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Abstract

Severe respiratory syncytial virus (RSV) infection in infancy is associated with in-
creased risk of recurrent wheezing in childhood. Both acute and long-term alterations
in airway functions are thought to be related to inefficient antiviral immune response.
The airway epithelium, the first target of RSV, normally acts as an immunological bar-
rier able to elicit an effective immune reaction but may also be programmed to di-
rectly promote a Th2 response, independently from Th2 lymphocyte involvement.
Recognition of RSV transcripts and viral replication intermediates by bronchial epi-
thelial cells brings about release of TSLP, IL-33, HMGB1, and IL-25, dubbed “alarmins.”
These epithelial cell-derived proteins are particularly effective in stimulating innate
lymphoid cells 2 (ILC2) to release IL-4, IL-5, and IL-13. ILC2, reflect the innate coun-
terparts of Th2 cells and, when activate, are potent promoters of airway inflamma-
tion and hyperresponsiveness in RSV bronchiolitis and childhood wheezing/asthma.
Long-term epithelial progenitors or persistent epigenetic modifications of the airway
epithelium following RSV infection may play a pathogenetic role in the short- and long-
term increased susceptibility to obstructive lung diseases in response to RSV in the
young. Additionally, ILC2 function may be further regulated by RSV-induced changes
in gut microbiota community composition that can be associated with disease severity
in infants. A better understanding of the alarmin-ILC interactions in childhood might
provide insights into the mechanisms characterizing these immune-mediated diseases

and indicate new targets for prevention and therapeutic interventions.
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1 | INTRODUCTION

Respiratory syncytial virus (RSV) is a common and highly conta-
gious pathogen inducing acute respiratory tract infections in in-
fants.t Although in many cases, symptoms remain mild, a subset
of individuals develops severe RSV-associated bronchiolitis.>? The
severity of the disease in infancy, thought to be related to the phys-
iological immaturity of the immune system, is also linked to an in-
creased risk of recurrent wheezing in later life.>* This phenomenon
is not always associated with atopic sensitization but is thought to
be related to long-term immune response alterations and neuro-
muscular tone instability in the airways.>* The airway epithelium,
the primary target of RSV infection, is an important component of
the antiviral response, acting both as a physical fence and as an im-
munologicasl barrier able to elicit inflammatory and immune medi-
ate responses.® Recognition of RSV transcripts and viral replication
intermediates by bronchial epithelial cells (BECs) induces the pro-
duction of type | and type Ill IFNs and other cytokines, all geared
to mount an effective antiviral reaction.®” However, BECs may also
be programmed to release mediators that activate a Th2 immune
response, aggravating the infection, and contributing to airway
damage.® These mediators include thymic stromal lymphopoietin
(TSLP), IL-33, the high mobility group box 1 (HMGB1) and 1L-25.%7
Often characterized as “alarmins,” these epithelial cell-derived pro-
teins regulate a broad spectrum of immune cell populations and
are particularly potent in eliciting and activating type 2 innate
lymphoid cells (ILC2) in a variety of lung disorders, including RSV
bronchiolitis and recurrent wheezing/asthma in childhood.”? It is
therefore possible that, following a first severe respiratory infec-
tion in early life, long-term epithelial cell progenitors or persistent
epigenetic modifications leading to alarmin-induced ILC2 activation
may be involved in the ongoing increased susceptibility to obstruc-
tive lung diseases.' Through DNA methylation and histone ubig-
uitination, RSV can induce epigenetic modifications in BECs that
favor Th2 responses,** promoting postbronchiolitis wheezing.* In
RSV-infected BEC cultures, upregulation of the expression of the
epigenetic regulator histone deacetylase2 (HDAC2) was associated
with increased viral replication and production of proinflammatory
cytokine, and oxidative stress-related molecules.* Evaluating cells
obtained by nasal brushing at age 6 in preterm infants, who re-
ceived RSV immunoprophylaxis with palivizumab or placebo during
their first RSV season, demonstrated that palivizumab had global
and persistent effects on nasal DNA methylation patterns, relevant
innate immune viral response, and viral budding genes.}” These
data suggest that RSV-induced epigenetic modification in airway
cell functions could represent a common pathogenetic imprint
in severe RSV bronchiolitis and subsequent recurrent wheezing/
asthma in childhood. Finally, ILC2 activation and disease severity
can also be regulated through the production of alarmins by RSV-
induced gut microbiome dysbiosis. Indeed, specific gut microbial
profiles have been related to increased RSV bronchiolitis severity,18
which is characterized by elevated numbers of ILC2s and higher
levels of alarmins in the airways.*’

Key Message

In response to a respiratory syncytial virus infection (RSV),
the airway epithelium releases TSLP, IL-33, HMGB1, and IL-
25. These molecules, dubbed “alarmins,” stimulate ILC2 to
release Th2 cytokines, promoters of airway inflammation
and hyperresponsiveness in RSV bronchiolitis and child-
hood wheezing/asthma. Long-term epithelial progenitors
or epigenetic modifications of airway epithelium governing
the alarmin production may explain the increased suscepti-
bility to obstructive lung diseases following RSV infection.
Alarmin-ILC interactions may represent a new target for

prevention and therapeutic interventions.

2 | THE INNATE LYMPHOID CELLS (ILC)

To maintain tissue homeostasis and integrity, lungs are protected
by a complex network of highly specialized immune cells that in-
clude ILC.201! Creating a first-line defense system, these cells play
diverse roles in inflammation and infection, including promotion
of innate immunity, acquisition of adaptive immunity, maintenance
of epithelial barrier function and tissue repair.”*%?° Being tissue-
resident elements, ILC tend to proliferate locally following environ-
mental challenges.c”'“'20 However, there is increasing evidence that,
in inflammatory disorders, ILC migrating from other organs could
contribute to the expansion and the modulation of the local cell
pools.2°22 Based on distinctive phenotypic markers, transcription
factors, and effector function, ILC can be divided into three sub-
sets: ILC1, ILC2, and ILC3. These ILC subsets share many pheno-
typic, morphological, and functional features with CD4" Th1, Th2,
and Th17 cells.>10:20-22 However, in contrast with T-cells, regulated
by antigen presentation via antigen-presenting cells, ILC are mainly
regulated by soluble factors such as cytokines, chemokines, neu-
ronal factors, and other inflammatory mediators.?>2¢ ILC1 express
the transcription factor Tbx21 and, in response to IL-12, IL-15, and
IL-18, produce IFN-y and TNF-« (Figure 1A). ILC2 express the tran-
scription factor GATA-3 and, in response to the alarmins TSLP, IL-25,
HMGB1 and IL-33, secrete the classical type 2 effector cytokines
IL-4, 1L-5, and 1L-13.2°27 |LC3 express the transcription factor RORyt
and, in response to 1L-23 and IL-1p, release IL-17 and 1L-22.2%25%7
ILC subsets are not “fixed” and exhibit considerable functional
plasticity depending on the inflammatory milieu.?®%?? For example,
ILC2 can transdifferentiate into ILC1 or ILC3 in response to IL-1p,
IL-12, and TGF-p, but this switch is bi-directional, as these transdif-
ferentiations can be reversed by IL-4 (Figure 1B).282? Additionally,
ILC3 can transdifferentiate into IFN-y-producing ILC1, in response
to IL-12 and IL-23 (Figure 1C).28-%° Former immune challenges may
have a role on ILC2s plasticity. In BALB/c mice, influenza A infection
downregulated GATA-3 expression in lung resident ILC2s, with a
concomitant switch into IFN-y producing ILC1 cells, a conversion in-
duced by IL-12 and 1L-18.3Y ILC2 cells clustered within inflamed areas

95UB01 7 SUOWIWOD 9A 181D 8]qeoi [dde 8y} Ag peusenob afe sajole YO 9SN J0 S9N Joj Akeigi]8UlUQ A8]IM UO (SUONIPUD-PUE-SWRI/LIO" A8 | 1M AleId1jeul [UO//:SANL) SUONIPUOD puUe SWis | 8U18eS *[220z/TT/S0] uo AkeiqiTauliuo Aojim ‘joodenlT JO Aisealun Ag £08ET d/TTTT OT/I0p/W00" A8 |IM AReIq Ul |UD//:Scny WOy pepeojumoq ‘9 ‘ZZ0g ‘8E0E665T



ROSSI ET AL.
(A) T-bet
IL-12, IL-15 IFN-y ' '
and IL-18 — N Type 1 inflammation
GATA3
TSLP, IL-25 IL-4, IL-5 , .
. > andIL-33 13 Type 2 inflammation
RORYt ©
IL-23 and ﬁ\ IL-17 Type 17
3 IL-22 inflammation L-12

L — QLC

2 \ | Ig"' ‘“‘\_.‘
)] 1L-23 Qlf‘]/l

FIGURE 1 Innate lymphoid cells. (A) ILC can be divided into three subsets ILC1, ILC2, and ILC3. ILC1 express the transcription factor
T-bet and, in response to IL-12, IL-15, and IL-18, produce IFN-y and TNF-a. ILC2 express the transcription factor GATA-3 and, in response

to the alarmins TSLP, IL-25, HMGB1 and IL-33, secrete IL-4, IL-5 and IL-13. ILC3 express the transcription factor RORyt and in response to
IL-23 and IL-1, release IL-17 and IL-22. (B) ILC2 can transdifferentiate into ILC1 or ILC3 in response to IL-1p, IL-12, IL.-18 and TGF-f and these
transdifferentiations can be reversed by Th2 cytokines, as IL-4. (C) ILC3 can transdifferentiate into IFN-y-producing ILC1, in response to

IL-12 and 1L-23
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FIGURE 2 Following RSV infection, through the release alarmins BECs stimulate ILC2 to release IL-4, IL-5, and IL-13. IL-4 drives Th2 cell
differentiation and promotes B cell antibody class switch to IgE producing plasma cells. IL-5 is involved in eosinophils recruitment and in their
survival enhancement. IL-13 increases goblet cell mucin and airway responsiveness

in mice lung and acquired an ILC1-like phenotype.®! Interestingly,
early reports suggest that ILC2 are significantly more potent than
Th2 cells, producing greater than 10-fold the amount of Th2 cy-
tokines on a per-cell basis,*? explaining why ILC2 may have a signifi-
cant role in several inflammatory disorders and, possibly, in reduced
response to corticosteroids. Increased proportions of sputum and
blood ILC2 were detected in children with severe therapy-resistant
asthma.® In these children, ILC2s were significantly reduced in vitro
when cultured with steroids and in vivo following intramuscular tri-
amcinolone. Systemic corticosteroids, but not maintenance inhaled
steroids, resulted in improved symptom control and exacerbations.®

Finally, ILC2 could acquire memory-like properties, as shown in a
study on allergen-stimulated C57BL/6 mice.3® After resolution of
type 2 inflammation, a population of ILC2s that persisted in the
lungs and the draining mediastinal lymph nodes of these animals dis-
played memory-like characteristics. Indeed, these persistent ILC2s
responded more vigorously than naive ILC2s to unrelated allergen
challenge and exhibited a gene expression profile similar to that of
memory T-cells.®® The hypothesis that epigenetic mechanisms might
be involved in ILC memory is supported by a study on C57BL/6
mice.3* Repetitive exposure to Alternaria allergen extract gener-
ated a form of memory that elicited an asthma-like response upon
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a subthreshold recall challenge 3-15 weeks later, and this memory
was associated with the presence of ILC2 in the lung.3* It is therefore
possible that memory-like properties of ILC2s acquired after RSV
infection in infancy could be involved in the pathogenesis of the in-
creased risk of recurrent wheezing in early childhood.

3 | ALARMINS, ILC ACTIVATION IN RSV
INFECTION AND WHEEZING/ASTHMA

In response to RSV, other viruses as well as allergens and other trig-
gers involved in wheezing/asthma pathogenesis, airway epithelium
can directly stimulate ILC2 to release IL-4, IL-5, and IL-13 through
the release of alarmins (Figure 2). IL-4 drives Th2 cell differentiation
and promotes B cell antibody class switch to IgE-producing plasma

cells.®>%7

IL-5 recruits and enhances survival of eosinophils, major
component of the Th2 inflammatory infiltrates.>#3>3837 |-13 in-
creases goblet cell mucin expression and development of airway
hyperresponsiven<=.ss.40 Thus, the alarmins IL-33, IL-25, TSLP, and
HMGB1, through ILC2 activation, can play a significant role in pro-
moting the progression of Th2 type response in infants with RSV
bronchiolitis and in increasing the risk of developing recurrent
wheezing/asthma and, possibly, susceptibility to allergic exacerba-
tion in later life.>* Several clinical and experimental studies have
evaluated the role alarmins in RSV infections. The different ex-
perimental details of those performed on mice are summarized in
Table 1.

3.1 | Thymic stromal lymphopoietin (TSLP)

Clinical and experimental studies showed that TSLP, a cytokine
primarily expressed by epithelial cells, is elevated in the bronchial

mucosa of asthmatic patients,*>*°

and its expression is upregulated
by RSV infections.***> Evaluating infants hospitalized with bron-
chiolitis (70% due to RSV), and matched healthy infants at their
primary care appointments, Garcia-Garcia et al showed upregula-

tion of TSLP levels in nasopharyngeal aspirates of the bronchiolitis

group.** Among RSV-infected infants, those who needed ICU ad-
mission presented more frequently detectable and higher TSLP
concentrations. Moreover, when primary BEC cultures obtained
by cytologic brushings from children were exposed to RSV, a rapid
and significantly higher TSLP production was detected in asthmat-
ics, as compared with healthy controls.*> In wild-type mice, TSLP
levels were increased 12 h after infection and significant increase
in IL-13-producing ILC2, and in lung, IL-13 levels was observed on
day 4 after infection.*® TSLPR knockout (KO) mice did not mount an
IL-13-producing ILC2 response to RSV infection, displayed reduced
lung IL-13 protein levels, decreased airway mucus and hyperreactiv-
ity, as compare with wild-type mice.*® Gender differences may also
impact on TSLP-induced immune alterations following early-life RSV
infection.*” As compared with neonatal female mice, neonatal male
mice infected with RSV exhibited higher viral loads, lower IFN{ pro-
duction and delayed infection resolution, on day 4 post-infection.
At 4 weeks post-infection, neonatal male mice but not female mice
had higher TSLP and IL-33 levels in their lungs, increased IL-13 gene
expression in lung ILC2, airway reactivity, and mucus secretion.”’
These changes in male mice were associated with an increased
susceptibility to allergic exacerbation upon allergen challenge at

4 weeks of age.”’

3.2 | Interleukin-33 (IL-33)

IL-33 is a nuclear cytokine that is constitutively expressed in struc-
tural cells like type 2 pneumocytes in mice and lung epithelial cells
in humans and can be induced in hematopoietic cells.*®*° Binding to
and signaling through its ST2 receptor, IL-33 drives the production
of Th2-associated cytokines in asthma and other allergic diseases
but also acts as ILC2 activator during viral infections.*”=>* In infants
<2 years of age, hospitalized with bronchiolitis during the RSV sea-
son, increased amounts of I1L-33 were detected in the upper airways,
more frequently in infants with RSV and HRV coinfections than in
those with either infection alone.** In BALB/c mice, intranasal inocu-
lation with RSV induced IL-33 and IL-13 production, and increased

eosinophil recruitment in the lung.’? In these animals, production

TABLE 1 Summary of murine studies addressing alarmin response to RSV infection

Alarmin Mouse strain Age

TSLP and IL-33 Female BALB/c 8-12 weeks

TSLP and IL-33 Male & female BALB/c 7 days

IL-33 133" LysM“"® BALB/c mice ~ ------

IL-33 Female BALB/c 6-weeks

IL-33 BALB/c 5 days and 6-8-weeks
HMGB1 BALB/c 6-8-weeks

HMGB1 C57BL/6.Irf77/" 7-73 days

IL-25 C57BL/6 IL-17RB™™ -

IL-25 Male BALB/c 8-10-weeks

Expression peak

Virus strain Sample post infection Ref.
RSV 01/2-20 Lung tissue 12h 46
RSV A2 (L19) Lung tissue Up to 4 weeks 47
RSV A2 L19 BAL Day 3and 6 48
RSV A2 BAL Day 3 52
RSV A2 Lung tissue 24 h 53
RSV A2 BAL and lung tissue Day 21-30 57
PVM BAL and lung tissue Day 3-14 59
RSV L19 Lung tissue Day 4-8 65
RSV A2 Lung tissue Day 2-4 66
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of IL-13 occurred involving the 1L-33/ST2 pathway, as incubation
of lung cells with anti-ST2 antibody diminished IL-13-producing
cell frequency.52 To further determine the role of IL-33 in activat-
ing ILC2 during RSV infection, a study on wild-type and IL-33 KO
mice was performed.*® On day 4 after infection, both wild-type and
IL-33 KO mice showed a significant inflammatory response to RSV,
with a significant and similar increase in the total numbers of lung IL-
13* ILC2. However, IL-13 concentrations were significantly lower in
RSV-infected IL-33 KO mice than in RSV-infected wild-type mice,*®
highlighting the role for IL-33 in ILC2 activation. RSV can trigger IL-
33 production from multiple sources, such as lung structural cells
but also myeloid cells. To elucidate the roles of ILC2 myeloid cells
in RSV infection-triggered pathophysiology, myeloid-specific, IL-33
knockout (1133 ¥f LysM®™®) mice were employed.*® ILC2s myeloid
cell-derived IL-33 was required for airway inflammation and hyper-
responsiveness, IL-13 production and local and peripheral eosino-
philia.*® Age-variable effects of alarmins on ILC2 can also explain
why chronological age at time of infection is an important risk factor
for severe RSV bronchiolitis.! In the lungs of neonatal, but not of
adult mice, infection with RSV induced a rapid IL-33 expression and
an increase in ILC2 numbers.”® Administration of IL-33 to adult mice
during RSV infection induced lung disease, whereas blocking I1L-33
with antibodies during infection or using IL-33 receptor KO neonatal
mice inhibited Th2 inflammation, airway hyperresponsiveness, and
mucus overproduction.>® In this study, wild-type mice were rein-
fected with RSV at 4 weeks post-primary infection. In neonatal mice,
neutralizing IL-33 with antibodies during primary infection resulted
in significantly reductions of Th2 inflammation and airway hyper-
responsiveness following RSV reinfection.>® Moreover, adoptive
transfer of ILC2 from donor wild-type mice or administration of IL-
33 to IL-33-deficient mice was crucial for the development of airway
inflammation and hyperresponsiveness following RSV infection.”®
Notably, in newborn mice lung, a number of profound changes re-
lated to ILC2 occur with the first breath.>* The sudden inflation of
the previously liquid-filled lungs caused considerable mechanical
stress and potential tissue injury, which resulted in IL-33 induction.
The immediate IL-33 upregulation was closely followed by a wave
of IL-13-producing ILC2, with the coincident appearance of alveolar
macrophages (AMs) characterized by the anti-inflammatory M2 phe-
notype. ILC2s continued to maintain the M2 AM phenotype during
adult life at the cost of a delayed response to infections.>*

3.3 | High mobility group box 1 (HMGB1)

High mobility group box 1 is one of the most important damage-
associated molecular patters acting as a proinflammatory cy-
tokine.> It promotes and perpetuates the immune responses in
infectious and noninfectious inflammatory diseases.’>*® HMGB1
levels were found to be elevated in nasopharyngeal aspirates of hos-
pitalized infants with RSV bronchiolitis, and were significantly higher
in the moderate-severe group.®” In immortalized and primary human
BECs, the RSV-induced HMGB1 expression was decreased when the

WILEY-L2°™

cultures were exposed to glycyrrhizin, a specific HMGB1 inhibitor.”®
A dose-dependent decreased of the HMGB1-positive cell numbers
was also detected, associated with significant reduction in viral rep-
lication.>® In BALB/c mice infected with RSV, type 2 cytokines IL-4,
IL-5, and IL-13 were found to be gradually increased in bronchoal-
veolar lavage from days 14 to 30 post-infection.”” HMGB1 expres-
sion was localized to bronchiolar low columnar/cuboidal cells found
in the small airways. Treatment with anti-HMGB1 antibody signifi-
cantly reduced HMGB1 levels and IL-4, IL-5, and IL-13 concentra-
tions, suppressed the inflammatory cell infiltration, and decreased
the severity scores.®” In IRF7-deficient (") mice, characterized by
defective antiviral immunity, infection with PVM (a mouse-specific
pathogen belonging to the same genus as RSV) promoted epithelial
HMGB1 expression, associated with an increase in the numbers of
IL-13-producing ILC2.%7 Increase of both the levels of the potent air-
way smooth muscle (ASM) mitogen TGF-p and ASM cell proliferation
was also detected, suggesting that ASM alterations could initiate
the response to a severe RSV infection in early life.”? Anti-HMGB1
antibodies ablated lung ILC2 numbers and ASM growth in vivo,
and inhibited ILC2-mediated ASM cell proliferation in a co-culture
model.”? In this study, it was demonstrated that the genetic ablation
of RAGE (receptor for advanced glycation end products), one of the
receptors ligated by HMGB1, was also protective, diminishing ILC2s
numbers, type-2 cytokine production and ASM cell proliferation.>®
Finally, several other mouse studies using different inducible mod-
els of asthma demonstrated that anti-HMGB1 antibody treatment
reduced IL-4, IL-5, and IL-13, as well as airway mucus compared with

control antibody or mice not given antibody.6%¢*

3.4 | Interleukin-25 (IL-25)

IL-25 is a member of the interleukin-17 cytokine family that rec-
ognizes a receptor composed of IL-17RB and IL-17RA subunits.?
IL-17RB receptor is mainly expressed on ILC2, and its activation is
involved in type 2 effector response.®?7%* In C57BL/6J mice, ex-
posure to RSV induced the expression of IL-25 and IL-17RB lung
transcripts and of other potentially pathogenic cytokines, including
IL-13.%° Treatment with an anti-1L-25 antibody significantly reduced
Th2 cytokine production, mucus-associated gob5 gene expression
and airway hyperresponsiveness. Moreover, IL-17RB™ mice showed
increased clearance of the virus and diminished pathology.65 In a
different set of experiments, IL-17RB™~ mice were sensitized to al-
lergen, infected with RSV during the active allergic responses, and
then challenged with aIIergen.65 As compared with wild-type mice,
decreased inflammatory response, cytokine production and IL-13
and gob5 gene expression was detected in IL-17RB™" mice, possibly
reflecting enhanced clearance of RSV, leading to decreased immune
activation.®® Immune and morphological responses to RSV infec-
tion were also evaluated in wild-type and NK cell-depleted BALB/c
mice.®® NK cells play a critical role in the development of an effector
immune response in RSV infection.®” Depletion of NK cells led to
increased IL-25 expression in the respiratory epithelium, higher IL-4,
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IL-13 and eotaxin lung mRNA levels and higher serum IgE, tissue eo-
sinophil numbers and mucus-secreting cells. This increased Th2 pa-
thology was reflected in a delayed viral clearance in the later stages
of infection.®® RSV-induced Th2 responses were IL-25 dependent.
Treatment of NK-depleted mice with anti-IL-25 antibodies led to at-
tenuation of the Th2 cell responses, suppression of inflammation,

and histopathological changes in the lungs.®

4 | GUT MICROBIOTA, RSV INFECTION,
ALARMINS AND ILC2

The gut microbiota, the microorganisms that live in the digestive
tracts, provide local and systemic signals, essential for the devel-
opment and education of the innate and adaptive immune sys-
tems, reducing the predisposition and the severity of respiratory
infections and promoting tolerance to allergens.®® This modulation
shapes immune responses locally but also at distal organs, includ-
ing the lung. Changes in the constituents of the gut microbiome can
result in alteration of the immune responses and homeostasis in the

airways.“’&69

4.1 | Gutmicrobiota and inhibition of Th2
inflammation

Gut microbe structural components and their metabolic products,
generated by the biotransformation of exogenous compounds, can
activate local ILC that can then migrate to other sites of the body.”®
Tissue and circulating ILC can recognize gut microbial ligands and
metabolic products through their toll-like receptors and produce a
variety of cytokines and chemokines which can fight or promote
inflammation and infections.”*”® The main gut microbiota me-
tabolites are short-chain fatty acids (SCFAs), that serve as an en-
ergy source for intestinal epithelial cells but also can directly act
on leukocytes, promoting their differentiation and activation.”*”>
A mouse model of IL-33-induced Th2 inflammation demonstrated
that SCFAs derived from fermentation of dietary fibers by the gut
microbiota inhibited pulmonary ILC2 functions and the subsequent
development of airway hyperreactivity.”> SCFAs modulated GATA3
expression, oxidative phosphorylation, and glycolytic metabolic
pathways in pulmonary ILC2 and this phenotype modification was
associated with increased IL-17a secretion and linked to enhanced
neutrophil recruitment to the airways. Therefore, strategies aimed
at modulating metabolomics and microbiota in the gut in early life
could be useful in preventing Th2 lung inflammation and airway
hyperreactivity.”® Lack of specific taxa in gut microbiota is associ-
ated with systemic inflammation and immune dysregulation early in
life. Human breastmilk contains abundant human milk oligosaccha-
rides (HMOs), not digestible by humans (which lack the necessary
glucosidases) but metabolized by specialized microbes, including
Bifidobacterium and Lactobacillus strains.”® HMOs, which can bind to
cell surface receptors expressed on epithelial and immune effector

cells, are involved in the modulation of neonatal gut immunity. In
breastfed infants, supplemented with Bifidobacterium infantis, intes-
tinal Th2 cytokines were silenced and IFN- was induced, providing
a functional link between beneficial microbes and immunoregula-
tion during the first months of life.”” Moreover, offspring of BALB/c
mice supplemented with Lactobacillus johnsonii exhibited reduced
airway mucus and Th2 cell-mediated response to RSV infection.”®
Maternal supplementation resulted in a consistent gut microbiome
in mothers and their offspring, and exhibited decreased inflamma-
tory metabolite production and reduced Th2 cytokine production
and lung inflammation following RSV infection.”® Finally, a study on
C57BL/6 mice showed that the generation of virus-specific CD4 and
CD8 T cells and antibody responses, following respiratory influenza
virus infection, is critically regulated by a normal commensal micro-
biota composition dominated by Lactobacillus spp.79 Interestingly, in
2-5-year-old children, consumption of Lactobacillus paracasei Lpc-
37 or Bifidobacterium lactis HNO19 was found to be associated with
higher levels of selected SCFAs in fecal samples.®C It is therefore
possible that breastfeeding and Lactobacillus and/or Bifidobacterium
supplementation could promote the production of high SCFAs con-
centrations in the gut, resulting in inhibition of pulmonary ILC2
functions and in reduced Th2 inflammation following RSV infection
(Figure 3A).

4.2 | Specific gut microbial profile, ILC2
functions and RSV severity

Modifications in microbiota composition can modulate ILC2 func-
tions and induce alteration of the immune responses to viral respira-
tory infections, leading to different clinical outcome. In stool samples
collected from infants hospitalized during a bronchiolitis season,
four microbiota profiles were detected: Escherichia-dominant,
Bifidobacterium-dominant, Enterobacter/Veillonella-dominant, and
Bacteroides-dominant.2* The proportion of infants with bron-
chiolitis (related to RSV infection in 65% of them) was lowest in
the Enterobacter/Veillonella-dominant profile and highest in the
Bacteroides-dominant profile.8! To determine whether a specific
gut microbial profile could be associated with RSV severity, stool
samples were collected in 95 infants during an RSV season: 37 were
healthy babies and 58 were hospitalized with RSV bronchiolitis."®
Of the RSV-positive infants, 53 remained in the pediatric ward and
5 later moved to the pediatric intensive care unit. There was a sig-
nificant enrichment in Bacteroides, and a decrease in Firmicutes in
RSV infants vs. healthy controls. In addition, infants with severe
RSV disease had slightly lower alpha diversity (richness and even-
ness of the bacterial community) of the gut microbiota compared
to infants with moderate RSV and controls. Beta diversity (overall
microbial composition) was significantly different between all RSV
patients compared to controls.*® These results were confirmed in
BALB/mice in which, after RSV infection, showed a significant in-
crease in the relative abundance of Bacteroidetes and a correspond-
ing decrease in Firmicutes was detected (Figure 3B).82 Changes in
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FIGURE 3 Changes in gut microbiota community composition, RSV infection and allergen sensitization. (A) Breastfeeding and
Lactobacillus and/or Bifidobacterium supplementation can promote the production of high SCFAs concentrations in the gut, resulting in
inhibition of pulmonary ILC2 functions and in reduced Th2 inflammation, following RSV infection. (B) In mice, RSV infection was associated
with a significant increase in the relative abundance of Bacteroidetes and a corresponding decrease in Firmicutes. (C) In ovalbumin (OVA)
sensitized mice, lower abundance of both Bacteroidetes and Firmicutes infection was detected. (D) In mice, previously sensitized to OVA, RSV
infection was associated with higher abundance of both Bacteroidetes and Firmicutes. Bacteroidetes were most significantly associated with
IL-4, IL-5, IL-13, IL-25, and IL-33 production and Firmicutes with IgE and IL-33

gut microbiota composition following RSV infection may also in-
directly regulate ILC2 cytokine release through the production of
alarmins. 6-to-8-week-old BALB/c male mice were randomly di-
vided into a control (CON) group, an ovalbumin (OVA) sensitized
group, and an OVA + RSV group.83 Compared with the CON group,
the OVA group had lower abundance of both Bacteroidetes and
Firmicutes (Figure 3C), whereas higher abundance of these phyla was
detected in the OVA + RSV group, compared with the OVA group
(Figure 3D). RSV-infected asthmatic mice had increased expression
of IL-25 and IL-33 and of the Th2 cytokines IL-4, IL-5, and 1L-13.8°
Prevotellaceae_NK4A136_group, which belongs to the Bacteroides
species, was significantly associated with IgE, IL-33, IL-25, IL-5, and
IL-13 levels, whereas Lachnospiraceae_NK4A136_group, which be-
longs to the Firmicutes species, was significantly associated with IgE
and IL-33 levels.®3 Aggravation of bronchial hyperresponsiveness to
methacholine and airway inflammation was observed in asthmatic
mice following RSV infection-induced alteration of gut microbiota.®®
Interestingly, in a study comparing children with recurrent respira-
tory tract infections (RRTI) and a healthy control group, distinct gut

bacterial community structures between the groups were observed
with an enrichment in Bacteroidetes in the RRTI group.8* Whether
probiotics and/or bacterial derived products, potentially involved in
immune training, could affect gut dysbiosis, prevent gastrointesti-
nal epithelial dysfunction and the related negative influence on the
immune system is an interesting hypothesis that needs to be ade-
quately addressed and demonstrated.®>8¢

5 | CONCLUSIONS

In response to RSV infection BECs can release alarmins, mediators
effective in stimulating ILC2 to produce Th2 cytokines, promoters
of airway inflammation and hyperresponsiveness in RSV infection.
Long-term epithelial progenitors or persistent epigenetic modi-
fications of BECs, following RSV bronchiolitis in infants, may play
a pathogenetic role on the ongoing increased susceptibility to ob-
structive lung diseases in childhood. Experimental studies suggest
that alarmin-induced ILC2 activation, which can be modulated by
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gut dysbiosis, may represent a common pathogenetic imprint in RSV
bronchiolitis and later recurrent wheezing. Exhaustive research in
human subjects is required to determine how human ILC2s mediate
pathology in wheezing and asthma. A better understanding of the
pathways involved in alarmin production by airway epithelial cells
and on the alarmin-ILC2 interactions might provide insights into the
mechanisms characterizing these immune-mediated diseases. The
position of alarmins at the top of the inflammatory cascade makes

them a promising prevention and therapeutic targets.
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