes in colonized children has shown that they
have increased troublesome non-specific respiratory symptoms
(74), an increased risk of bronchiolitis and pneumonia (75), and
interestingly, have low grade systemic inflammation as shown by
an elevated hs-CRP (76). Furthermore, children given a diagnosis
of asthma at age 7 years were shown to have increased levels of
IL-5 and IL-13 when their peripheral blood mononuclear cells
harvested at age 6 months were stimulated with H. influenzae,

M. catarrhalis, and S. pneumoniae, and also increased IL-17 and
IL-10 when stimulated by H. influenzae and M. catarrhalis, but
not S. pneumoniae (72, 73). The COPSAC data have also been
confirmed in a different cohort (76), in this case implicating
pneumococcal colonization.

Of note, there are important interactions between bacteria and
RSV in preschool respiratory illness. The RSV G glycoprotein
promotes adherence of S. pneumoniae to respiratory epithelium,
which associates with increased severity of wheeze attacks (77).
Conversely, co-infection with RSV and either Haemophilus
influenza or S. pneumoniae leads to increased expression of
IL-6 and IL-8 in nasal secretions, and increased expression of
signaling pathways associated with macrophage and neutrophil
signaling (78). Further evidence of the importance of the
interactions between RSV and the airway microbiome, this
time apparently signaling through metabolic pathways,
came from a multicenter study of hospitalized infants (79).
The investigators showed that a panel of 25 metabolites,
most strongly correlated with the relative abundance of S.
Pneumoniae, predicted disease severity as shown by the need for
positive pressure ventilation. Of these pathways, sphingolipid
metabolites showed the most significant correlation. Whether
these metabolites were causal of disease severity, or a marker
of another, cytokine, or other factor driven pathway which
was responsible for the more severe clinical course, could not
be determined.

There is at least some mechanistic data as to how bacterial
infection could lead to Type 2 inflammation (80). In a nasal
polyp model, S. aureus increased expression of the epithelial
alarmins IL-33, and TSLP, and the Type 2 cytokines IL-
5, and IL-13. TSLP and IL-33 receptor expression, which
was predominantly on CD3+ T cells, was also increased.
However, S. aureus led to the release only of TSLP from
inferior turbinate tissue. S aureus infection of BEAS-2B epithelial
cells led to the release of IL-33 and TSLP together with
activation of NF-κB (nuclear factor κB) pathways, and this
was inhibited by specific TLR-2 antagonists (IL-25 was not
measured). Hence one could propose a model whereby a
subtle mucosal or more likely systemic immune defect led
to an inability to clear bacteria from mucosal surfaces, and
these bacteria subsequently activate alarmins, and drive a TH2
response via TLR-2 to lead to subsequent atopic, allergic asthma.
However, and not mutually exclusively, this hypothetical defect
could lead to asthma by leading to a dysregulated response
to allergens.

Taken together, these data suggest that an aberrant
immunological response is the primary event underlying
early bacterial colonization, which event independently leads
to asthma. This view is consistent with the COPSAC data,
which showed that the number of respiratory infections in the
first year of life is the most important predictor of subsequent
airway disease, but there is no association with a particular viral
or bacterial pathogen (81). If this is the case, then predictive
cytokine biomarkers for asthma could be discovered by in vitro
stimulation of nasal epithelial cells (which are easily obtained
by brush biopsy even in young infants) or peripheral blood
mononuclear cells.
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The Airway and Gut Microbiome and

Inflammatory Cytokine Responses
There is far less information on the role of the developing gut
microbiome, merely tantalizing hints of important interactions
but no unifying hypothesis. In a murine model, animals raised
in germ-free conditions had exaggerated Type 2 inflammatory
responses to subsequent house dust mite challenge compared
to control mice (82). There were no effects on IL-10 or
IFN positive cells. Other findings included lower IgA in the
BAL of germ-free mice, increased numbers of basophils, but
decreased alveolarmacrophages and plasmacytoid dendritic cells;
Tregs were unaffected. These changes were reversed by re-
constituting the mice with specific pathogen free microbes. The
developmental importance of the airwaymicrobiomewas studied
in another murine model (83). Newborn mice exposed to house
dust mite developed marked type 2 airway inflammation and
AHR despite the presence of Tregs. In the first 14 post-natal
days, the nature and quantity of the bacterial load in the lungs
changed, with increased bacterial phyla and a change from
Gammaproteobacteria and Firmicutes being the predominant
organisms toward Bacteroidetes. These changes were associated
with decreased aeroallergen responsiveness and the emergence
of a Helios(−) Treg cell subset that required interaction with
programmed death ligand 1 (PD-L1) for development. The
newborn pattern of responses to allergens could be extended into
adult life by preventing microbial colonization or blockade of
PD-L1 in the first 2 weeks of life, whereas adoptive transfer of
Tregs from adult mice to neonates before aeroallergen exposure
abrogated Type 2 inflammation and AHR. Hence the reduction
in susceptibility to allergen challenge required the development
of a normal microbiota.

The importance of the early microbiota is suggested by studies
relating mode of delivery to subsequent atopic disease. Vaginal,
but not cesarean delivery results in the infant being exposed to
and colonized by the maternal vaginal and fecal flora (84), and
is associated with reduced risk of atopy and food allergy (85–87).
This is not necessarily an argument for home delivery, but infants
of atopic parents delivered vaginally at home had reduced risks of
eczema (odds ratio 0.52, 95% confidence intervals 0.35–0.77) and
asthma (0.47, 0.29–0.77) (88). S. pneumoniae (89), E. coli (90),
and Helicobacter (91) have all been shown to modulate airway
immune and inflammatory responses.

The infant gut microbiota, as well as that of the airway, is
important. Clostridium difficile isolation from stools at 1 month
of age was associated with wheeze and eczema at 6–7 years
of age (88). In another murine study (92), the importance of
the gut-lung axis signaling through the interactions between
diet and gut bacteria to alter the ratio of Firmicutes to
Bacteroidetes. The gut microbiota metabolized dietary fiber, with
the result that the concentration of circulating short-chain fatty
acids (SCFAs) increased, leading to protection against allergic
inflammation in the lung; a low fiber diet had the opposite effects.
SCFA propionate treatment resulted in enhanced bone marrow
generation of macrophage and dendritic cell (DC) precursors.
The end result in the lungs was an increased DC population
which were highly phagocytic and also impaired the ability

to promote type 2 cell effector function, signaling through G
protein-coupled receptor 41 (GPR41, also known as free fatty
acid receptor 3 or FFAR3).

Finally, in terms of established adult and school age asthma,
there is clear evidence of an abnormal airway microbiome (93),
although as ever, it is impossible to dissect out the effects of
recurrent infection, wheeze attacks and their treatment from
those of disease. However, this is at least strong supportive
evidence of the importance of microbiota-associated pathways.
As yet, more detail is needed before we can determine whether
the signaling pathways are cytokine based, or via the release of
bacterial metabolites, or some other pathway(s).

Is There a Role for Type 2 Inflammation in

the Initiation of Allergic Atopic Asthma?
A number of lines of evidence show that the onset of Type 2
inflammation is a late phenomenon, as part of established atopic
allergic asthma, and therefore looking for markers of future
asthma in this pathway is highly unlikely to be fruitful.

Although it is well-known that low-dose ICS are superb
treatment for atopic allergic asthma in school age children
and adults, three well-constructed randomized controlled trials
showed that early initiation of ICS either as regular therapy
(94, 95) or intermittently during acute pre-school wheeze (96) are
not disease-modifying and do not prevent progression to school
age, atopic allergic asthma. This also ties in with histopathological
and physiological data. Two cross-sectional studies of young
children with wheeze sufficiently severe to justify referral to a
specialist Children’s Hospital for invasive investigation (20), the
first in infants and the second at pre-school age shed light on
the evolution of airway histology from normal to the typical
inflamed, remodeled airway of allergic school age asthma. The
study in infants (median age 12 months) investigated in Helsinki
Children’s Hospital (20), showed that even atopic children with
documented reversible airflow obstruction had no evidence of
airway inflammation or remodeling. In the second study (20),
infants with confirmedwheeze at amedian age 30months already
had evidence of reticular basement membrane thickening and
eosinophilic airway inflammation. In terms of physiology, infants
who go on to have persistent wheeze lose lung function, never to
regain it, during the time period that remodeling and eosinophilic
inflammation develop.

A novel study, which challenges preconceptions about early
wheeze reported on a group of infants with symptoms of
sufficient severity to merit a clinically indicated bronchoscopy
(97). The infants were categorized into episodic and multiple
trigger wheeze clinically; however there was no relationship
between clinical symptoms and any allergic or inflammatory
marker. Interestingly, analysis of the microbiota showed two
distinct clusters: a M. catarrhalis positive, neutrophilic group,
and a mixed culture, lymphocyte and macrophage predominant
group. More work is needed, but these data again suggest that
infection and the host response may be key in initiating airways
disease, and therein are cytokine and chemokine predictors of
asthma to be found.
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Given that numerous studies in asthmatic patients treated
with high dose steroids have shown that only minimal reversal
of established remodeling is feasible (97, 98), it seems highly
unlikely that Type 2 cytokines will allow us to predict the onset
of atopic allergic asthma with enough lead time to allow a
preventive intervention. There is a single study suggesting that
(99) plasma cytokines (TARC, MDC, IP-10, not selected a priori
from a big panel which was measured) measured at age 3 years
may be able to predict asthma at age 6; however, this study had
no second validation cohort, and must be considered at best
hypothesis generating.

THE PROGRESSION FROM EPISODIC

VIRAL WHEEZE TO

EOSINOPHILIC ASTHMA

There is really very little evidence about the pathways whereby
infants with episodic viral wheeze either go into remission or
progress to eosinophilic, school age asthma. That acute attacks
of wheeze and multiple early aeroallergen sensitization are
important associated factors is clear. Whether either causal, or
merely a marker of an independent process is unclear. There
are tantalizing hints that perhaps specific viral and bacterial
infections may be important, and evidence that very early life
factors are significant (above). However, it is clear that once
changes of remodeling and Type 2 inflammation have set in, it
is too late to reverse the march to eosinophilic school age asthma.
We do not know how the pathways to disease arise, and currently,
have no means of reducing risk.

In order to address this, the Breathing Together, Wellcome
Trust funded consortium [http://breathingtogether.co.uk/] is
attempting to dissect out the very earliest evens in pre-school
wheeze (100). The group has recruited a birth cohort of 1,000
babies. Nasal epithelial cells as a surrogate for bronchial have
been harvested and cultured within 2 weeks of birth. Nasal,
pharyngeal, and throat swabs have been collected for microbiome
studies, and a blood spots taken for transcriptomics. The babies
are followed prospectively with repeated sampling of nasal cells,
blood and microbiome in the first year of life, and at 1 and 3
years. A monthly on-line video-questionnaire about respiratory
symptoms is filled in by the parents. The aim is to relate the
initial samples and the developmental changes in cellular and
immune function, and the microbiome to wheeze outcomes.
Additionally, in order further to understand the pathobiology
of end stage disease and try to relate it to the developmentally
evolving pathways, namely pre-school wheeze and eosinophilic
asthma phenotypes, three other groups will be studied. The
first is children undergoing routine pediatric surgery, from
whom blind lower airway lavage and brushings will be taken,
as well as nasal brushings, microbiome studies, and peripheral
blood; and severe pre-school wheezers and severe, therapy-
resistant asthmatics who are undergoing a clinically indicated
bronchoscopy. The same samples will be taken in these last
two groups, the only difference being the lower airway samples
will be taken under direct vision rather than blindly. A further
use of the samples from these latter groups is the comparison
of upper and lower airway samples, so we can determine how

good a reflection of the relevant pathways the nasal cells from
the birth cohort actually are. There is also a bi-directional
interaction with the STELAR asthma e-lab (101), which houses
data including genetics on more than 14,000 children from the
British birth cohorts. Any pathway looking promising in the
blood and cellular studies will have a genetic signal sought in
STELAR. Conversely, any genetic signal will be validated using
cellular studies, progressing to animal work if necessary. It is
hoped that endotypes will be dissected out with this prospective
approach. It is also intended to work with the EAGLE consortium
on further genetic studies.

SUMMARY AND CONCLUSIONS: WHERE

FROM HERE?

This chapter has reviewed potential avenues where studying
cytokines and growth factors may enable us to determine risk
factors for the development of asthma. It is very clear that the
pathways from asymptomatic baby at birth to intermittent viral
wheeze to remission or progression to eosinophilic asthma are
unknown, and we do not have any empirical interventions which
work. We know that early airflow obstruction persists lifelong,
with a greatly increased risk of later COPD (102, 103). If we are
to intervene, it will need to be before the child goes to school, and
this means that the very early years are where the answers must
be found and interventions applied. For this author, focussing on
epithelial function, the interactions of epithelial cells with viral
and bacterial infection, and epithelial cytokine and chemokine
production, is the most likely fruitful field of study. Allergic
sensitization may well be important in propagating eosinophilic
airway disease, but Type 2 inflammation is a late-comer to
the asthmas, and likely, its onset means that the chance for
disease-modifying interventions has been lost forever. So it
seems unlikely that early initiation of monoclonals such as
mepolizumab directed against TH-2 high asthma will be disease-
modifying, although this should be tested at least initially in a
suitable animal model (104). Monoclonals directed against the
alarmins, or perhaps other components of the immune system,
may be the answer. It is intriguing to speculate that asthma
may be an infectious disease after all (105). Some of us are old
enough to remember the derision with which the suggestion that
spirochetes caused duodenal ulcer was received. Now antibiotic
treatment of Helicobacter pylori cures them. Perhaps the wheel
will turn full circle and our professional children will cure asthma
with antibiotics after all.
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4. Djukanović R, Wilson SJ, Kraft M, Jarjour NN, Steel M, Chung KF, et al.

Effects of treatment with anti-immunoglobulin E antibody omalizumab on

airway inflammation in allergic asthma. Am J Respir Crit Care Med. (2004)

170:583–93. doi: 10.1164/rccm.200312-1651OC

5. Berry MA, Hargadon B, Shelley M, Parker D, Shaw DE, Green RH, et al.

Evidence of a role of tumor necrosis factor alpha in refractory asthma. N

Engl J Med. (2006) 354:697–708. doi: 10.1056/NEJMoa050580

6. Payne DN, Rogers AV, Adelroth E, Bandi V, Guntupalli KK, Bush A,

et al. Early thickening of the reticular basement membrane in children

with difficult asthma. Am J Respir Crit Care Med. (2003) 167:78–82.

doi: 10.1164/rccm.200205-414OC

7. Castro-Rodriguez JA, Saglani S, Rodriguez-Martinez CE, Oyarzun MA,

Fleming L, Bush A. The relationship between inflammation and remodeling

in childhood asthma: a systematic review. Pediatr Pulmonol. (2018)

53:824–35. doi: 10.1002/ppul.23968

8. Illi S, von Mutius E, Lau S, Niggemann B, Grüber C, Wahn U,

et al. Perennial allergen sensitisation early in life and chronic

asthma in children: a birth cohort study. Lancet. (2006) 368:763–70.

doi: 10.1016/S0140-6736(06)69286-6

9. Belgrave DC, Buchan I, Bishop C, Lowe L, Simpson A, Custovic A.

Trajectories of lung function during childhood. Am J Respir Crit Care Med.

(2014) 189:1101–9. doi: 10.1164/rccm.201309-1700OC

10. Sekhon HS, Keller JA, Proskocil BJ, Martin EL, Spindel ER. Maternal

nicotine exposure upregulates collagen gene expression in fetal monkey lung.

Association with alpha7 nicotinic acetylcholine receptors. Am J Respir Cell

Mol Biol. (2002) 26:31–4. doi: 10.1165/ajrcmb.26.1.4170

11. Fu XW, Wood K, Spindel ER. Prenatal nicotine exposure increases GABA

signaling and mucin expression in airway epithelium. Am J Respir Cell Mol

Biol. (2011) 44:222–9. doi: 10.1165/rcmb.2010-0109OC

12. Wongtrakool C, Wang N, Hyde DM, Roman J, Spindel ER. Prenatal

nicotine exposure alters lung function and airway geometry through

α7 nicotinic receptors. Am J Respir Cell Mol Biol. (2012) 46:695–72.

doi: 10.1165/rcmb.2011-0028OC

13. Wongtrakool C, Roser-Page S, Rivera HN, Roman J. Nicotine alters

lung branching morphogenesis through the alpha7 nicotinic acetylcholine

receptor. Am J Physiol Lung Cell Mol Physiol. (2007) 293:L611–8

doi: 10.1152/ajplung.00038.2007

14. Sekhon HS, Jia Y, Raab R, Kuryatov A, Pankow JF, Whitsett JA, et al. Prenatal

nicotine increases pulmonary alpha7 nicotinic receptor expression and

alters fetal lung development in monkeys. J Clin Invest. (1999) 103:637–47.

doi: 10.1172/JCI5232

15. Elliot J, Carroll N, Bosco M, McCrohan M, Robinson P. Increased airway

responsiveness and decreased alveolar attachment points following in utero

smoke exposure in the guinea pig. Am J Respir Crit Care Med. (2001)

163:140–4. doi: 10.1164/ajrccm.163.1.9805099

16. Young S, Le Souëf PN, Geelhoed GC, Stick SM, Turner KJ, Landau LI. The

influence of a family history of asthma and parental smoking on airway

responsiveness in early infancy. N Engl J Med. (1991) 324:1168–73.

17. Clarke JR, Salmon B, Silverman M. Bronchial responsiveness in the neonatal

period as a risk factor for wheezing in infancy. Am J Respir Crit Care Med.

(1995) 151:1434–40. doi: 10.1164/ajrccm.151.5.7735597

18. Bisgaard H, Jensen SM, Bønnelykke K. Interaction between asthma and lung

function growth in early life. Am J Respir Crit Care Med. (2012) 185:1183–9.

doi: 10.1164/rccm.201110-1922OC

19. Frey U, Makkonen K, Wellman T, Beardsmore C, Silverman M. Alterations

in airway wall properties in infants with a history of wheezing disorders.Am J

Respir Crit Care Med. (2000) 161:1825–9. doi: 10.1164/ajrccm.161.6.9812057

20. Saglani S, Malmstrom K, Pelkonen AS, Malmberg LP, Lindahl H, Kajosaari

M, et al. Airway remodeling and inflammation in symptomatic infants with

reversible airflow obstruction. Am J Respir Crit Care Med. (2005) 171:722–7.

doi: 10.1164/rccm.200410-1404OC

21. O’Reilly R, Ullman N, Irving S, Bossley CJ, Sonnappa S, Zhu J,

et al. Increased airway smooth muscle in preschool wheezeers who

have asthma at school age. J Allergy Clin Immunol. (2013)131:1024–32.

doi: 10.1016/j.jaci.2012.08.044

22. Bonato M, Bazzan E, Snijders D, Tinè M, Biondini D, Turato G, et

al. Clinical and pathologic factors predicting future asthma in wheezing

children. a longitudinal study. Am J Respir Cell Mol Biol. (2018) 59:458–66.

doi: 10.1165/rcmb.2018-0009OC

23. Bush A, Saglani S. Structurally unsound? Why airways become asthmatic.

Am J Respir Cell Mol Biol. (2018) 59:405–6. doi: 10.1165/rcmb.2018-0181ED

24. Grainge CL, Lau LC, Ward JA, Dulay V, Lahiff G, Wilson S, et al. Effect of

bronchoconstriction on airway remodeling in asthma. N Engl J Med. (2011)

364:2006–15. doi: 10.1056/NEJMoa1014350

25. Sparrow M, Weichselbaum M. Structure and function of the

adventitial and mucosal nerve plexuses of the bronchial tree in

the developing lung. Clin Exp Pharmacol Physiol. (1997) 24:261–8.

doi: 10.1111/j.1440-1681.1997.tb01817.x

26. Schittny JC, Miserocchi G, Sparrow MP. Spontaneous peristaltic airway

contractions propel lung liquid through the bronchial tree of intact

and fetal lung explants. Am J Respir Cell Mol Biol. (2000) 23:11–8.

doi: 10.1165/ajrcmb.23.1.3926

27. Nakamura KT, McCray PB Jr. Fetal airway smooth-muscle contractility and

lung development. A player in the band or just someone in the audience?Am

J Respir Cell Mol Biol. (2000) 23:3–6. doi: 10.1165/ajrcmb.23.1.f188

28. Kistemaker LEM, Oenema TA, Baarsma HA, Bos IST, Schmidt M,

Facchinetti F, et al. The PDE4 inhibitor CHF-6001 and LAMAs inhibit

bronchoconstriction-induced remodeling in lung slices. Am J Physiol Lung

Cell Mol Physiol. (2017) 313:L507–15. doi: 10.1152/ajplung.00069.2017

29. Dehmel S, Nathan P, Bartel S, El-Merhie N, Scherb H, Milger K,

et al. Intrauterine smoke exposure deregulates lung function, pulmonary

transcriptomes, and in particular insulin-like growth factor (IGF)-1 in a sex-

specific manner. Sci Rep. (2018) 8:7547. doi: 10.1038/s41598-018-25762-5

30. Saglani S, Lui S, UllmannN, Campbell GA, Sherburn RT, Mathie SA,

et al. IL-33 promotes airway remodeling in pediatric patients with severe,

steroid-resistant asthma. J Allergy Clin Immunol. (2013) 132:676–85.

doi: 10.1016/j.jaci.2013.04.012

31. Nagakumar P, Denney L, Fleming L, Bush A, Lloyd CM, Saglani S. Type 2

innate lymphoid cells in induced sputum from children with severe asthma.

J Allergy Clin Immunol. (2016) 137:624–6. doi: 10.1016/j.jaci.2015.06.038

32. Kim KW, Jee HM, Park YH, Choi BS, Sohn MH, Kim KE. Relationship

between amphiregulin and airway inflammation in children with

asthma and eosinophilic bronchitis. Chest. (2009) 136:805–10.

doi: 10.1378/chest.08-2972

33. Enomoto Y, Orihara K, Takamasu T, Matsuda A, Gon Y, Saito H, et al.

Tissue remodeling induced by hypersecreted epidermal growth factor and

amphiregulin in the airway after an acute asthma attack. J Allergy Clin

Immunol. (2009) 124:913–20. doi: 10.1016/j.jaci.2009.08.044

34. Puddicombe SM, Polosa R, Richter A, KrishnaMT, Howarth PH, Holgate ST,

et al. Involvement of the epidermal growth factor receptor in epithelial repair

in asthma. FASEB J. (2000) 14:1362–74. doi: 10.1096/fasebj.14.10.1362

35. Turner SW, Young S, Landau LI, Le Souëf PN. Reduced lung function

both before bronchiolitis and at 11 years. Arch Dis Child. (2002) 87:417–20.

doi: 10.1136/adc.87.5.417

36. Copenhaver CC, Gern JE, Li Z, et al. Cytokine response patterns, exposure

to viruses, and respiratory infections in the first year of life. Am J Respir Crit

Care Med. (2004) 170:175–80. doi: 10.1164/rccm.200312-1647OC

37. Devereux G, Barker RN, Seaton A. Antenatal determinants of neonatal

immune response to allergens. Clin Exp Allergy. (2002) 32:43–50.

doi: 10.1046/j.0022-0477.2001.01267.x

Frontiers in Pediatrics | www.frontiersin.org 9 March 2019 | Volume 7 | Article 72

https://doi.org/10.1016/S0140-6736(17)30879-6
https://doi.org/10.1164/ajrccm.157.1.9703002
https://doi.org/10.1034/j.1399-3038.2001.012003125.x
https://doi.org/10.1164/rccm.200312-1651OC
https://doi.org/10.1056/NEJMoa050580
https://doi.org/10.1164/rccm.200205-414OC
https://doi.org/10.1002/ppul.23968
https://doi.org/10.1016/S0140-6736(06)69286-6
https://doi.org/10.1164/rccm.201309-1700OC
https://doi.org/10.1165/ajrcmb.26.1.4170
https://doi.org/10.1165/rcmb.2010-0109OC
https://doi.org/10.1165/rcmb.2011-0028OC
https://doi.org/10.1152/ajplung.00038.2007
https://doi.org/10.1172/JCI5232
https://doi.org/10.1164/ajrccm.163.1.9805099
https://doi.org/10.1164/ajrccm.151.5.7735597
https://doi.org/10.1164/rccm.201110-1922OC
https://doi.org/10.1164/ajrccm.161.6.9812057
https://doi.org/10.1164/rccm.200410-1404OC
https://doi.org/10.1016/j.jaci.2012.08.044
https://doi.org/10.1165/rcmb.2018-0009OC
https://doi.org/10.1165/rcmb.2018-0181ED
https://doi.org/10.1056/NEJMoa1014350
https://doi.org/10.1111/j.1440-1681.1997.tb01817.x
https://doi.org/10.1165/ajrcmb.23.1.3926
https://doi.org/10.1165/ajrcmb.23.1.f188
https://doi.org/10.1152/ajplung.00069.2017
https://doi.org/10.1038/s41598-018-25762-5
https://doi.org/10.1016/j.jaci.2013.04.012
https://doi.org/10.1016/j.jaci.2015.06.038
https://doi.org/10.1378/chest.08-2972
https://doi.org/10.1016/j.jaci.2009.08.044
https://doi.org/10.1096/fasebj.14.10.1362
https://doi.org/10.1136/adc.87.5.417
https://doi.org/10.1164/rccm.200312-1647OC
https://doi.org/10.1046/j.0022-0477.2001.01267.x
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Bush Asthma Biomarkers

38. Noakes PS, Hale J, Thomas R, Lane C, Devadason SG, Prescott

SL. Maternal smoking is associated with impaired neonatal toll-like-

receptor-mediated immune responses. Eur Respir J. (2006) 28:721–9.

doi: 10.1183/09031936.06.00050206

39. Wark PA, Johnston SL, Bucchieri F, Powell R, Puddicombe S, Laza-Stanca

V, et al. Asthmatic bronchial epithelial cells have a deficient innate immune

response to infection with rhinovirus. J Exp Med. (2005) 201:937–47.

doi: 10.1084/jem.20041901

40. Contoli M, Message SD, Laza-Stanca V, Edwards MR, Wark PA, Bartlett

NW, et al. Role of deficient type III interferon-λ production in asthma

exacerbations. Nat Med. (2006) 12:1023–6. doi: 10.1038/nm1462

41. Edwards MR, Regamey N, Vareille M, Kieninger E, Gupta A, Shoemark

A, et al. Impaired innate interferon induction in severe therapy

resistant atopic asthmatic children. Mucosal Immunol. (2013) 6:797–806

doi: 10.1038/mi.2012.118

42. Gielen V, Sykes A, Zhu J, Chan B, Macintyre J, Regamey N, et al.

Increased nuclear suppressor of cytokine signaling 1 in asthmatic bronchial

epithelium suppresses rhinovirus induction of innate interferons. J Allergy

Clin Immunol. (2015) 136:177–88. doi: 10.1016/j.jaci.2014.11.039

43. Sykes A, Macintyre J, Edwards MR, Del Rosario A, Haas J, Gielen V, et al.

Rhinovirus-induced interferon production is not deficient in well controlled

asthma. Thorax. (2014) 69:240–6. doi: 10.1136/thoraxjnl-2012-202909

44. Hatchwell L, Collison A, Girkin J, Parsons K, Li J, Zhang J, et al. Toll-like

receptor 7 governs interferon and inflammatory responses to rhinovirus and

is suppressed by IL-5-induced lung eosinophilia. Thorax. (2015) 70:854–61

doi: 10.1136/thoraxjnl-2014-205465

45. Contoli M, Ito K, Padovani A, Poletti D, Marku B, Edwards MR, et al.

Th2 cytokines impair innate immune responses to rhinovirus in respiratory

epithelial cells. Allergy. (2015) 70:910–20. doi: 10.1111/all.12627

46. Buelo A, McLean S, Julious S, Flores-Kim J, Bush A, Henderson J, et al.

At-risk children with asthma (ARC): a systematic review. Thorax. (2018)

73:813–24 doi: 10.1136/thoraxjnl-2017-210939

47. Turner S, Miller D, Walsh GM, Scaife A, Power UF, Shields MD, et

al. Pro-inflammatory mediator responses from neonatal airway epithelial

cells and early childhood wheeze. Pediatr Pulmonol. (2018) 53:10–16.

doi: 10.1002/ppul.23915

48. McDougall CM, Helms PJ, Walsh GM. Airway epithelial cytokine responses

in childhood wheeze are independent of atopic status. Respir Med. (2015)

109:689–700. doi: 10.1016/j.rmed.2015.04.001

49. Barbato A, Turato G, Baraldo S, Bazzan E, Calabrese F, Panizzolo

C, et al. Epithelial damage and angiogenesis in the airways of

children with asthma. Am J Respir Crit Care Med. (2006) 174:975–81.

doi: 10.1164/rccm.200602-189OC

50. Marguet C, Jouen-Boedes F, Dean TP, Warner JO. Bronchoalveolar

cell profiles in children with asthma, infantile wheeze, chronic cough,

or cystic fibrosis. Am J Respir Crit Care Med. (1999) 159:1533–40.

doi: 10.1164/ajrccm.159.5.9805028

51. Fedorov IA, Wilson SJ, Davies DE, Holgate ST. Epithelial stress and

structural remodelling in childhood asthma. Thorax. (2005) 60:389–94.

doi: 10.1136/thx.2004.030262

52. Stevens PT, Kicic A, Sutanto EN, Knight DA, Stick SM. Dysregulated

repair in asthmatic paediatric airway epithelial cells: the role of

plasminogen activator inhibitor-1. Clin Exp Allergy. (2008) 38:1901–10.

doi: 10.1111/j.1365-2222.2008.03093.x

53. Strachan DP. Family size, infection and atopy: the first decade

of the “hygiene hypothesis”. Thorax. (2000) 55(Suppl. 1):S2–10.

doi: 10.1136/thorax.55.suppl_1.S2

54. Celedon JC, Wright RJ, Litonjua AA, Sredl D, Ryan L, Weiss ST, et al.

Day care attendance in early life, maternal history of asthma, and asthma

at the age of 6 years. Am J Respir Crit Care Med. (2003) 167:1239–43.

doi: 10.1164/rccm.200209-1063OC

55. Naik S, Larsen SB, Gomez NC, Alaverdyan K, Sendoel A, Yuan S, et al.

Inflammatory memory sensitizes skin epithelial stem cells to tissue damage.

Nature. (2017) 550:475–80. doi: 10.1038/nature24271

56. Blanken MO, Rovers MM, Molenaar JM, Winkler-Seinstra PL,

Meijer A, Kimpen JL, et al. Respiratory syncytial virus and recurrent

wheeze in healthy preterm infants. N Engl J Med. (2013) 368:1791–9.

doi: 10.1056/NEJMoa1211917

57. Saravia J, You D, Shrestha B, Jaligama S, Siefker D, Lee GI, et al. Respiratory

syncytial virus disease is mediated by age-variable IL-33. PLoS Pathog. (2015)

11:e1005217. doi: 10.1371/journal.ppat.1005217

58. Wang H, Su Z, Schwarze J. Healthy but not RSV-infected lung epithelial

cells profoundly inhibit T cell activation. Thorax. (2009) 64:283–90.

doi: 10.1136/thx.2007.094870

59. Schwarze J, Fitch PM, Heimweg J, Errington C, Matsuda R, de Bruin

HG, et al. Viral mimic poly-(I:C) attenuates airway epithelial T-cell

suppressive capacity: implications for asthma. Eur Respir J. (2016) 48:1785–8.

doi: 10.1183/13993003.00841-2016

60. Turi KN, Shankar J, Anderson LJ, Rajan D, Gaston K, Gebretsadik T, et al.

Infant viral respiratory infection nasal immune-response patterns and their

association with subsequent childhood recurrent wheeze. Am J Repsir Crit

Care Med. (2018) 198:1064–73 doi: 10.1164/rccm.201711-2348OC

61. Jackson DJ, Gangnon RE, Evans MD, Roberg KA, Anderson EL, Pappas TE,

et al. Wheezing rhinovirus illnesses in early life predict asthma development

in high-risk children. Am J Respir Crit Care Med. (2008) 178:667–72

doi: 10.1164/rccm.200802-309OC

62. Lemanske RF Jr, Jackson DJ, Gangnon RE, Evans MD, Li Z, Shult PA,

et al. Rhinovirus illnesses during infancy predict subsequent childhood

wheezing. J Allergy Clin Immunol. (2005) 116:571–7. doi: 10.1016/j.jaci.2005.

06.024

63. Custovic A, Belgrave D, Lin L, Bakhsoliani E, Telcian AG, Solari R, et

al. Cytokine responses to rhinovirus and development of asthma, allergic

sensitization, and respiratory infections during childhood. Am J Respir Crit

Care Med. (2018) 197:1265–74. doi: 10.1164/rccm.201708-1762OC

64. Stein RT, Sherrill D, Morgan WJ, Holberg CJ, Halonen M, Taussig LM, et al.

Respiratory syncytial virus in early life and risk of wheeze and allergy by age

13 years. Lancet. (1999) 354:541–5. doi: 10.1016/S0140-6736(98)10321-5

65. Riedler J, Braun-Fahrländer C, Eder W, Schreuer M, Waser M, Maisch

S, et al. Exposure to farming in early life and development of

asthma and allergy: a cross-sectional survey. Lancet. (2001) 358:1129–33.

doi: 10.1016/S0140-6736(01)06252-3

66. Ege MJ, Mayer M, Normand AC, Genuneit J, Cookson

WO, Braun-Fahrländer C, et al. Exposure to environmental

microorganisms and childhood asthma. N Engl J Med. (2011) 364:701–9.

doi: 10.1056/NEJMoa1007302

67. Stein MM, Hrusch CL, Gozdz J, Igartua C, Pivniouk V, Murray SE, et al.

Innate immunity and asthma risk in amish and hutterite farm children. N

Engl J Med. (2016) 375:411–21. doi: 10.1056/NEJMoa1508749

68. Saglani S, Gregory LG, Manghera AK, Branchett WJ, Uwadiae F, Entwistle

LJ, et al. Inception of early-life allergen-induced airway hyperresponsiveness

is reliant on IL-13+CD4+ T cells. Sci Immunol. (2018) 3:eaan4128.

doi: 10.1126/sciimmunol.aan4128

69. Yasui K, Kobayashi N, Yamazaki T, Koike K, Fukushima K, Taniuchi S, et al.

Neutrophilic inflammation in childhood bronchial asthma. Thorax. (2005)

60:704–5. doi: 10.1136/thx.2005.043075

70. Bisgaard H, HermansenMN, Buchvald F, Loland L, Halkjaer LB, Bønnelykke

K, et al. Childhood asthma after bacterial colonization of the airway in

neonates. N Engl J Med. (2007) 357:1487–95. doi: 10.1056/NEJMoa052632

71. Følsgaard NV, Schjørring S, Chawes BL, Rasmussen MA, Krogfelt KA, Brix

S, et al. Pathogenic bacteria colonizing the airways in asymptomatic neonates

stimulates topical inflammatorymediator release.Am J Respir Crit CareMed.

(2013) 187:589–95. doi: 10.1164/rccm.201207-1297OC

72. Larsen JM, Brix S, ThysenAH, Birch S, RasmussenMA, BisgaardH. Children

with asthma by school age display aberrant immune responses to pathogenic

airway bacteria as infants. J Allergy Clin Immunol. (2014) 133:1008–13.

doi: 10.1016/j.jaci.2014.01.010

73. von Linstow ML, Schønning K, Hoegh AM, Sevelsted A, Vissing NH,

Bisgaard H. Neonatal airway colonization is associated with troublesome

lung symptoms in infants. Am J Respir Crit Care Med. (2013) 188:1041–2.

doi: 10.1016/j.jaci.2014.01.010

74. Vissing NH, Chawes BL, Bisgaard H. Increased risk of pneumonia

and bronchiolitis after bacterial colonization of the airways

as neonates. Am J Respir Crit Care Med. (2013) 188:1246–52.

doi: 10.1164/rccm.201302-0215OC

75. Rahman Fink N, Chawes BL, Thorsen J, Stokholm J, Krogfelt KA,

Schjørring S, et al. Neonates colonized with pathogenic bacteria in the

Frontiers in Pediatrics | www.frontiersin.org 10 March 2019 | Volume 7 | Article 72

https://doi.org/10.1183/09031936.06.00050206
https://doi.org/10.1084/jem.20041901
https://doi.org/10.1038/nm1462
https://doi.org/10.1038/mi.2012.118
https://doi.org/10.1016/j.jaci.2014.11.039
https://doi.org/10.1136/thoraxjnl-2012-202909
https://doi.org/10.1136/thoraxjnl-2014-205465
https://doi.org/10.1111/all.12627
https://doi.org/10.1136/thoraxjnl-2017-210939
https://doi.org/10.1002/ppul.23915
https://doi.org/10.1016/j.rmed.2015.04.001
https://doi.org/10.1164/rccm.200602-189OC
https://doi.org/10.1164/ajrccm.159.5.9805028
https://doi.org/10.1136/thx.2004.030262
https://doi.org/10.1111/j.1365-2222.2008.03093.x
https://doi.org/10.1136/thorax.55.suppl_1.S2
https://doi.org/10.1164/rccm.200209-1063OC
https://doi.org/10.1038/nature24271
https://doi.org/10.1056/NEJMoa1211917
https://doi.org/10.1371/journal.ppat.1005217
https://doi.org/10.1136/thx.2007.094870
https://doi.org/10.1183/13993003.00841-2016
https://doi.org/10.1164/rccm.201711-2348OC
https://doi.org/10.1164/rccm.200802-309OC
https://doi.org/10.1016/j.jaci.2005.06.024
https://doi.org/10.1164/rccm.201708-1762OC
https://doi.org/10.1016/S0140-6736(98)10321-5
https://doi.org/10.1016/S0140-6736(01)06252-3
https://doi.org/10.1056/NEJMoa1007302
https://doi.org/10.1056/NEJMoa1508749
https://doi.org/10.1126/sciimmunol.aan4128
https://doi.org/10.1136/thx.2005.043075
https://doi.org/10.1056/NEJMoa052632
https://doi.org/10.1164/rccm.201207-1297OC
https://doi.org/10.1016/j.jaci.2014.01.010
https://doi.org/10.1016/j.jaci.2014.01.010~
https://doi.org/10.1164/rccm.201302-0215OC
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Bush Asthma Biomarkers

airways have a low-grade systemic inflammation. Allergy. (2018) 73:2150–9.

doi: 10.1111/all.13461

76. Tsai MH, Huang SH, Chen CL, Chiu CY, Hua MC, Liao SL, et al. Pathogenic

bacterial nasopharyngeal colonization and its impact on respiratory diseases

in the first year of life: the PATCH Birth Cohort Study. Pediatr Infect Dis J.

(2015) 34:652–8. doi: 10.1097/INF.0000000000000688

77. Ederveen THA, Ferwerda G, Ahout IM, Vissers M, de Groot R, Boekhorst

J, et al. Haemophilus is overrepresented in the nasopharynx of infants

hospitalized with RSV infection and associated with increased viral

load and enhanced mucosal CXCL8 responses. Microbiome. (2018) 6:10.

doi: 10.1186/s40168-017-0395-y

78. Brealey JC, Chappell KJ, Galbraith S, Fantino E, Gaydon J, Tozer S, et

al. Streptococcus pneumoniae colonization of the nasopharynx is associated

with increased severity during respiratory syncytial virus infection in young

children. Respirology. (2018) 23:220–7. doi: 10.1111/resp.13179

79. Stewart CJ, Mansbach JM, Wong MC, Ajami NJ, Petrosino JF, Camargo CA

Jr, et al. Associations of Nasopharyngeal Metabolome and Microbiome with

Severity among Infants with Bronchiolitis. A multiomic analysis.Am J Respir

Crit Care Med. (2017) 196:882–91. doi: 10.1164/rccm.201701-0071OC

80. Lan F, Zhang N, Holtappels G, De Ruyck N, Krysko O, Van Crombruggen

K, et al. Staphylococcus aureus induces a mucosal type 2 immune response

via epithelial cell-derived cytokines. Am J Respir Crit Care Med. (2018)

198:452–63. doi: 10.1164/rccm.201710-2112OC

81. Bønnelykke K, Vissing NH, Sevelsted A, Johnston SL, Bisgaard H.

Association between respiratory infections in early life and later asthma

is independent of virus type. J Allergy Clin Immunol. (2015) 136:81–6

doi: 10.1016/j.jaci.2015.02.024

82. Herbst T, Sichelstiel A, Schär C, Yadava K, Bürki K, Cahenzli J, et

al. Dysregulation of allergic airway inflammation in the absence of

microbial colonization. Am J Respir Crit Care Med. (2011) 184:198–205.

doi: 10.1164/rccm.201010-1574OC

83. Gollwitzer ES, Saglani S, Trompette A, Yadava K, Sherburn R, McCoy KD, et

al. Lung microbiota promotes tolerance to allergens in neonates via PD-L1.

Nat Med. (2014) 20:642–7. doi: 10.1038/nm.3568

84. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G,

Fierer N, et al. Delivery mode shapes the acquisition and structure of the

initial microbiota across multiple body habitats in newborns. Proc Natl Acad

Sci USA. (2010) 107:11971–5. doi: 10.1073/pnas.1002601107

85. Bager P, Wohlfahrt J, Westergaard T. Caesarean delivery and risk of atopy

and allergic disease: meta-analyses. Clin Exp Allergy. (2008) 38:634–42.

doi: 10.1111/j.1365-2222.2008.02939.x

86. Thavagnanam S, Fleming J, Bromley A, Shields MD, Cardwell CR. A meta-

analysis of the association between Caesarean section and childhood asthma.

Clin Exp Allergy. (2008) 38:629–33. doi: 10.1111/j.1365-2222.2007.02780.x

87. Renz-Polster H, David MR, Buist AS, Vollmer WM, O’Connor

EA, Frazier EA, et al. Caesarean section delivery and the risk of

allergic disorders in childhood. Clin Exp Allergy. (2005) 35:1466–72.

doi: 10.1111/j.1365-2222.2005.02356.x

88. van Nimwegen FA, Penders J, Stobberingh EE, Postma DS, Koppelman GH,

Kerkhof M, et al. Mode and place of delivery, gastrointestinal microbiota,

and their influence on asthma and atopy. J Allergy Clin Immunol. (2011)

128:948–55. doi: 10.1016/j.jaci.2011.07.027

89. Preston JA, Thorburn AN, Starkey MR, Beckett EL, Horvat JC, Wade

MA, et al. Streptococcus pneumoniae infection suppresses allergic airways

disease by inducing regulatory T-cells. Eur Respir J. (2011) 37:53–64.

doi: 10.1183/09031936.00049510

90. Nembrini C, Sichelstiel A, Kisielow J, Kurrer M, Kopf M, Marsland

BJ. Bacterial-induced protection against allergic inflammation through a

multicomponent immunoregulatory mechanism. Thorax. (2011) 66:755–63.

doi: 10.1136/thx.2010.152512

91. Arnold IC, Dehzad N, Reuter S, Martin H, Becher B, Taube C, et al.

Helicobacter pylori infection prevents allergic asthma in mouse models

through the induction of regulatory T cells. J Clin Iinvest. (2011)

121:3088–93. doi: 10.1172/JCI45041

92. Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, Ngom-

Bru C, et al. Gut microbiota metabolism of dietary fiber influences

allergic airway disease and hematopoiesis. Nat Med. (2014) 20:159–66.

doi: 10.1038/nm.3444

93. Hilty M, Burke C, Pedro H, Cardenas P, Bush A, Bossley C, et al. Disordered

microbial communities in asthmatic airways. PLoS ONE. (2010) 5:e857.

doi: 10.1371/journal.pone.0008578

94. Guilbert TW, Morgan WJ, Zeiger RS, Mauger DT, Boehmer SJ, Szefler SJ, et

al. Long-term inhaled corticosteroids in preschool children at high risk for

asthma. N Engl J Med. (2006) 354:1985–97. doi: 10.1056/NEJMoa051378

95. Murray CS, Woodcock A, Langley SJ, Morris J, Custovic A,

IFWIN study team. Secondary prevention of asthma by the use of

Inhaled Fluticasone propionate in Wheezy INfants (IFWIN):double-

blind, randomised, controlled study. Lancet. (2006) 368:754–62.

doi: 10.1016/S0140-6736(06)69285-4

96. Bisgaard H, Hermansen MN, Loland L, Halkjaer LB, Buchvald F.

Intermittent inhaled corticosteroids in infants with episodic wheezing. N

Engl J Med. (2006) 354:1998–2005. doi: 10.1056/NEJMoa054692

97. Sont JK, Willems LN, Bel EH, van Krieken JH, Vandenbroucke JP, Sterk

PJ. Clinical control and histopathologic outcome of asthma when using

airway hyperresponsiveness as an additional guide to long-term treatment.

The AMPUL Study Group. Am J Respir Crit Care Med. (1999) 159:1043–51.

doi: 10.1164/ajrccm.159.4.9806052

98. Ward C, Walters H. Airway wall remodelling: the influence of

corticosteroids. Curr Opin Allergy Clin Immunol. (2005) 5:43–8.

doi: 10.1097/00130832-200502000-00009

99. Reubsaet LL, Meerding J, de Jager W, de Kleer IM, Hoekstra MO, Prakken

BJ, et al. Plasma chemokines in early wheezers predict the development

of allergic asthma. Am J Respir Crit Care Med. (2013) 188:1039–40.

doi: 10.1164/rccm.201212-2330LE

100. Turner S, Custovic A, Ghazal P, Grigg J, Gore M, Henderson J, et al.

Pulmonary epithelial barrier and immunological functions at birth and in

early life–key determinants of the development of asthma? A description of

the protocol for the Breathing Together study. Wellcome Open Res. (2018)

3:60. doi: 10.12688/wellcomeopenres.14489.1

101. Custovic A, Ainsworth J, Arshad H, Bishop C, Buchan I, Cullinan P, et al.

The Study Team for Early Life Asthma Research (STELAR) consortium

’Asthma e-lab’: team science bringing data, methods and investigators

together. Thorax. (2015) 70:799–801. doi: 10.1136/thoraxjnl-2015-

206781

102. Bush A. Lung development and aging. Ann Am Thorac Soc. (2016) 13(Suppl.

5):S438–46. doi: 10.1513/AnnalsATS.201602-112AW

103. Lange P, Celli B, Agustí A, Boje Jensen G, Divo M, Faner R, et al. Lung-

function trajectories leading to chronic obstructive pulmonary disease. N

Engl J Med. (2015) 373:111–22. doi: 10.1056/NEJMoa1411532

104. Saglani S, Mathie SA, Gregory LG, Bell MJ, Bush A, Lloyd CM.

Pathophysiological features of asthma develop in parallel in house dust

mite-exposed neonatal mice. Am J Respir Cell Mol Biol. (2009) 41:281–9.

doi: 10.1165/rcmb.2008-0396OC

105. Robinson PFM, Pattaroni C, Cook J, Gregory L, Alonso AM, Fleming

LJ, et al. Lower airway microbiota associates with inflammatory

phenotype in severe preschool wheeze. J Allergy Clin Immunol. (2018)

doi: 10.1016/j.jaci.2018.12.985. [Epub ahead of print].

Conflict of Interest Statement: The author declares that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Bush. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org 11 March 2019 | Volume 7 | Article 72

https://doi.org/10.1111/all.13461
https://doi.org/10.1097/INF.0000000000000688
https://doi.org/10.1186/s40168-017-0395-y
https://doi.org/10.1111/resp.13179
https://doi.org/10.1164/rccm.201701-0071OC
https://doi.org/10.1164/rccm.201710-2112OC
https://doi.org/10.1016/j.jaci.2015.02.024
https://doi.org/10.1164/rccm.201010-1574OC
https://doi.org/10.1038/nm.3568
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1111/j.1365-2222.2008.02939.x
https://doi.org/10.1111/j.1365-2222.2007.02780.x
https://doi.org/10.1111/j.1365-2222.2005.02356.x
https://doi.org/10.1016/j.jaci.2011.07.027
https://doi.org/10.1183/09031936.00049510
https://doi.org/10.1136/thx.2010.152512
https://doi.org/10.1172/JCI45041
https://doi.org/10.1038/nm.3444
https://doi.org/10.1371/journal.pone.0008578
https://doi.org/10.1056/NEJMoa051378
https://doi.org/10.1016/S0140-6736(06)69285-4
https://doi.org/10.1056/NEJMoa054692
https://doi.org/10.1164/ajrccm.159.4.9806052
https://doi.org/10.1097/00130832-200502000-00009
https://doi.org/10.1164/rccm.201212-2330LE
https://doi.org/10.12688/wellcomeopenres.14489.1
https://doi.org/10.1136/thoraxjnl-2015-206781
https://doi.org/10.1513/AnnalsATS.201602-112AW
https://doi.org/10.1056/NEJMoa1411532
https://doi.org/10.1165/rcmb.2008-0396OC
https://doi.org/10.1016/j.jaci.2018.12.985
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Cytokines and Chemokines as Biomarkers of Future Asthma
	Introduction
	THE Pathophysiology OF Eosinophilic Asthma
	The First Steps: Episodic Viral Wheeze
	Is There a Role of Very Early Structural Airway Changes in the Pathophysiology of the Asthmas?
	The Immune Responses to Respiratory Viruses and Subsequent Wheeze
	The Role of Innate Immunity in Subsequent Wheeze
	What Are the Roles of Early Bacterial Infection?
	The Airway and Gut Microbiome and Inflammatory Cytokine Responses
	Is There a Role for Type 2 Inflammation in the Initiation of Allergic Atopic Asthma?

	The Progression From Episodic Viral Wheeze to Eosinophilic Asthma
	Summary and Conclusions: Where From Here?
	Author Contributions
	Funding
	References


