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Asthma is a chronic respiratory disease affecting people of all ages, especially children,
worldwide. Origins of asthma are suggested to be placed in early life with heterogeneous
clinical presentation, severity and pathophysiology. Exacerbations of asthma disease can
be triggered by many factors, including viral respiratory tract infections. Rhinovirus (RV)
induced respiratory infections are the predominant cause of the common cold and also
play a crucial role in asthma development and exacerbations. Rhinovirus mainly replicates
in epithelial cells lining the upper and lower respiratory tract. Type III interferons, also
known as interferon-lambda (IFNl), are potent immune mediators of resolution of
infectious diseases but they are known to be involved in autoimmune diseases as well.
The protective role of type III IFNs in antiviral, antibacterial, antifungal and antiprotozoal
functions is of major importance for our innate immune system. The IFNl receptor (IFNlR)
is expressed in selected types of cells like epithelial cells, thus orchestrating a specific
immune response at the site of viruses and bacteria entry into the body. In asthma, IFNl
restricts the development of TH2 cells, which are induced in the airways of asthmatic
patients. Several studies described type III IFNs as the predominant type of interferon
increased after infection caused by respiratory viruses. It efficiently reduces viral
replication, viral spread into the lungs and viral transmission from infected to naive
individuals. Several reports showed that bronchial epithelial cells from asthmatic
subjects have a deficient response of type III interferon after RV infection ex vivo. Toll
like Receptors (TLRs) recognize pathogen-associated molecular patterns (PAMPs)
expressed on infectious agents, and induce the development of antiviral and
antibacterial immunity. We recently discovered that activation of TLR7/8 resulted in
enhanced IFNl receptor mRNA expression in PBMCs of healthy and asthmatic
children, opening new therapeutic frontiers for rhinovirus-induced asthma. This article
reviews the recent advances of the literature on the regulated expression of type III
Interferons and their receptor in association with rhinovirus infection in asthmatic subjects.

Keywords: asthma, interferon, rhinovirus, exacerbation, TLR7/8, epithelial cells
org November 2021 | Volume 12 | Article 7318071

https://www.frontiersin.org/articles/10.3389/fimmu.2021.731807/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.731807/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.731807/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:susetta.finotto@uk-erlangen.de
https://doi.org/10.3389/fimmu.2021.731807
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.731807
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.731807&domain=pdf&date_stamp=2021-11-10


Krammer et al. Regulation of Interferon-Lambda in Asthma
1 INTRODUCTION: ASTHMA AND ITS
PATHOGENESIS

Asthma is a chronic respiratory disease affecting the life of
millions of people worldwide. The signs and symptoms are
wheezing, cough and dyspnea. These asthmatic manifestations
have a great impact on people´s life quality, especially in patients
with uncontrolled asthma in low-income countries.

The pathogenesis of asthma is not completely understood as it
has both genetic and environmental factors influencing the
disease. Environmental triggers causing asthma development
and exacerbation are allergens, air pollution, like cigarette
smoke, as well as volatile organic compounds, household
compounds or viral, microbial and fungal infections.

Atopy, a condition in which the immune system is more
sensitive to common, otherwise not toxic substances, called
allergens, is a triad of hyperreactive tissues (allergic eczema, in
the skin, allergic rhinitis, in the nose and allergic asthma, in the
lower airways). Allergen exposure still remains the strongest risk
factor for developing allergic asthma in susceptible subjects.
Therefore, the main focus of asthma research groups during the
last decades has been the type 2 inflammatory responses, where T
lymphocytes play a prominent role in the pathogenesis, in
particular T-helper cells type 2 (TH2), their transcription factors
and cytokines, e.g., Interleukin-4 (IL-4), IL-5 and IL-13 (1–5).
Asthma is characterized by an imbalance between TH1 and TH2
response in the airways, following an overshooting response to a
harmless antigen like allergens or pathogens. The hypersecreted
cytokines IL-4, IL-5 and IL-13 lead to smooth muscle spasms,
goblet cell hyperplasia and eosinophilic inflammation (6). As a
result, new biological therapies such as monoclonal antibodies
targeting IL-5 or IL-5 receptor were approved. Nevertheless,
approximately half of asthmatics lack the type 2 phenotype,
suggesting that asthma is a much more complex syndrome with
many possible phenotypes. More recently, it became clear that
type 2 innate lymphoid cells (ILC2) also play an important role
and are main producers of IL-5 upon IL-33, IL-25 and TSLP
stimulation. Additionally, T-helper cells type 17 (TH17) recruit
neutrophils via IL-8 into the lung after antigen presentation. These
neutrophils upregulate a-defensines and serine proteases thus
characterizing a different manifestation of asthma than
eosinophilic driven inflammation (7).

Most approaches to distinguish different asthmatic
phenotypes are based on the origin and time point of the
disease onset, as well as the symptom and treatment status of
the patient. Siroux et al. described asthma phenotypes A-D.
Group A was actively treated allergic childhood-onset asthma
while B was actively treated adult-onset. Groups C (allergic) and
D (non-allergic) were characterized by very mild symptoms and
no need for treatment (8). Another approach was to do a cluster
analysis using symptoms and eosinophilic inflammation as key
parameters. Similarly, a common phenotype of early-onset
atopic asthma was identified. In contrast to this type, there is a
predominant eosinophilic inflammation phenotype with late
onset of the disease. On the other hand the authors describe
two symptom driven phenotypes, the early symptom
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predominant and the obese non-eosinophilic type (9).
Especially patients with higher body mass index (BMI) and
more eosinophilic inflammation were at risk risk of suffering
more frequently from asthma exacerbations (10).

As respiratory virus infections are seen as one of many
triggers for non-allergic asthma, the defense against those
pathogens impacts asthma development as well. Depending on
the different serotypes, rhinovirus shows a cytopathic effect on
the bronchial epithelial cells. This cytotoxic effect could play an
important role in increasing the susceptibility to asthma
development (11). A large cohort study found an interaction
between single nucleotide polymorphisms (SNPs) in the 17q21
locus, rhinovirus induced wheezing illness in childhood and
asthma development (12). Despite these findings, it is still
controversial whether RV infections are the cause or also a
result of susceptibility to allergens and pathogens of
asthmatic subjects.

Nevertheless, many asthmatics suffer from virus induced
worsening of their disease, so called asthma exacerbations.
These exacerbations can occur frequently and are defined as
acute or subacute episodes of progressive worsening of
symptoms as well as lung function. Mostly, upper and lower
respiratory tract infections are responsible for these
exacerbations. Characteristically, rhinovirus (RV) is considered
to be the main trigger of asthmatic exacerbations, being detected
in up to 70-80% of children and adult exacerbations (13–16).

Thus, it is crucial for asthmatic patients that their body
produces antiviral proteins commonly known as interferons.
These agents consist of three subfamilies called interferons
type I, II and III. In this review, we focus on the type III
interferon family also known as interferon-lambda 1-4. So far,
the differential role of IFNs is not well understood although
understanding their regulation might be an important target for
therapeutic antiviral strategies. The current SARS-CoV-2
pandemic demonstrates even more how dangerous new virus
mutations are and how essential a sufficiently controlled antiviral
immune response is (17).

Here we will further discuss the role of RV infections as
common triggers of asthmatic exacerbations and how type III
IFNs affect them (18). Furthermore, in this narrative review, we
will emphasize on the regulation and variability in the expression
of interferon-lambda family members and the signaling via its
receptor interferon-lambda receptor (IFNlR) (19).
2 RHINOVIRUS INFECTION AND
ANTIVIRAL IMMUNE RESPONSE

The human rhinovirus (HRV) is a positive-sense single-stranded
RNA [(+)ssRNA] virus belonging to the genus enterovirus of the
picornaviridae family. Rhinoviruses are commonly known as
respiratory viruses associated with infections of the upper
respiratory tract and represent the main agent causing the
common cold (20). Studies in recent years have additionally
shown that HRV can trigger or promote lower respiratory tract
November 2021 | Volume 12 | Article 731807
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diseases such as asthma exacerbations or other inflammatory
lung diseases (21, 22).

Three species of HRV have been reported: RV group A (RV-
A), RV group B (RV-B) and the recently discovered RV group C
(RV-C). Together they comprise more than 100 serotypes that
can be characterized by their receptor binding site (23). The
majority of RV-A and RV-B, approximately 90% (major receptor
group), enters the cell via binding intercellular adhesion
molecule 1 (ICAM-1) (24). Attachment to ICAM-1 receptor
leads to conformational change of the virus capsid and uncoating
so that the viral genome can be released into the cytosol. The
minority of HRV (minor receptor group) utilizes the low-density
lipoprotein receptor (LDLR) for entering the host cell. Virus-
attachment to the LDLR results in clathrin-dependent
endocytosis and RNA-release into the endosome. After
internalization of the receptor ligand complex by clathrin-
mediated endocytosis, the internal ribosomal entry site (IRES)
recruits the host translation machinery, including ribosomes, to
initiate viral replication and protein biosynthesis (Figure 1A). In
contrast, Cadherin related family member 3 (CDHR3) was
recently described as a possible receptor for RV group C but
little is known and this group needs further investigations (24).

Endosomal viral ssRNA can be recognized by the host via
toll-like receptor (TLR) 7 and 8. During the viral replication
process, double-stranded RNA (dsRNA) is produced. Viral
dsRNA in the endosome can be detected by the host via the
pattern recognition receptor (PRR) toll-like receptor 3 (TLR3)
(25, 26). Cytosolic viral RNA can be recognized by retinoic acid-
inducible gene 1 (RIG-1) or melanoma differentiation-associated
gene 5 (MDA-5). Host detection of viral RNA by these PRR and
pattern recognition molecules (PRM) consequently induces
downstream signaling cascades. MDA5 interacts with the
mitochondrial antiviral signaling proteins (MAVS) leading to
recruitment of interferon regulatory factors (IRFs) 3 and 7 into
the nucleus, binding to the promotor of INFl and resulting in
Frontiers in Immunology | www.frontiersin.org 3
induction of the IFNl family gene expression (27–29). This
signaling pathway not only induces type III interferon
production but also leads to higher expression of type I
interferons (30). Downstream of TLR 7/8 and TLR3, the
Myeloid differentiation primary response 88 (Myd88) and TIR-
domain-containing adapter-inducing interferon-b (TRIF)
cascades are activated and lead to a recruitment of IRFs as well
as nuclear factor ‘kappa-light-chain-enhancer’ of activated B-
cells (NF-kB) into the nucleus enhancing type III interferon
expression (31). Notably, the combined activation of both IRFs
and NF-kB was reported to be required for maximal IFNl gene
expression (32). While these pathways similarly induce type I
and type III IFNs, KU-70, known as cytosolic DNA sensor, was
found to rather induce type III interferon gene expression (33).
The downstream mediator of KU-70 dependent IFN type III
production was recently identified to be STING (Stimulator of
IFN genes), which is also important in IFN type I signaling (34).

Except interferons, the pathogenesis of HRV infection involves
various different cell types and cytokines as well as chemokines.
Besides a direct effect on the airway epithelial cells that has been
described, RV is causing a destruction of the tight junctions (35,
36). The infected epithelial cells and the neighbouring epithelium
produce different cytokines and chemokines like IL-8, IP-10, G-
CSF and RANTES (37). These mediators can also trigger an
aggressive pro-inflammatory immune response that damages the
epithelium. Additionally, it was demonstrated that TH2 cytokine
driven mucus cell metaplasia reduced the virus load in human
bronchial epithelial cells. The main target of the rhinovirus are the
ciliated cells of the epithelium. Their infection leads to an even
higher impairment of ciliary transport in asthmatics and a
worsened clearance of mucus in the lung (38, 39). The antiviral
immune response triggered byHRV can be divided further into an
innate and an adaptive immune response. Aab et al. reported that
in vitro B cell infection by HRV resulted in B cell proliferation,
generation of infectious virions and the elicitation of
A B

FIGURE 1 | (A) Graphical illustration of the induction of type III interferon gene expression upon rhinovirus infection. HRV enters the cell via ICAM-1 receptor,
CDHR3 receptor or via clathrin-mediated LDLR endocytosis. Viral cytosolic and endosomal ssRNA and dsRNA can be detected by PRR and PRM such as RIG-1 or
MDA-5 (cytosolic) or TLR3 and TLR7/8 (endosomal), respectively. PRR and PRM induce downstream signaling cascades leading to recruitment of IRFs and NF-kB
that promote type III interferon gene expression in the nucleus. (B) Graphical illustration of the signaling pathway after TLR 7 and 8 activation by resiquimod (R848).
TLR 7 and 8 are located in intracellular vesicles, where they bind ssRNA or substances that mimic their structure. After activation, the signal is transduced via
Myeloid differentiation primary response 88 (MyD88). Important mediators are TNF receptor-associated factor (TRAF) 3 and 6 as well as different interleukin-1
receptor associated kinase family members (IRAKs). Interferon regulatory factors (IRF) 3 and 7 and nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells
(NF-kB) are the key regulatory factors that influence the gene expression in the nucleus. As a result the production of pro-inflammatory cytokines and type I
interferons is enhanced.
November 2021 | Volume 12 | Article 731807
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pro-inflammatory cytokine production (40). Further, replication
of HRV in human macrophages was shown to induce pro-
inflammatory cytokine production via upregulation of NF-kB
(41). Rajput et al. recently investigated the differences of RV-
A1B and RV-C15 infections in asthmatic mice. They discovered
higher expression of TH2 mediators (IL-5, IL-13 and CCL24), as
well as higher peribronchial levels of IL-25, IL-33 and TSLP which
are key drivers of ILC2 differentiation. As expected these effects
resulted in higher numbers of ILC2 (42). This new insight
supports the hypothesis that different RV subtypes show varying
effects on the host and affect asthmatic patients more or
less strongly.
3 IMPACT OF TYPE III INTERFERON
SECRETION ON THE
RESPIRATORY TRACT

The discovery of type III Interferons known as IFN-lambda in 2003
revised our knowledge about viral defense and led to a better
understanding of the innate and adaptive immune response. So
far, many studies and reports revealed the antiviral, anti-
proliferative and immunomodulatory properties of type III IFN
(27, 43–45). IFNl family consist of four members (IFNl 1-4) in
humans and binds to the heterodimeric IFNl receptor. IFNl was
shown to be predominantly produced upon infection at the site of
entry in the epithelium of the lung or gut (46). Odendall et al.
suggest that upregulation of peroxisomes during cell differentiation
is a possible mechanism of preferential IFNl production over IFNa
in epithelial cells. RLRs drive the activation of IFNl but not IFNa
production via peroxisomal MAVS (47, 48). After the first contact
of the pathogen with the epithelium the dendritic cells encounter
antigen and rapidly produce IFNa as well as IFNl (49). In the lung
IFNl is induced rapidly upon infection to control virus replication
without activating inflammation. Subsequently IFNa levels increase
and support immune defense while also inducing a pro-
inflammatory response (50). Furthermore, there is evidence for a
cross-talk between the type I and type III IFNs. Addition of IFNl to
human PBMC plus hepatoma cells co-culture increased the
production of IFN type I and II (51). Similarly, pDC were also
activated to produce IFNa upon IFNl stimulation, as they highly
express IFNlR.

In asthma, type III Interferons have been reported to decrease
IL-4 and IL-5 production, as well as IL-13 production by T cells
(3, 44, 52) providing evidence for a protective role in
asthma exacerbations.

We and other groups demonstrated the protective role of IFN
type III in experimental allergic airway disease (53). Here, balb/c
wild-type mice were sensitized and challenged with ovalbumin
(OVA) and additionally treated with recombinant IFNl2 (IL-
28A) or PBS intranasally. IL-28A-treated asthmatic mice had less
granulocytes in the bronchoalveolar lavage (BAL), less
inflammation in histological sections but higher IFNg expression
in OVA-restimulated cells isolated from the mediastinal lymph-
node cells. Consistently, IFNLR1 KO asthmatic mice had higher
IgE-levels, more granulocytes in the BAL and higher effector T cell
Frontiers in Immunology | www.frontiersin.org 4
responses in OVA-restimulated cells from the mediastinal
lymphnode. Furthermore, this study demonstrated an immune
shift from TH2/TH17 immune response to TH1 immune
response following IL-28A application. The TH1 response was
predominantly mediated by conventional dendritic cells via IFNg
(Figure 2, right-handside) (53). In a murine rheumatoid arthritis
model, IFN l2 treatment lead to reduction of IL1b, IL17 and IL23
mRNA expression in the joint. The numbers of neutrophils, TH17
and gd T cells in the joint were similarly decreased. The data shows
a limitation of neutrophil migration to the joint by IFNl2
treatment (54). Another group also showed that IFNl1
modulates TH1 and TH2 responses in a dose dependent
manner. IL-13 secretion was markedly reduced while IFNg
could be induced by high doses only. Moreover, pretreatment of
mDC with IFNl1 prevented the activation of IL-13 producing T
cells (55). This modulating effect on T cells was not only restricted
to cytokine production (56). IFNLR1 KO mice showed a
deficiency in memory T cells during influenza-A virus (IAV)
infection. This effect is due to an altered migratory and antigen
presentation ability of CD103+ DC (57). Both, IFNl1 and IFNl4,
even have synergistic effects with low dose TCR-mediated
stimulation and were able to enhance IFNg production by
CD8+ T cells (58). Further, peripheral DC stimulated with IFNl
upregulated CD80 and ICOS-L expression and, in combination
with IFNa, an even stronger enhancement of CD80, CD83 and
ICOS-L was observed (59).

These findings show that IFN type III not only modulates the
T cell response directly but also indirectly via dendritic cells.
During viral infections, IFNl shows direct effects on epithelial
cells (Figure 2, left handside). Remarkably, it also alters the
immune response indirectly via the IFNl-TSLP-axis. Thymic
stromal lymphopoietin (TSLP), a regulator of adaptive immunity
produced by epithelial cells was found to be induced by type III
interferons after infecting mice with a live-attenuated influenza
virus. TSLP stimulated migratory dendritic cells and boosted
antigen-dependent germinal center reactions in draining lymph
nodes. Furthermore, this resulted in higher numbers of virus-
specific CD8+ T cells and an enhanced production of IgG1 and
IgA. This study demonstrates a clear modulation of the adaptive
immune system via type III interferons (60).

It was generally an assumed concept that subjects with
underlying lung pathological conditions like asthma have a
deficient innate immune response to infections, with
significant downregulation of type I and III interferon genes
(61–63). The role of type III IFNs in viral infections has been
largely studied, unfortunately with mixed results so far. In the
following section we discuss the results on IFNl production in
asthmatic patients in the lung during acute exacerbation or
steady state asthma.

3.1 Role of IFN Type III in the Airways
in Asthma
3.1.1 Role of IFN Type III During Asthma
Exacerbations
In adult cohorts, some reports found that bronchial epithelial
cells from asthmatic subjects had no sufficient induction of type
November 2021 | Volume 12 | Article 731807
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III interferon expression upon in vivo viral infection. Higher
levels of IFNl were associated with lower numbers of eosinophils
in sputum, lower levels of IL-8 and less virus load in BAL. This
could mean an increased susceptibility of asthmatic patients to
viral infections and an impaired defense against them (62).
Supporting this hypothesis, an adult asthma cohort compared
levels of interferons with and without active exacerbation 4 days
after the onset of symptoms. IFNa and IFNg in the sputum were
increased while IFNl was not significantly regulated (64).

Opposed to these findings, a strong interferon response in
asthmatics during acute exacerbations was found in the study
published by Hansel et al. where Twenty-eight asthmatics and
eleven healthy controls underwent nasal inoculation with RV16.
The authors performed nasosorption during days 0, 2, 3, 4, 5 and
7 after infection. Patients had a bronchoscopy 14 days prior to
RV inoculation and on day 4 afterwards. Thirty-four cytokines
were measured in the nasal fluid. Here the authors detected a
strong increase in interferon type II (IFNg) and type III (IFNl)
levels in the upper airways of asthmatic patients compared to
controls around the time point in which the RV infection
reached its highest level in the upper airways (65). In a recent
study, Veerati et al. found that viral exacerbations in patients
with lung conditions, such as asthma and chronic obstructive
pulmonary disease (COPD), relate to delayed rather than
deficient expression of epithelial cell innate antiviral genes.
Bronchial epithelial cells were obtained from healthy, severe
Frontiers in Immunology | www.frontiersin.org 5
asthmatic or COPD diagnosed individuals. Gene expression
patterns were similar in all patient groups, but the kinetics of
induction were delayed in the samples obtained from patients
with asthma or COPD. Induced gene expression peaked at 48 h
post-infection in healthy subjects. In contrast, in cells from
asthmatic and COPD donors the induction was maximal at or
beyond 72-96 h post infection. The authors suggested that the
varied methods used in other studies might explain the
discrepancies. However, once the response is initiated, it is
robust and does not differ from healthy controls (66).

In paediatric studies the immune response after rhinovirus
infection in asthmatic children was weak and reduced, irrespective
of their atopic condition. The group included in this study
consisted of 47 children who underwent bronchoscopy. After ex
vivo infection of their bronchial epithelial cells with type 16
rhinovirus, Interferon-lambda levels could be detected. The
authors analyzed the IFNb and IFNl protein levels 48 hours
after infection. RV16 infection resulted in significant increased
IFNb protein production in all groups but the levels were
significantly lower in atopic asthmatic, non-atopic asthmatic,
and atopic non-asthmatic children. This reduction in IFNl and
IFNb mRNA levels in asthmatics correlated with a significant
increase in RV16 vRNA levels in both atopic and non-atopic
asthmatic children when compared with those seen in healthy
children. Further, IFNl induction showed inverse correlation
between epithelial damage and the airway TH2 cell profile (67).
FIGURE 2 | Graphical illustration of the IFNl family members production and release during virus infection (left) vs inflammation (right). Upon viral stimulation (1), the
epithelial cells (2) and dendritic cells (3) are the main producers of type III interferons. The epithelial cell barrier therefore is the first defense line against viral infections.
After the release of type III interferons, they bind to their specific receptor the IFNlR (4). This receptor is expressed on different cell types like macrophages, dendritic
cells, neutrophils, B-cells and epithelial cells. During inflammatory processes, IFNl activates dendritic cells to produce IL-12. This activates the Th1 immune response
and thereby suppresses Th2 mediated inflammation like recruitment of eosinophils to the site of inflammation. Under these conditions, the Treg function is maintained
and supports the lung homeostasis by resolving the airway inflammation.
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Similarly, in the study by Edwards et al., severe asthmatic children
had a deficient interferon-beta and interferon-lambda induction in
bronchial epithelial cell culture ex vivo after rhinovirus infection.
In accordance to the impaired interferon response, the viral load
was found significantly increased. These findings suggest the
impaired innate immune response to respiratory virus could be
interpreted as a characteristic of severe therapy resistant asthma
(68). In addition, more than 400 children with asthma and upper
respiratory symptoms, with or without wheezing, were
prospectively studied in the article published by Miller et al.
(69). Human rhinoviruses were the most frequently associated
viruses. Interestingly, baseline levels of IFNl1 were lower when
compared to healthy controls in this population. During asthma
exacerbations, type III IFN in the nasal fluid was determinant for
disease severity. Moreover, higher levels of type III Interferons
were found associated with wheezing and severity of exacerbation.
It was also hypothesized that the lower level of IFNl1 prior to RV
infection could play a role by enhancing susceptibility in patients
with asthma (69).

Altogether, these studies point out that we cannot summarize
data coming from samples collected with different protocols, as
these differences might influence the conclusions. This is
demonstrated by the studies mentioned above in which the
analysis of the nasal and bronchial fluid lining the airways in
adults in vivo shows antiviral IFNl induction in asthma whereas
in vitro studies in isolated bronchial epithelial cells showing a
defect of IFNl. It becomes clear that there are big differences in
adult cohorts and in children. The paediatric studies tend to
show a defective induction of IFNl, which might also be due to
the ongoing maturation of the immune system.

3.1.2 Role of IFN Type III During Stable
Asthma Condition
In well-controlled asthma patients rhinovirus-induced interferon
production was shown not to be impaired. Human bronchial
epithelial cells (HBEC) were cultured from asthmatics and healthy
subjects and infected with two types of rhinovirus (RV16 and
RV1B). Supernatants were analyzed at different time points (8, 24
and 48 hours). HBEC from asthmatic patients producedmore IFNl
than IFNb, indicating that IFNlwas themain IFN subtype found in
asthmatic and healthy subjects (70). Neither defective Interferon
induction nor an increase in the rhinovirus replication was
documented. In addition, a cohort study of control and stable
asthmatic adults analyzed IFNl1 and IFNl2 expression in sputum
samples. IFNl2 was significantly induced in asthmatic patients
while IFNl1 was not. IFNl2 was correlated with higher numbers of
eosinophils and higher levels of CD3 expression. This could indicate
a differential expression or different functions of IFNl1 and 2 in
asthmatic patients (71).

Similarly, IFNl levels and IFNb production during rhinovirus
infection in vitro was not found to be deficient in well controlled
asthmatics in an article published by Sykes et al., indicating that
in well controlled asthma there is a good IFN type I and III
immune response (70).

Furthermore, stable asthmatic patients usually have
therapeutically controlled asthma. The treatment of these patients
Frontiers in Immunology | www.frontiersin.org 6
mainly consists of glucocorticoid and ß-sympathomimetic
combinational therapy. These therapeutic agents might also have
an effect on the IFN mediated host defense. A cohort of 25 atopic
asthmatics was pretreated with budesonide, 16 days prior to RV
inoculation. The authors didn’t detect differences in the
accumulation of RV associated inflammatory cells (72). In
contrast, the work by Thomas et al. demonstrates that
glucocorticoid treatment can increase the virus replication and
suppress the production of type I and III IFNs. In human
epithelial cells and a murine model of Influenza-A infection these
alterations caused by glucocorticoid pre-treatment could be
ameliorated by giving IFNa, IFNb or IFNl (73).

3.2 Role of IFN Type III in the Peripheral
Blood in Asthma
In the airways, IFN-lambda production by epithelial cells might
be influenced directly by the virus. By contrast, levels of IFN-
lambda measured in the periphery, for example serum or plasma,
might reflect some indirect effect of the virus infection in cells of
the immune system. They can produce IFNl but are not
necessarily directly infected by the virus. Asthmatic patients
generally show a broad variety of cytokine and chemokine
production in the peripheral blood. A group of asthmatic
children with wheezing during discrete time periods had
increased levels of IFNg, IL-5, IL-4 and IL-10 during
exacerbation (74). Especially pDC are circulating in the
periphery and are able to produce IFNl as well as respond to
IFNls binding (75). Therefore, our group investigated type I and
type III Interferons in the peripheral blood during baseline and
symptomatic visit. In the course of an active RV1B infection in
the upper airways, preschool children with and without
asthma that showed common cold symptoms were seen as
“symptomatic”. At baseline, we found an induction of type III
Interferons in serum of asthmatic children positive for RV
in the nasal pharyngeal fluid as compared to asthmatic
children without RV in the upper airways. Moreover, during
symptomatic visit, IFNl was found consistently upregulated as at
this time point all asthmatic children had RV detectable in their
airways. We thus concluded that IFNl producing cells are
induced in the periphery in children with asthma and
rhinovirus infection. Also these results indicated that there is
not a genetic defect of IFNl production in our asthma cohort of
preschool children (63). We next investigated the defect of type I
Interferon in the same cohort of preschool healthy and asthmatic
children. These IFN members are released classically by
plasmacytoid DCs which can be detected in the peripheral blood
(76). In this case,weconfirmedthedefect in IFNaproduction, at the
baseline visit, in asthmatic children, both in PBMCs and in serum.
By contrast, during an exacerbation of asthma these children
experienced a significant increase of IFNa (63).

IFNl has also been described to influence the TH1-TH2-
balance by suppressing the expression of GATA3 and IL-13
production in peripheral TH2 cells while increasing the
production of IFNg (77). As these alterations in T cells could
also affect dendritic cells, another group investigated the
secretion of IL-10 and IL-12 in monocyte derived DC. Here
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IFNl was given during maturation of mDC and suppressed IL-
10 production while inducing IL-12 (55). These data suggest a
shift more towards a TH1 immune response due to IFNl
treatment. This is also a possible mechanism how IFNl is able
to improve the allergic asthma exacerbations by suppressing
TH2 responses and balancing it more towards TH1 however
bearing the risk of increased cytotoxicity.

In conclusion, our group was pioneer in closely investigating
the described deficiency in IFN type I and type III in asthma in
the peripheral blood of preschool asthmatic children. These
findings show that there is not a defect in Type I and Type III
interferons during exacerbations of the disease caused by RV, at
least in the PREDICTA cohorts we investigated. There is the
need to further analyze these findings in different cohorts as
several clinical trials have been initiated in which Type I and type
III Interferon is used as asthma treatment. Certainly, to challenge
IFN-defect in asthma should lead to a better treatment of this
disease, especially in children.

3.3 Recent Lessons on Type III Interferons
During the COVID-19 Pandemic
Alike rhinoviruses, coronaviruses are single-stranded positive-
sense RNA viruses. Coronaviruses have been known for a long
time as cause for common colds and are also able to cause
exacerbations in asthmatic patients. In the current COVID-19
pandemic, many asthmatic patients were afraid of infecting
themselves and having a severe disease progression. It is
discussed that allergic asthmatics and allergic patients might
even show a protective effect. Jackson et al. found a
downregulation of SARS-CoV-2 entry receptor ACE2 in
patients with high IgE-levels and high allergic sensitization (78).
Controversially, patients who suffer from non-TH2-predominant
asthma often have comorbidities such as obesity or cardiovascular
diseases and might have a higher risk for severe illness (79).
According to the latest literature, asthmatic exacerbation rates
during the pandemic were reduced compared to numbers of 2019
(80). This effect might be due to the reduction of social contacts,
the use of facial masks and the keeping of distance to other people.

Despite these findings a potent defense against infection is
especially important for this group of patients. Experiments
proved that SARS-CoV-2 is sensitive to IFNb application.
Additionally the infection of NHBE, a human bronchial
epithelial cell line, with SARS-CoV-2 led to a comparable
strong immune response as to Influenza-A-Virus but to highly
differential expressed genes. In this model, SARS-CoV-2 didn´t
promote a strong IFN type I and III response. In contrast, the
infection led to a substantial activation of inflammatory
mediators like IL-6, IL1RA, CCL2, CCL8 CXCL2, CXCL8,
CXCL9, and CXCL16 (81). These results suggest an imbalance
between the control of the virus replication and a very aggressive
inflammatory response upon infection.

Other publications state that the interferon immune response
in SARS-CoV infections is delayed compared to Influenza
infection (82). A murine model of IFNLR1 KO mice
demonstrated that this strain is susceptible to virus infection
and shows 10-times higher virus load of SARS-CoV as compared
to wild type mice (83). In contrast, an immune profiling analysis
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of COVID-19 patients showed that IFNl was associated with an
additional inflammatory cluster only found in severe cases (84).
In the ongoing infection there are contrary opinions and
evidence that interferon levels are associated with higher saliva
viral load and also with disease severity (85). Nevertheless, the
dominance of inflammatory cytokines in severe COVID-19 cases
demonstrates even more the need for a solid interferon response
in the early phase of the infection. The type III interferons as well
as type I play an important role in the initial stage of disease in
controlling the virus replication and therefore a better outcome
of the disease.

All things considered, apparent contradictory results have
been reported so far regarding the type III Interferon response to
viral infection in asthmatic patients. A potential explanation of
such mixed results could be the time of analysis, impact of age,
the materials used during the study and of course the
heterogeneity of asthma as well as the stage of the disease. Yet,
we know that IFNl is a crucial mediator in different immune
processes like the antiviral defense, but it is also known for
antibacterial and anti-tumoral properties.

3.4 Role of IFNl in the Intestine
The high prevalence of inflammatory bowel disease in the
western countries and the rampant increase in its incidence in
the developing world, as well as the management of the two
major forms i.e. Crohn’s disease and ulcerative colitis, has
become a great socio-economic burden. Although the
etiopathogensis of inflammatory bowel disease is not
completely understood, there is a general consensus that an
uncontrolled immune response against commensal flora in
genetically predisposed individuals essentially contributes to
disease pathogenesis (86). Different cytokines have been
identified as key players in the pathogenesis of the auto-
inflammatory response with prominent examples including
TNF, IL-6, IL-12, IL-17 and interferons. According to the
prevailing view, in the context of early acute inflammation
stages, IFNa/b can beneficially modulate inflammation by
hindering the spread of infection. During the later stages of
inflammation, where chronic processes take central stage, the
same cytokines amplify disease by fostering the production of
pro-inflammatory mediators and intestinal epithelial cell death
(87–89). On the other hand, IFNg aggravates disease by e.g.
directly interfering with b-catenin signaling pathways, resulting
in lower proliferation and higher apoptosis rates (90). IFNg also
promotes inflammation in experimental colitis by inducing a
breakdown of the vascular barrier through disruption of the
adherens junction protein VE-cadherin and (91).

Historically, the role of IFNls in the gut has been addressed
predominantly using viral models of gastrointestinal disease in
which it played a critical role in controlling early antiviral events
at the mucosal barrier thus promoting homeostasis. In contrast
to other organs like the lung in which epithelial cells express both
the IFNa/b and the IFNl receptor complex, intestinal epithelial
cells predominantly express the IFNlR (83, 92, 93). The role of
IFNl in viral infections of intestinal cells has been addressed by
different studies over the past decade. It has been shown that the
cross-talk between IFNl and IL-22 is responsible for restricting
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rotavirus replication in a STAT1-dependent manner (94). In
another study, treatment of established norovirus infection with
IFNl cured mice in a manner requiring non-hematopoietic cell
expression of the IFNlR, and was independent of adaptive
immunity. Whereas IFNa/b prevented the systemic spread of
murine norovirus, only IFNl was able to control the persistent
enteric infection suggesting the therapeutic potential of type III
interferons for curing virus infections in the gastrointestinal tract
(95). Another study demonstrated that antibiotics and IFNl
prevented persistent murine norovirus infection. IFNlR, as well
as the transcription factors STAT1 and IRF3, were required for
antibiotics to prevent viral persistence (96). Very recent results
indicated a critical role of IFNl in controlling SARS-CoV-2
infection in human intestinal epithelial cells. The results show
that stimulation of human primary intestinal epithelial cells with
SARS-CoV-2 resulted in the increased production of IFNl but
not IFNa/b (97). Patankar et al. found that IFNl stimulation of
small intestine organoids derived from wild type mice resulted in
a decrease of both SARS-CoV-2 receptors ACE2 and TMPRSS2
expression levels. Moreover, mRNA expression levels of ACE2
were decreased in the small intestine of mice that were injected
with an IFNl expression vector as compared to the empty
control vector (98).

Overall, interferons are important at all mucosal sites of entry,
regardless if it is the lung or the gut. Because it still remains
unclear if asthmatic patients show a defective IFNl immune
response, at least during some periods of their disease, they
might also exhibit a different control of infections in the gut. In
fact, several studies suggest a lung-gut axis and find more
gastrointestinal symptoms in asthmatic children, which might
be due to an altered interferon response (99).
4 REGULATION OF INTERFERON-
LAMBDA RECEPTOR

The effect of Type I and Type III IFN in the airways and the
peripheral blood is dependent not only on its stability or
production but also on the regulation of its receptor which at
the end sequestrates free IFNs. Thus, another variable that
must be considered is the regulation of IFN receptors in health
and disease. The interferon-lambda receptor (IFNlR) consists
of two subunits: the more restricted interferon-lambda
receptor 1 (IL-28 Ra) and the ubiquitously expressed IL-10
receptor subunit beta (IL-10Rb). Interferon-lambda family
members binding to their receptor leads to the activation of
Janus kinase 1 (JAK1) and Tyrosine kinase 2 (TYK2). This in
turn results in the phosphorylation of signal transducer and
activator of transcription 1 (STAT1) and STAT2 heterodimers,
which afterwards form a complex with IFN regulatory
Factor 9 (IRF9). This STAT1-STAT2-IRF9 (ISGF3) complex
translocates into the nucleus, inducing several hundreds of
IFN-stimulated genes (ISGs). In the literature, the involvement
of TYK2 in type III interferon signaling is discussed
controversially due to reports that Tyk2 deficiency didn´t
abolish IFNl signaling (100).
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IFNlR is expressed more selectively as other IFN receptors.
The primary binding of IFNl happens at the epithelial barrier in
the lung and gut on epithelial cells. Immune cells have generally
lower levels of IFNlR. B cells, CD4+ and CD8+ T cells express
IFNlR while monocytes and NK cells only show low levels of
expression (101). Plasmacytoid DC express a basal level of
IFNlR that can be upregulated upon activation by viral stimuli
(59). Recent publications found responsiveness of neutrophils
from the bone marrow, blood and peritoneum to interferon-
lambda. IFNl reduced reactive oxygen species (ROS) production
by regulating AKT via JAK2 (102). For NK cells there are also
reports that find expression of IFNlR in murine and human NK
cells or state indirect effects of IFNl on NK cells (103). The
IFNlR KO strain showed higher tumor metastasis in a model of
lung cancer. When NK cells where transferred into these mice
this effect could be diminished, suggesting the importance of
IFNl in normal NK cell function (104). B cells were also found to
carry the IFNlR and were activated by IFNl and TLR7/8 co-
stimulation (105). So far it still remains controversial which
immune cells are responding to IFNl and if that is only the case
during pathological processes and infections or also in
homeostatic state.

The regulation of the IFNlR plays a central role in controlling
resistance against viruses (106). Thus, regulation of the
expression of this receptor by both genetic variability and
pathogens might influence the functionality of the host
defense. Furthermore, biological variation of IFNlR has an
impact on the functionality and ability to activate its signaling
cascade. This section details recent findings elucidating how the
IFNlR expression and function are modulated.

Genetic variation in the form of several single nucleotide
polymorphisms (SNPs) in the IFNl and IFNlR gene region have
been described in the literature so far. These SNPs have been
associated with a series of important clinical phenotypes in the
context of infectious disease (107).

One report found that a SNP in the IFNlR gene led to early
treatment failure in HCV patients suggesting the influence of
IFNlR on the outcome of therapeutic measures in virus
infections (108). Another study showed that eosinophil
numbers in the blood were variable due to IFNlR mutations
in allergic rhinitis patients. However, no association between
SNPs in the IFNlR gene and IgE serum levels was detected (109).

Epigenetic differences between individuals can also be the
cause for variations in the expression of IFNlR and the
unresponsiveness of cells in the presence of IFNl. Ding et al.
demonstrated that histone deacetylation-mediated closed
chromatin conformation and hypermethylation are involved in
the silencing of IFNlR expression (110). Methylation of the
IFNlR1 gene in human gastric tumor cells and inhibition of
methyltransferase lead to increased responsiveness to IFNl
during infection with human norovirus (111).

The detection of a soluble form of the IFNlR (sIFNlR) that
compared to the membrane-bound (memIFNlR) form equally
strongly binds to IFNl was surprising. However, this soluble
IFNlR fails to respond to its ligation due to the lack of the
intracellular signal transduction. This soluble form could indicate
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a negative feedback regulation. Witte et al. further analyzed the
soluble IFNlR and characterized it as a shorter, secreted form of
the memIFNlR. It is missing the transmembrane and intracellular
domain encoding parts and is equivalent to the extracellular
domain of memIFNR except for the five C-terminal amino acids
(112). Others hypothesized that there are different splice variants
of the IFNl receptor that have an impact on the potency of its
antiviral response (101).

The sIFNlR form is a potential explanation for impaired IFN
signaling in some patients. Investigation of this soluble version is
still in its infancy, but has the potential to revolutionise our
knowledge of IFNl dependent viral defense. This underlines the
need for more research on the soluble form of IFNlR and
different splice variants, as well as gene mutations.
5 TYPE III INTERFERONS AS POSSIBLE
THERAPEUTIC AGENT

At present, the treatment of asthmatic patients focuses on
control l ing asthma symptoms and reducing future
exacerbations. Glucocorticoids and bronchodilators remain the
most prescribed therapy. Last years a novel strategy from GINA
(Global Initiative for Asthma) was introduced, recommending a
low-dose glucocorticoid and a long-acting beta agonist even in
intermittent asthma. The goal is to reduce the chronic
inflammation and future exacerbations, as enough data
suggests even in mild forms of asthma (113). Subcutaneous
immunotherapy in patients with allergic asthma may be
beneficial too and should be considered, especially if patients
have allergic rhinitis combined with asthma. In contrast, the
sublingual immunotherapy has only modest results in asthmatic
patients (114).

Type I interferons are already used in therapy up to date.
IFNa is a possible treatment option for hepatitis C and B,
malignant melanoma and Kaposi-syndrome. IFNb is a
therapeutical approach for multiple sclerosis. Unfortunately,
these agents lead to severe side effects like transient changes in
peripheral blood or influenza-like symptoms (fever, muscular
pain) (115). These IFN type I members are also approved as
therapeutic drugs in their PEGylated form. Currently there are
also trials of treating COVID-19 patients with IFNa2a that lead
to reduced CT scores and accelerated viral clearance (116).

Type III Interferon as a therapeutic agent in asthmatic
patients may be of some interest during episodes of
exacerbation. In airway epithelial cells, the type III IFN induce
the expression of sets of ISGs that are similar to type I IFN, but
the kinetic is slightly delayed and has a longer duration in
comparison to type I IFN signaling. This could mean a
potential clinical use of type III IFNs in preventing excessive
antiviral and pro-inflammatory response during viral infections,
with only local effects and less generalized damage. As shown in
the study conducted by Klinkhammer et al., preventive treatment
with IFNl in mice inhibited the viral replication in the
respiratory tract and conferred long-lasting antiviral protection
in the upper airways, limiting the transmission to naïve contacts,
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too (117). Other preclinical studies in mice where intranasal
IFNl was administered demonstrated an improvement in lung
inflammation (lower IL-4, IL-5, IL-13 and IL-33) and decrease in
eosinophilia (44, 118).

Toll like Receptors (TLRs) recognize pathogen-associated
molecular patterns (PAMPs) expressed on infectious
agents, like respiratory viruses and induce the development of
antiviral and antibacterial immunity. TLRs7 and 8 are located in
intracellular compartments of different cell types, predominantly
dendritic cells and epithelial cells. Here they detect ssRNA
particles from RNA viruses. Upon binding, TLR 7 and 8 lead to
activation of the MyD88 signaling pathway via IRAK1
(interleukin-1 receptor-associated kinase 1) and IRAK4,
resulting in the production of IFN Type I as well as pro-
inflammatory cytokines (Figure 1B).

Recently, our group found that the toll-like receptor 7 and 8
(TLR7/8) agonist R848 (Resiquimod) induces IFNlR mRNA
expression in peripheral blood mononuclear cells (PBMC) of
healthy and asthmatic children. By contrast it downregulates the
expression of IFNaR1 in PBMC. R848 also induced the levels of
immunosuppressive IL-10 and the immunostimulatory cytokine IL-
27 (119). These results suggest that the expression of INFlR can be
modulated via TLR7 and 8. Other working groups hypothesized
that SOCS-1 is able to utilize TLR8 to supress TLR7 mediated IFN
production in mice (120). Therefore, despite differences in TLR7/8
between human andmouse, the activation of TLRs is not necessarily
positive for infection control and immune defense.

Conversely, to the production of pro-inflammatory
mediators, experimental studies have revealed a protective
effect of R848 in experimental asthma. The numbers of cells in
the bronchoalveolar lavage, as well as IgE, IL-4 and IL-5 levels
were reduced in mice treated with Resiquimod before challenge
(121–125). Grela´s group demonstrated that some of these effects
can be transferred by treating invariant NKT cells with R848, and
injecting them intra veniously to sensitized mice before
challenging them (124). Furthermore, Jha et al. tested an R848-
containing nasal spray in healthy, allergic, and allergic asthmatic
patients. They discovered higher levels of IFNa, as well as pro-
inflammatory cytokines in the nasal mucosal fluid after
treatment in both allergic groups compared to healthy
controls. A systemic activation of the immune response was
not observed. The R848 treatment of the patients in this cohort
was very well tolerated and helped to induce a better antiviral
immune response (126). A report also stated that R848, in
synergy with a TLR3 agonist, activates the production of type I
and III interferons by monocyte derived dendritic cells (125).

In summary, these findings reveal TLR7/8 agonists as a
potential target to modify the IFN type I and type III
dependent immune responses (Table 1). As some cell types are
not responsive to IFNl alone it might be a possible co-treatment
option to induce IFNlR expression by giving TLR7/8 agonists.
R848 is even a potential candidate as adjuvant used in
vaccinations. There are already promising results in influenza
vaccines that will be explored further in the future (127, 128).

Taken together, we need to improve the understanding of the
interactions between viral infections and Type III Interferons, in
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order to prevent and treat exacerbations in asthma successfully.
The emerging type III IFN therapies are promising and can lead
to an individual and more specific treatment of exacerbations.
6 OUTLOOK

Reflecting on the discovery of interferons over the last 20 years
has majorly advanced our understanding of virus resistance. As
virus infection can induce exacerbations in asthmatics associated
with increased disease severity, this review focuses on the
mechanisms of interferon immune response in asthmatic
patients, especially children. The literature on this topic
remains very inconsistent and the methods employed do not
always allow direct comparison of results. So far it hasn´t been
proven that asthmatics have an impaired interferon response.
However, there is emerging evidence that their viral clearance
differs from that of healthy subjects. Some SNPs also suggest a
connection between genetic mutations in the interferon-lambda
gene and the development of autoimmune diseases. Modulation
of the IFNlR via TLR7 and 8 agonists provides a means of
interfering with the viral defense process. Moreover, the finding
of a soluble IFNlR form raises new questions in this field that
need to be investigated in greater depth.

The COVID-19 pandemic is a harsh reminder of the necessity
of a solid viral defense line. A recent phase II clinical trial
highlights the therapeutic potential of IFNl response, using
Peginterferon-lambda to treat COVID-19 patients, based on
the assumption that interferons are the first combatants in the
Frontiers in Immunology | www.frontiersin.org 10
clearance of SARS-CoV-2, not only in the lung, but also in the
whole organism (129). Nevertheless, we are only beginning to
understand the possibilities inherent in altering the IFNl
response and the potential impact on our patients.
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12. Çalısķan M, Bochkov YA, Kreiner-Møller E, Bønnelykke K, Stein MM, Du G,
et al. RhinovirusWheezing Illness andGenetic Risk of Childhood-Onset Asthma.
N Engl J Med (2013) 368(15):1398–407. doi: 10.1056/NEJMoa1211592

13. Cox DW, Khoo SK, Zhang G, Lindsay K, Keil AD, Knight G, et al.
Rhinovirus Is the Most Common Virus and Rhinovirus-C Is the Most
Common Species in Paediatric Intensive Care Respiratory Admissions. Eur
Respir J (2018) 52(2). doi: 10.1183/13993003.00207-2018

14. Zheng XY, Xu YJ, Guan WJ, Lin LF. Regional, Age and Respiratory-
Secretion-Specific Prevalence of Respiratory Viruses Associated With
Asthma Exacerbation: A Literature Review. Arch Virol (2018) 163(4):845–
53. doi: 10.1007/s00705-017-3700-y

15. Megremis S, Niespodziana K, Cabauatan C, Xepapadaki P, Kowalski ML,
Jartti T, et al. Rhinovirus Species-Specific Antibodies Differentially Reflect
Clinical Outcomes in Health and Asthma. Am J Respir Crit Care Med (2018)
198(12):1490–9. doi: 10.1164/rccm.201803-0575OC

16. Jartti T, Liimatainen U, Xepapadaki P, Vahlberg T, Bachert C, Finotto S,
et al. Clinical Correlates of Rhinovirus Infection in Preschool Asthma.
Allergy (2021) 76(1):247–54. doi: 10.1111/all.14479

17. Shah VK, Firmal P, Alam A, Ganguly D, Chattopadhyay S. Overview of
Immune Response During SARS-CoV-2 Infection: Lessons From the Past.
Front Immunol (2020) 11:1949. doi: 10.3389/fimmu.2020.01949

18. Sopel N, Pflaum A, Kolle J, Finotto S. The Unresolved Role of Interferon-
Lambda in Asthma Bronchiale. Front Immunol (2017) 8:989. doi: 10.3389/
fimmu.2017.00989

19. Wells AI, Coyne CB. Type III Interferons in Antiviral Defenses at Barrier
Surfaces. Trends Immunol (2018) 39(10):848–58. doi: 10.1016/j.it.2018.08.008

20. Jacobs SE, Lamson DM, St George K, Walsh TJ. Human Rhinoviruses. Clin
Microbiol Rev (2013) 26(1):135–62. doi: 10.1128/CMR.00077-12

21. Busse WW, Lemanske RFJr., Gern JE. Role of Viral Respiratory Infections in
Asthma and Asthma Exacerbations. Lancet (2010) 376(9743):826–34. doi:
10.1016/S0140-6736(10)61380-3

22. Miller EK, Lu X, Erdman DD, Poehling KA, Zhu Y, Griffin MR, et al.
Rhinovirus-Associated Hospitalizations in Young Children. J Infect Dis
(2007) 195(6):773–81. doi: 10.1086/511821

23. Palmenberg AC, Spiro D, Kuzmickas R, Wang S, Djikeng A, Rathe JA, et al.
Sequencing and Analyses of All Known Human Rhinovirus Genomes Reveal
Structure and Evolution. Science (2009) 324(5923):55–9. doi: 10.1126/
science.1165557

24. Basnet S, Palmenberg AC, Gern JE. Rhinoviruses and Their Receptors. Chest
(2019) 155(5):1018–25. doi: 10.1016/j.chest.2018.12.012

25. Kikkert M. Innate Immune Evasion by Human Respiratory RNA Viruses.
J Innate Immun (2020) 12(1):4–20. doi: 10.1159/000503030

26. Triantafilou K, Vakakis E, Richer EA, Evans GL, Villiers JP, Triantafilou M.
Human Rhinovirus Recognition in Non-Immune Cells Is Mediated by Toll-
Like Receptors and MDA-5, Which Trigger a Synergetic Pro-Inflammatory
Immune Response. Virulence (2011) 2(1):22–9. doi: 10.4161/viru.2.1.13807

27. Lazear HM, Nice TJ, Diamond MS. Interferon-l: Immune Functions at
Barrier Surfaces and Beyond. Immunity (2015) 43(1):15–28. doi: 10.1016/
j.immuni.2015.07.001

28. Osterlund PI, Pietilä TE, Veckman V, Kotenko SV, Julkunen I. IFN
Regulatory Factor Family Members Differentially Regulate the Expression
of Type III IFN (IFN-Lambda) Genes. J Immunol (2007) 179(6):3434–42.
doi: 10.4049/jimmunol.179.6.3434

29. Wu B, Hur S. How RIG-I Like Receptors Activate MAVS. Curr Opin Virol
(2015) 12:91–8. doi: 10.1016/j.coviro.2015.04.004

30. Iwanaszko M, Kimmel M. NF-kb and IRF Pathways: Cross-Regulation on
Target Genes Promoter Level. BMC Genomics (2015) 16(1):307. doi:
10.1186/s12864-015-1511-7

31. Onoguchi K, Yoneyama M, Takemura A, Akira S, Taniguchi T, Namiki H,
et al. Viral Infections Activate Types I and III Interferon Genes Through a
Common Mechanism. J Biol Chem (2007) 282(10):7576–81. doi: 10.1074/
jbc.M608618200
Frontiers in Immunology | www.frontiersin.org 11
32. Leifer CA, Medvedev AE. Molecular Mechanisms of Regulation of Toll-Like
Receptor Signaling. J Leukoc Biol (2016) 100(5):927–41. doi: 10.1189/
jlb.2MR0316-117RR

33. Zhang X, Brann TW, Zhou M, Yang J, Oguariri RM, Lidie KB, et al. Cutting
Edge: Ku70 Is a Novel Cytosolic DNA Sensor That Induces Type III Rather
Than Type I IFN. J Immunol (Baltimore Md 1950) (2011) 186(8):4541–5.
doi: 10.4049/jimmunol.1003389

34. Sui H, Zhou M, Imamichi H, Jiao X, Sherman BT, Lane HC, et al. STING Is
an Essential Mediator of the Ku70-Mediated Production of IFN-l1 in
Response to Exogenous DNA. Sci Signal (2017) 10(488). doi: 10.1126/
scisignal.aah5054

35. Looi K, Troy NM, Garratt LW, Iosifidis T, Bosco A, Buckley AG, et al. Effect
of Human Rhinovirus Infection on Airway Epithelium Tight Junction
Protein Disassembly and Transepithelial Permeability. Exp Lung Res
(2016) 42(7):380–95. doi: 10.1080/01902148.2016.1235237

36. Yeo NK, Jang YJ. Rhinovirus Infection-Induced Alteration of Tight Junction
and Adherens Junction Components in Human Nasal Epithelial Cells.
Laryngoscope (2010) 120(2):346–52. doi: 10.1002/lary.20764

37. Gern JE, French DA, Grindle KA, Brockman-Schneider RA, Konno S-I,
Busse WW. Double-Stranded RNA Induces the Synthesis of Specific
Chemokines by Bronchial Epithelial Cells. Am J Respir Cell Mol Biol
(2003) 28(6):731–7. doi: 10.1165/rcmb.2002-0055OC

38. Jakiela B, Gielicz A, Plutecka H, Hubalewska-Mazgaj M, Mastalerz L,
Bochenek G, et al. Th2-Type Cytokine–Induced Mucus Metaplasia
Decreases Susceptibility of Human Bronchial Epithelium to Rhinovirus
Infection. Am J Respir Cell Mol Biol (2014) 51(2):229–41. doi: 10.1165/
rcmb.2013-0395OC

39. Griggs TF, Bochkov YA, Basnet S, Pasic TR, Brockman-Schneider RA,
Palmenberg AC, et al. Rhinovirus C Targets Ciliated Airway Epithelial Cells.
Respir Res (2017) 18(1):84. doi: 10.1186/s12931-017-0567-0

40. Aab A, Wirz O, van de Veen W, Söllner S, Stanic B, Rückert B, et al. Human
Rhinoviruses Enter and Induce Proliferation of B Lymphocytes. Allergy
(2017) 72(2):232–43. doi: 10.1111/all.12931

41. Laza-Stanca V, Stanciu LA, Message SD, Edwards MR, Gern JE, Johnston SL.
Rhinovirus Replication in Human Macrophages Induces NF-kappaB-
Dependent Tumor Necrosis Factor Alpha Production. J Virol (2006) 80
(16):8248–58. doi: 10.1128/JVI.00162-06

42. Rajput C, Han M, Ishikawa T, Lei J, Goldsmith AM, Jazaeri S, et al.
Rhinovirus C Infection Induces Type 2 Innate Lymphoid Cell Expansion
and Eosinophilic Airway Inflammation. Front Immunol (2021) 12(1401).
doi: 10.3389/fimmu.2021.649520

43. Kotenko SV, Gallagher G, Baurin VV, Lewis-Antes A, Shen M, Shah NK, et al.
IFN-LambdasMediate Antiviral Protection Through a Distinct Class II Cytokine
Receptor Complex. Nat Immunol (2003) 4(1):69–77. doi: 10.1038/ni875

44. Won J, Gil CH, Jo A, Kim HJ. Inhaled Delivery of Interferon-Lambda
Restricts Epithelial-Derived Th2 Inflammation in Allergic Asthma. Cytokine
(2019) 119:32–6. doi: 10.1016/j.cyto.2019.02.010

45. Andreakos E, Zanoni I, Galani IE. Lambda Interferons Come to Light: Dual
Function Cytokines Mediating Antiviral Immunity and Damage Control.
Curr Opin Immunol (2019) 56:67–75. doi: 10.1016/j.coi.2018.10.007

46. Lin JD, Feng N, Sen A, Balan M, Tseng HC, McElrath C, et al. Distinct Roles
of Type I and Type III Interferons in Intestinal Immunity to Homologous
and Heterologous Rotavirus Infections. PloS Pathog (2016) 12(4):e1005600.
doi: 10.1371/journal.ppat.1005600

47. Odendall C, Dixit E, Stavru F, Bierne H, Franz KM, Durbin AF, et al. Diverse
Intracellular Pathogens Activate Type III Interferon Expression From
Peroxisomes. Nat Immunol (2014) 15(8):717–26. doi: 10.1038/ni.2915

48. Lebreton A, Lakisic G, Job V, Fritsch L, Tham TN, Camejo A, et al. A
Bacterial Protein Targets the BAHD1 Chromatin Complex to Stimulate
Type III Interferon Response. Science (2011) 331(6022):1319–21. doi:
10.1126/science.1200120

49. Coccia EM, Severa M, Giacomini E, Monneron D, Remoli ME, Julkunen I,
et al. Viral Infection and Toll-Like Receptor Agonists Induce a Differential
Expression of Type I and l Interferons in Human Plasmacytoid and
Monocyte-Derived Dendritic Cells. Eur J Immunol (2004) 34(3):796–805.
doi: 10.1002/eji.200324610

50. Galani IE, Triantafyllia V, Eleminiadou E-E, Koltsida O, Stavropoulos A,
Manioudaki M, et al. Interferon-l Mediates Non-Redundant Front-Line
November 2021 | Volume 12 | Article 731807

https://doi.org/10.1164/rccm.201609-1819ED
https://doi.org/10.1164/rccm.201609-1819ED
https://doi.org/10.1086/315513
https://doi.org/10.1056/NEJMoa1211592
https://doi.org/10.1183/13993003.00207-2018
https://doi.org/10.1007/s00705-017-3700-y
https://doi.org/10.1164/rccm.201803-0575OC
https://doi.org/10.1111/all.14479
https://doi.org/10.3389/fimmu.2020.01949
https://doi.org/10.3389/fimmu.2017.00989
https://doi.org/10.3389/fimmu.2017.00989
https://doi.org/10.1016/j.it.2018.08.008
https://doi.org/10.1128/CMR.00077-12
https://doi.org/10.1016/S0140-6736(10)61380-3
https://doi.org/10.1086/511821
https://doi.org/10.1126/science.1165557
https://doi.org/10.1126/science.1165557
https://doi.org/10.1016/j.chest.2018.12.012
https://doi.org/10.1159/000503030
https://doi.org/10.4161/viru.2.1.13807
https://doi.org/10.1016/j.immuni.2015.07.001
https://doi.org/10.1016/j.immuni.2015.07.001
https://doi.org/10.4049/jimmunol.179.6.3434
https://doi.org/10.1016/j.coviro.2015.04.004
https://doi.org/10.1186/s12864-015-1511-7
https://doi.org/10.1074/jbc.M608618200
https://doi.org/10.1074/jbc.M608618200
https://doi.org/10.1189/jlb.2MR0316-117RR
https://doi.org/10.1189/jlb.2MR0316-117RR
https://doi.org/10.4049/jimmunol.1003389
https://doi.org/10.1126/scisignal.aah5054
https://doi.org/10.1126/scisignal.aah5054
https://doi.org/10.1080/01902148.2016.1235237
https://doi.org/10.1002/lary.20764
https://doi.org/10.1165/rcmb.2002-0055OC
https://doi.org/10.1165/rcmb.2013-0395OC
https://doi.org/10.1165/rcmb.2013-0395OC
https://doi.org/10.1186/s12931-017-0567-0
https://doi.org/10.1111/all.12931
https://doi.org/10.1128/JVI.00162-06
https://doi.org/10.3389/fimmu.2021.649520
https://doi.org/10.1038/ni875
https://doi.org/10.1016/j.cyto.2019.02.010
https://doi.org/10.1016/j.coi.2018.10.007
https://doi.org/10.1371/journal.ppat.1005600
https://doi.org/10.1038/ni.2915
https://doi.org/10.1126/science.1200120
https://doi.org/10.1002/eji.200324610
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Krammer et al. Regulation of Interferon-Lambda in Asthma
Antiviral Protection Against Influenza Virus Infection Without
Compromising Host Fitness. Immunity (2017) 46(5):875–90.e6. doi:
10.1016/j.immuni.2017.04.025

51. Zhang S, Kodys K, Li K, Szabo G. Human Type 2 Myeloid Dendritic Cells
Produce Interferon-l and Amplify Interferon-a in Response to Hepatitis C
Virus Infection. Gastroenterology (2013) 144(2):414–25.e7. doi: 10.1053/
j.gastro.2012.10.034

52. Koch S, Finotto S. Role of Interferon-Lambda in Allergic Asthma. J Innate
Immun (2015) 7(3):224–30. doi: 10.1159/000369459

53. Koltsida O, Hausding M, Stavropoulos A, Koch S, Tzelepis G, Ubel C, et al.
IL-28a (IFN-l2) Modulates Lung DC Function to Promote Th1 Immune
Skewing and Suppress Allergic Airway Disease. EMBO Mol Med (2011) 3
(6):348–61. doi: 10.1002/emmm.201100142

54. Blazek K, Eames HL, Weiss M, Byrne AJ, Perocheau D, Pease JE, et al. IFN-l
Resolves Inflammation via Suppression of Neutrophil Infiltration and IL-1b
Production. J Exp Med (2015) 212(6):845–53. doi: 10.1084/jem.20140995

55. Jordan WJ, Eskdale J, Srinivas S, Pekarek V, Kelner D, Rodia M, et al.
Human Interferon Lambda-1 (IFN-l1/IL-29) Modulates the Th1/Th2
Response. Genes Immun (2007) 8(3):254–61. doi: 10.1038/sj.gene.6364382

56. Gallagher G, Megjugorac NJ, Yu RY, Eskdale J, Gallagher GE, Siegel R, et al.
The Lambda Interferons: Guardians of the Immune-Epithelial Interface and
the T-Helper 2 Response. J Interferon Cytokine Res (2010) 30(8):603–15. doi:
10.1089/jir.2010.0081

57. Hemann EA, Green R, Turnbull JB, Langlois RA, Savan R, Gale MJr.
Interferon-l Modulates Dendritic Cells to Facilitate T Cell Immunity
During Infection With Influenza A Virus. Nat Immunol (2019) 20
(8):1035–45. doi: 10.1038/s41590-019-0408-z

58. Coto-Llerena M, Lepore M, Spagnuolo J, Di Blasi D, Calabrese D, Suslov A, et al.
Interferon Lambda 4 can Directly Activate Human CD19(+) B Cells and CD8(+)
T Cells. Life Sci Alliance (2021) 4(1). doi: 10.26508/lsa.201900612

59. Megjugorac NJ, Gallagher GE, Gallagher G. Modulation of Human
Plasmacytoid DC Function by IFN-l1 (IL-29). J Leukocyte Biol (2009) 86
(6):1359–63. doi: 10.1189/jlb.0509347

60. Ye L, Schnepf D, Becker J, Ebert K, Tanriver Y, Bernasconi V, et al.
Interferon-l Enhances Adaptive Mucosal Immunity by Boosting Release
of Thymic Stromal Lymphopoietin.Nat Immunol (2019) 20(5):593–601. doi:
10.1038/s41590-019-0345-x

61. Iikura K, Katsunuma T, Saika S, Saito S, Ichinohe S, Ida H, et al. Peripheral
Blood Mononuclear Cells From Patients With Bronchial Asthma Show
Impaired Innate Immune Responses to Rhinovirus In Vitro. Int Arch Allergy
Immunol (2011) 155 Suppl 1:27–33. doi: 10.1159/000327262

62. Contoli M, Message SD, Laza-Stanca V, Edwards MR, Wark PA, Bartlett
NW, et al. Role of Deficient Type III Interferon-Lambda Production in
Asthma Exacerbations. Nat Med (2006) 12(9):1023–6. doi: 10.1038/nm1462

63. Bergauer A, Sopel N, Kroß B, Vuorinen T, Xepapadaki P, Weiss ST, et al.
IFN-a/IFN-l Responses to Respiratory Viruses in Paediatric Asthma. Eur
Respir J (2017) 49(2):1600969. doi: 10.1183/13993003.00006-2017

64. Schwantes EA, Manthei DM, Denlinger LC, Evans MD, Gern JE, Jarjour NN,
et al. Interferon Gene Expression in Sputum Cells Correlates With the
Asthma Index Score During Virus-Induced Exacerbations. Clin Exp Allergy
(2014) 44(6):813–21. doi: 10.1111/cea.12269

65. Hansel TT, Tunstall T, Trujillo-Torralbo MB, Shamji B, Del-Rosario A,
Dhariwal J, et al. A Comprehensive Evaluation of Nasal and Bronchial
Cytokines and Chemokines Following Experimental Rhinovirus Infection in
Allergic Asthma: Increased Interferons (IFN-Gamma and IFN-Lambda) and
Type 2 Inflammation (IL-5 and IL-13). EBioMedicine (2017) 19:128–38. doi:
10.1016/j.ebiom.2017.03.033

66. Veerati PC, Troy NM, Reid AT, Li NF, Nichol KS, Kaur P, et al. Airway
Epithelial Cell Immunity Is Delayed During Rhinovirus Infection in Asthma
and COPD. Front Immunol (2020) 11(974). doi: 10.3389/fimmu.2020.00974

67. Baraldo S, Contoli M, Bazzan E, Turato G, Padovani A, Marku B, et al.
Deficient Antiviral Immune Responses in Childhood: Distinct Roles of
Atopy and Asthma. J Allergy Clin Immunol (2012) 130(6):1307–14. doi:
10.1016/j.jaci.2012.08.005

68. 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(4):797–806. doi:
10.1038/mi.2012.118
Frontiers in Immunology | www.frontiersin.org 12
69. Miller EK, Hernandez JZ, Wimmenauer V, Shepherd BE, Hijano D, Libster
R, et al. A Mechanistic Role for Type III IFN-l1 in Asthma Exacerbations
Mediated by Human Rhinoviruses. Am J Respir Crit Care Med (2012) 185
(5):508–16. doi: 10.1164/rccm.201108-1462OC

70. 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(3):240–6. doi: 10.1136/thoraxjnl-
2012-202909

71. Bullens DMA, Decraene A, Dilissen E, Meyts I, De Boeck K, Dupont LJ, et al.
Type III IFN-l mRNA Expression in Sputum of Adult and School-Aged
Asthmatics. Clin Exp Allergy (2008) 38(9):1459–67. doi: 10.1111/j.1365-
2222.2008.03045.x

72. Grünberg K, Sharon RF, Sont JK, Veen JCCMIT, Schadewijk WAAMV,
Klerk EPAD, et al. Rhinovirus-Induced Airway Inflammation in Asthma.
Am J Respir Crit Care Med (2001) 164(10):1816–22. doi: 10.1164/
ajrccm.164.10.2102118

73. Thomas BJ, Porritt RA, Hertzog PJ, Bardin PG, Tate MD.
Glucocorticosteroids Enhance Replication of Respiratory Viruses: Effect of
Adjuvant Interferon. Sci Rep (2014) 4(1):7176. doi: 10.1038/srep07176

74. Lejeune S, Pichavant M, Engelmann I, Béghin L, Drumez E, Le Rouzic O,
et al. Severe Preschool Asthmatics Have Altered Cytokine and Anti-Viral
Responses During Exacerbation. Pediatr Allergy Immunol (2020) 31(6):651–
61. doi: 10.1111/pai.13268

75. Kelly A, Robinson MW, Roche G, Biron CA, O'Farrelly C, Ryan EJ. Immune
Cell Profiling of IFN-l Response Shows pDCs Express Highest Level of IFN-
lr1 and Are Directly Responsive via the JAK-STAT Pathway. J Interferon
Cytokine Res (2016) 36(12):671–80. doi: 10.1089/jir.2015.0169

76. Bencze D, Fekete T, Pázmándi K. Type I Interferon Production of
Plasmacytoid Dendritic Cells Under Control. Int J Mol Sci (2021) 22(8).
doi: 10.3390/ijms22084190

77. Dai J, Megjugorac NJ, Gallagher GE, Yu RY, Gallagher G. IFN-Lambda1 (IL-
29) Inhibits GATA3 Expression and Suppresses Th2 Responses in Human
Naive and Memory T Cells. Blood (2009) 113(23):5829–38. doi: 10.1182/
blood-2008-09-179507

78. Jackson DJ, Busse WW, Bacharier LB, Kattan M, O'Connor GT, Wood RA,
et al. Association of Respiratory Allergy, Asthma, and Expression of the
SARS-CoV-2 Receptor ACE2. J Allergy Clin Immunol (2020) 146(1):203–
6.e3. doi: 10.1016/j.jaci.2020.04.009

79. Zhu Z, Hasegawa K, Ma B, Fujiogi M, Camargo CAJr., Liang L. Association
of Asthma and Its Genetic Predisposition With the Risk of Severe COVID-
19. J Allergy Clin Immunol (2020) 146(2):327–9.e4. doi: 10.1016/
j.jaci.2020.06.001

80. Salciccioli JD, She L, Tulchinsky A, Rockhold F, Cardet JC, Israel E. Effect of
COVID-19 on Asthma Exacerbation. J Allergy Clin Immunol Pract (2021) 9
(7):2896–9.e1. doi: 10.1016/j.jaip.2021.04.038

81. Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D, Møller R,
et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of
COVID-19. Cell (2020) 181(5):1036–45.e9. doi: 10.1016/j.cell.2020.04.026

82. Menachery VD, Eisfeld AJ, Schäfer A, Josset L, Sims AC, Proll S, et al.
Pathogenic Influenza Viruses and Coronaviruses Utilize Similar and
Contrasting Approaches to Control Interferon-Stimulated Gene
Responses. mBio (2014) 5(3):e01174–14. doi: 10.1128/mBio.01174-14

83. Mordstein M, Neugebauer E, Ditt V, Jessen B, Rieger T, Falcone V, et al.
Lambda Interferon Renders Epithelial Cells of the Respiratory and
Gastrointestinal Tracts Resistant to Viral Infections. J Virol (2010) 84
(11):5670–7. doi: 10.1128/JVI.00272-10

84. Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, et al.
Longitudinal Analyses Reveal Immunological Misfiring in Severe COVID-
19. Nature (2020) 584(7821):463–9. doi: 10.1038/s41586-020-2588-y

85. Silva J, Lucas C, Sundaram M, Israelow B, Wong P, Klein J, et al. Saliva Viral
Load Is a Dynamic Unifying Correlate of COVID-19 Severity and Mortality.
medRxiv (2021). doi: 10.1101/2021.01.04.21249236

86. Kaser A, Zeissig S, Blumberg RS. Inflammatory Bowel Disease. Annu Rev
Immunol (2010) 28:573–621. doi: 10.1146/annurev-immunol-030409-
101225

87. Katakura K, Lee J, Rachmilewitz D, Li G, Eckmann L, Raz E. Toll-Like
Receptor 9-Induced Type I IFN Protects Mice From Experimental Colitis.
J Clin Invest (2005) 115(3):695–702. doi: 10.1172/JCI22996
November 2021 | Volume 12 | Article 731807

https://doi.org/10.1016/j.immuni.2017.04.025
https://doi.org/10.1053/j.gastro.2012.10.034
https://doi.org/10.1053/j.gastro.2012.10.034
https://doi.org/10.1159/000369459
https://doi.org/10.1002/emmm.201100142
https://doi.org/10.1084/jem.20140995
https://doi.org/10.1038/sj.gene.6364382
https://doi.org/10.1089/jir.2010.0081
https://doi.org/10.1038/s41590-019-0408-z
https://doi.org/10.26508/lsa.201900612
https://doi.org/10.1189/jlb.0509347
https://doi.org/10.1038/s41590-019-0345-x
https://doi.org/10.1159/000327262
https://doi.org/10.1038/nm1462
https://doi.org/10.1183/13993003.00006-2017
https://doi.org/10.1111/cea.12269
https://doi.org/10.1016/j.ebiom.2017.03.033
https://doi.org/10.3389/fimmu.2020.00974
https://doi.org/10.1016/j.jaci.2012.08.005
https://doi.org/10.1038/mi.2012.118
https://doi.org/10.1164/rccm.201108-1462OC
https://doi.org/10.1136/thoraxjnl-2012-202909
https://doi.org/10.1136/thoraxjnl-2012-202909
https://doi.org/10.1111/j.1365-2222.2008.03045.x
https://doi.org/10.1111/j.1365-2222.2008.03045.x
https://doi.org/10.1164/ajrccm.164.10.2102118
https://doi.org/10.1164/ajrccm.164.10.2102118
https://doi.org/10.1038/srep07176
https://doi.org/10.1111/pai.13268
https://doi.org/10.1089/jir.2015.0169
https://doi.org/10.3390/ijms22084190
https://doi.org/10.1182/blood-2008-09-179507
https://doi.org/10.1182/blood-2008-09-179507
https://doi.org/10.1016/j.jaci.2020.04.009
https://doi.org/10.1016/j.jaci.2020.06.001
https://doi.org/10.1016/j.jaci.2020.06.001
https://doi.org/10.1016/j.jaip.2021.04.038
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1128/mBio.01174-14
https://doi.org/10.1128/JVI.00272-10
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1101/2021.01.04.21249236
https://doi.org/10.1146/annurev-immunol-030409-101225
https://doi.org/10.1146/annurev-immunol-030409-101225
https://doi.org/10.1172/JCI22996
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Krammer et al. Regulation of Interferon-Lambda in Asthma
88. Rauch I, Hainzl E, Rosebrock F, Heider S, Schwab C, Berry D, et al. Type I
Interferons Have Opposing Effects During the Emergence and Recovery
Phases of Colitis. Eur J Immunol (2014) 44(9):2749–60. doi: 10.1002/
eji.201344401

89. Rauch I, Rosebrock F, Hainzl E, Heider S, Majoros A, Wienerroither S, et al.
Noncanonical Effects of IRF9 in Intestinal Inflammation: More Than Type I
and Type III Interferons. Mol Cell Biol (2015) 35(13):2332–43. doi: 10.1128/
MCB.01498-14

90. Nava P, Koch S, Laukoetter MG, Lee WY, Kolegraff K, Capaldo CT, et al.
Interferon-Gamma Regulates Intestinal Epithelial Homeostasis Through
Converging Beta-Catenin Signaling Pathways. Immunity (2010) 32
(3):392–402. doi: 10.1016/j.immuni.2010.03.001

91. Langer V, Vivi E, Regensburger D, Winkler TH, Waldner MJ, Rath T, et al.
IFN-g Drives Inflammatory Bowel Disease Pathogenesis Through VE-
Cadherin-Directed Vascular Barrier Disruption. J Clin Invest (2019) 129
(11):4691–707. doi: 10.1172/JCI124884

92. Pott J, Mahlakõiv T, Mordstein M, Duerr CU, Michiels T, Stockinger S, et al.
IFN-Lambda Determines the Intestinal Epithelial Antiviral Host Defense.
ProcNatl Acad Sci USA (2011) 108(19):7944–9. doi: 10.1073/pnas.1100552108

93. Sommereyns C, Paul S, Staeheli P, Michiels T. IFN-Lambda (IFN-Lambda)
Is Expressed in a Tissue-Dependent Fashion and Primarily Acts on
Epithelial Cells In Vivo. PloS Pathog (2008) 4(3):e1000017. doi: 10.1371/
journal.ppat.1000017

94. Hernández PP, Mahlakoiv T, Yang I, Schwierzeck V, Nguyen N, Guendel F,
et al. Interferon-l and Interleukin 22 Act Synergistically for the Induction of
Interferon-Stimulated Genes and Control of Rotavirus Infection. Nat
Immunol (2015) 16(7):698–707. doi: 10.1038/ni.3180

95. Nice TJ, Baldridge MT, McCune BT, Norman JM, Lazear HM, Artyomov M,
et al. Interferon-l Cures Persistent Murine Norovirus Infection in the
Absence of Adaptive Immunity. Science (2015) 347(6219):269–73. doi:
10.1126/science.1258100

96. Baldridge MT, Nice TJ, McCune BT, Yokoyama CC, Kambal A, Wheadon
M, et al. Commensal Microbes and Interferon-l Determine Persistence of
Enteric Murine Norovirus Infection. Science (2015) 347(6219):266–9. doi:
10.1126/science.1258025

97. Stanifer ML, Kee C, Cortese M, Zumaran CM, Triana S, Mukenhirn M, et al.
Critical Role of Type III Interferon in Controlling SARS-CoV-2 Infection in
Human Intestinal Epithelial Cells. Cell Rep (2020) 32(1):107863. doi:
10.1016/j.celrep.2020.107863

98. Patankar JV, Chiriac MT, Lehmann M, Kühl AA, Atreya R, Becker C, et al.
Severe Acute Respiratory Syndrome Coronavirus 2 Attachment Receptor
Angiotensin-Converting Enzyme 2 Is Decreased in Crohn's Disease and
Regulated By Microbial and Inflammatory Signaling. Gastroenterology
(2021) 160(3):925–8.e4. doi: 10.1053/j.gastro.2020.10.021

99. Caffarelli C, Deriu FM, Terzi V, Perrone F, Angelis GD, Atherton DJ.
Gastrointestinal Symptoms in Patients With Asthma. Arch Dis Childhood
(2000) 82(2):131–5. doi: 10.1136/adc.82.2.131

100. Kreins AY, Ciancanelli MJ, Okada S, Kong X-F, Ramıŕez-Alejo N, Kilic SS,
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