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The Absence of Interferon-(3
Promotor Stimulator-1 (IPS-1)
Predisposes to Bronchiolitis and
et Asthma-like Pathology in Response
e to Pneumoviral Infection in Mice

Jennifer Simpson?, Jason P. Lynch®?, Zhixuan Loh'?, Vivian Zhang?, Rhiannon B. Werder?,
Kirsten Spann®** & Simon Phipps®

Respiratory syncytial virus (RSV)-bronchiolitis is a major cause of infant morbidity and mortality and a
risk factor for subsequent asthma. We showed previously that toll-like receptor (TLR)7 in plasmacytoid
dendritic cells (pDCs) is critical for protection against bronchiolitis and asthma in mice infected with
pneumonia virus of mice (PVM), the mouse homolog of RSV. This lack of redundancy was unexpected
as interferon-3 promotor stimulator-1 (IPS-1) signalling, downstream of RIG-I-like receptor (RLR) and
not TLR7 activation, contributes to host defence in hRSV-inoculated adult mice. To further clarify the
role of IPS-1 signalling, we inoculated IPS-1~/~ and WT mice with PVM in early-life, and again in later-
life, to model the association between bronchiolitis and asthma. IPS-1 deficiency predisposed to severe
PVM bronchiolitis, characterised by neutrophilic inflammation and necroptotic airway epithelial cell
death, high mobility group box 1 (HMGB1) and IL-33 release, and downstream type-2 inflammation.
Secondary infection induced an eosinophilic asthma-like pathophysiology in IPS-1~/~ but not WT mice.
Mechanistically, we identified that IPS-1 is necessary for pDC recruitment, IFN-a production and viral
control. Our findings suggest that TLR7 and RLR signalling work collaboratively to optimally control the
host response to pneumovirus infection thereby protecting against viral bronchiolitis and subsequent
asthma.

. Asthma is a chronic inflammatory disease characterised by airway hyperreactivity (AHR), type-2 inflammation,
. and airway remodelling, which includes mucous cell hyperplasia, airway smooth muscle (ASM) growth, and the
deposition of matricellular proteins (e.g. periostin). In addition to aeroallergen exposure, type-2 inflammation
. in the airways can occur in response to respiratory viruses such as respiratory syncytial virus (RSV), particu-
. larly during wheezy episodes in early-life" 2 Indeed, several prospective birth cohort studies have shown that
. severe RSV-bronchiolitis is a major independent risk factor for subsequent asthma®~. The association between
© bronchiolitis severity and asthma risk>®, together with preliminary findings from studies using Palivizumab to
. inhibit RSV infection®, lend weight to the argument that RSV bronchiolitis is causal for asthma. However, this
. topic remains highly contentious, and definitive proof of causality awaits the arrival of an effective RSV vaccine.
. Nevertheless, it is likely that genetic defects and/or environmental stimuli that negatively affect the host response
* to RSV infection in early-life also increase the risk of asthma development later in life®.
: The host response to infection is triggered by the activation of one or more pattern recognition receptors
(PRRs), leading to the production of various cytokines and chemokines that both orchestrate the innate immune
response, and shape the nature of the adaptive response. Unsurprisingly, genetic variants of various virus-sensing
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Figure 1. Absence of IPS-1 predisposes towards elevated viral load and increased morbidity and mortality
during acute viral infection. (a) Representative micrograph (x1000 magnification) of PVM immunoreactivity
in the airway epithelium, quantification of PVM positive AECs and (b) quantitative PCR of PVM copy number
in lung. (c) Percentage of total body weight. (d) Survival of WT and IPS-1~/~ mice represented as percentage.
Vehicle control mice were sacrificed on day 7 of life (i.e. 0 dpi). Experiments were performed twice with 5 to 7
mice per group. Data are mean and the standard error of the mean. **#*#*#*****Denotes significance between
WT and IPS-1~/~ infected mice. *****Denotes significance between infected and vehicle treated IPS-1~/~ mice.
PTDenotes significance between vehicle and infected WT mice.

PRRs and anti-viral mediators are associated with an increased risk of severe RSV bronchiolitis'*-'2. This includes
members of the endosomal toll-like receptor family such as TLR7'? and members of the type-I IFN family such
as IFNA5". Additionally, polymorphisms in retinoic acid inducible gene 1 (RIGI), a member of the RNA-helicase
like receptors [RLRs]'* %, and IPS1'® (IFN-3 promoter stimulator 1, alternatively named MAVS: mitochondrial
antiviral-signalling protein/virus-induced signalling adapter), an intracellular adapter protein that mediates RLR
signalling, are linked to type-I IFN deficiency in man and may therefore underlie susceptibility to viral infections.
Using pneumonia virus of mice (PVM), a mouse pneumovirus that replicates the more severe forms of hRSV
in children'’-', we have previously shown that neonatal TLR7~/~ mice develop severe bronchiolitis. Moreover,
PVM challenge of TLR7~'~ mice in later-life induces an asthma-like pathology including type-2 cytokine produc-
tion, airway eosinophilia and ASM remodelling'’. Intriguingly, the adoptive transfer of TLR7-competent pDCs
to TLR7~/~ mice in early-life is sufficient to reconstitute the antiviral response, as highlighted by the restoration
of type I and III IEN production and accelerated viral clearance, suggesting that TLR7 signalling in pDCs is
critical for protection against severe bronchiolitis. This lack of redundancy in PRR signalling was unexpected,
and appears to contradict work by other investigators who have shown that IPS-1, essential for RLR but not TLR
signalling, is necessary for the production of type I IFN (o/f3) in adult mice following inoculation with hRSV-22,
Following infection with an RNA virus, IPS-1 signalling is necessary for type-I IFN production in most cell
types with the exception of pDCs?, and hence one possible explanation for the apparent redundancy of function
amongst TLR7 and the RLRs during pneumovirus infection would be that the two systems work collaboratively
to optimally control the host response*’. Alternatively, the different phenotypes might reflect the limitations of
infecting mice with a human pathogen, or the age at which the mice were inoculated, which can have profound
effects on the nature of the immune response?®. To assess these possibilities, we explored whether IPS-1 deficiency
predisposes toward the development of severe bronchiolitis and subsequent asthma-like pathologies following
primary and secondary infection with PVM respectively.

Results

Neonatal IPS-1~/~ mice are more susceptible to acute infection with PVM.  Severe bronchiolitis is
a major cause of infant morbidity and mortality’. To determine whether the absence of IPS-1 would increase the
severity of viral disease, WT and IPS-1~/~ neonatal mice were intranasally inoculated with a low inoculum (2 pfu)
of PVM or vehicle (DMEM/10% FCS) at 7 days of age and killed at 4, 7, 10 and 14 days post primary infection
(dpi). Viral load in the airway epithelium, the primary site of PVM infection'’~**, peaked at 7 dpi and decreased to
undetectable levels by 10 dpi in WT mice (Fig. 1a). In contrast, the absence of IPS-1 led to a significant increase in
viral load and delayed clearance from the airway epithelium until 14 dpi (Fig. 1a). Similarly, PVM SH gene copy
number, indicative of viral replication, was significantly increased in IPS-1~'~ compared to WT mice at 7 dpi
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(Fig. 1b). Loss of viral control in IPS-17/~ mice was associated with stunted weight gain from 7-14 dpi (Fig. 1c),
and strikingly, approximately one third of the IPS-1~'~ cohort died in this period (Fig. 1d).

The absence of IPS-1 increases neutrophilic inflammation and airway epithelial cell
death. Stunted weight gain typically stems from a hyper-inflammatory response. PVM infection significantly
increased the expression of TNF-q, a pro-inflammatory mediator and inducer of cell death, at 4 dpi in IPS-17/~
compared to WT mice (Fig. 2a). Neutrophilic inflammation in the airways was slightly elevated in both mouse
strains at 4 dpi, but was significantly greater in IPS-1~/~ mice compared to WT mice at 10 dpi (Fig. 2b). AEC cell
death and sloughing forms part of the host response to limit viral replication and spread, and as expected, AEC
sloughing was elevated in WT mice, peaking at 7 dpi. However, in IPS-1~/~ mice, the degree of AEC sloughing was
far more pronounced, most notably at 7 and 10 dpi when it was significantly greater than in WT mice (Fig. 2¢).
AEC sloughing is a hallmark feature of severe bronchiolitis*>*’, and depending on the mode of cell death, can
lead to the release of various damage-associated molecular patterns. Notably the levels of dsDNA in the airway
mirrored the degree of AEC sloughing in both strains, and were significantly greater in IPS-1~/~ mice (Fig. 2d).
We next questioned whether cell death was mediated by apoptosis (i.e. caspase-3-dependent) and/or via the acti-
vation of necroptosis, typically associated with the kinases RipI (receptor-interacting serine/threonine-protein
kinase 1), Rip3 and MIkI (mixed lineage kinase domain-like protein). In both WT and IPS-1~/~ mice there was a
rapid increase in lung Caspase-3 expression at 4 dpi, however, whereas this response declined at 7 dpi in WT mice,
it was further increased in IPS-1~/~ mice, before waning at 10 dpi (Fig. 2e). PVM infection had little effect on the
expression of Rip1, Rip3 and Mkl in the lungs of WT mice, however, all three genes were significantly elevated in
IPS-1~'~ mice at 10 dpi (Fig. 2f-h). To identify which cells were dying we probed the lungs for cleaved (activated)
caspase-3 and MLKL by immunohistochemistry. In IPS-1~'~ mice, cleaved caspase-3 and MLKL were both exclu-
sively expressed in the airway epithelium although cleaved caspase-3 was significantly increased at 7 dpi, while
MLKL was significantly increased at 10 dpi (Fig. 21,j), consistent with the pattern of mRNA expression of both
genes. Collectively, these data show that the absence of IPS-1 increases at least two modes of cells death and that
these occur in a temporally distinct manner.

Severe bronchiolitis in IPS-1~/~ mice is associated with alarmin release and type-2 inflammation.
Airway epithelial cell injury or death can induce the nuclear-to-cytoplasmic translocation and extracellular
release of the nuclear alarmins HGMB1 and IL-33, both implicated in the induction of type-2 inflammation'®2%%,
In WT mice, levels of cytoplasmic HMGB1 were slightly elevated at 4 dpi, whereas in IPS-1~/~ mice, the pro-
portion of AECs expressing cytoplasmic HMGBI1 was significantly elevated between 4 and 10 dpi, and signifi-
cantly greater than WT mice at 7 dpi (Fig. 3a). This phenotype preceded the increase in extracellular HGMB1
levels detected in the airway lumen at 7 and 10 dpi in IPS-1~/~ mice (Fig. 3b). Similarly, IL-33 levels were sig-
nificantly elevated in IPS-17/~ but not WT mice, occurring as early as 4 dpi, with levels significantly different
between the two strains at 10 dpi (Fig. 3¢). At this time point, the number of type-2 innate lymphoid cells (ILC2s)
in the lungs was elevated in both strains, and significantly greater in IPS-1~/~ compared to WT mice (Fig. 3d
and Supplement 1). Other cytokines known to activate ILC2s, such as thymic stromal lymphopoietin and IL-25
were not elevated in response to PVM infection in either mouse strain (data not shown). The expression of the
type-2 cytokine IL-13 was significantly elevated at 4 and 7 dpi in IPS-1~/~ but not WT mice (Fig. 3e), whereas
IL-5 was significantly greater at 10 dpi (Fig. 3f). Consistent with the production of type-2 cytokines, there was
a pronounced airway eosinophilia at 10 dpi in IPS-1~/~ but not WT mice (Fig. 3g). In contrast, the numbers of
monocytes and lymphocytes in the BAL did not differ between WT and IPS-1~/~ mice (data not shown). In an
attempt to address whether the type-2 inflammatory response of IPS-17/~ neonates was dependent on the age
at first infection, we inoculated adult mice with 2 PFU and analysed disease parameters at 7 dpi. In contrast to
the primary infection in neonatal mice, we did not observe an increase in eosinophil numbers (Supplement 2a)
or HMGBI expression in these mice (Supplement 2b), suggesting that the predisposition of IPS-1~/~ mice to
virus-induced type-2 inflammation is age-dependent.

Type-2 inflammation is accompanied by airway remodelling in bronchiolitic IPS-1~/~ mice.
Type-2 cytokines, particularly IL-13, can elicit muocus hypersecretion and ASM remodelling®* 3!, which is now
recognised to occur in preschool aged children who are later diagnosed with asthma®. In WT mice, PVM infec-
tion did not increase the proportion of mucous producing AECs, whereas mucous cell hyperplasia was signifi-
cantly increased in IPS-1~/~ mice at 10 and 14 dpi (Fig. 4a). This was accompanied by an increase in ASM area
surrounding the small airways at 10 and 14 dpi (Fig. 4b), and a higher proportion of ASM cells expressing the
smooth muscle mitogen TGFS in IPS-1~/~ but not WT mice (Fig. 4c).

Secondary infection of IPS-1~/~ mice increases type-2 inflammation.  Severe bronchiolitis is a major
independent risk factor for subsequent asthma™®. Hence, we hypothesised that IPS-1~/~ mice that had developed
bronchiolitis in early-life would be predisposed toward virus-induced asthma-like pathologies upon re-exposure
to PVM in later-life. To test this, 7 week old mice that had developed severe viral bronchiolitis (IPS-17/~)
or had been asymptomatic (WT neonates) in early-life were re-challenged with PVM and euthanized at 3 or
7 dpi (Fig. 5a). Non-infected mice served as controls. In response to viral challenge, IPS-17/~ mice developed
a type-2 inflammatory response as indicated by a significant eosinophilia and lymphoplasia (Fig. 5b), together
with increased production of IL-5 (Fig. 5¢) and IL-13 (Fig. 5d) in bronchoalveolar lavage fluid (BALF). In con-
trast, type-1 (IFN-~) and type-17 (IL-17A) associated cytokines, as well as neutrophil numbers, were unchanged
in IPS-1~/~ mice (Supplement 3). Similar to the primary infection, the proportion of AECs with cytoplasmic
HMGBI and levels of HMGB1 in BALF were significantly elevated in infected compared to vehicle-inoculated
IPS-1~/~ mice, and were significantly greater than in WT mice (Fig. 5e,f). Additionally, IL-33 levels were elevated
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Figure 2. Absence of IPS-1 predisposes towards bronchiolitis and airway epithelial cell necroptosis during
acute viral infection. (a) TNF-a protein expression in lung. (b) Neutrophil numbers in bronchoalveolar

lavage fluid (BALF). (c) AEC sloughing represented as percentage of airway basement membrane. (d)

dsDNA expression in BALE. Lung gene expression of (e) Caspase 3, (f) Rip1, (g) Rip3 and (h) MLKL. (i) Left
panel: representative micrograph (100x magnification) of cleaved caspase 3 immunostaining. Right panel:
Quantification of cleaved caspase 3 expression in AECs. (j) Left panel: representative micrograph (100x
magnification) of MLKL immunostaining. Right panel: Quantification of cleaved MLKL expression in AECs.
Experiments were performed twice with 6 to 8 mice per group. Vehicle control mice were sacrificed on day 7 of
life (i.e. 0dpi). Data are mean and the standard error of the mean. **********Denotes significance between
WT and IPS-17/~ infected mice. ******Denotes significance between infected and vehicle IPS-1~/~ mice.

Detection limits are denoted by a red dotted line.
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Figure 3. Absence of IPS-1 predisposes towards alarmin release and type-2 inflammation during acute viral
infection. (a) Left panel: representative micrograph (40x magnification) of HMGB1 immunostaining. Right
panel: Cytoplasmic AEC expression of HMGBI1. (b) HMGBI protein expression in BALE (c) IL-33 protein
expression in BALE. (d) Number of ILC2s in lung at 10 dpi (gated on Lin~, CD25%, ST2%, CD90.2%). (e) IL-13
protein expression in BALE (f) IL-5 protein expression in BALF. (g) Eosinophil number in BALE. Vehicle
treated control mice were sacrificed on day 7 of life (i.e. 0 dpi). Experiments were performed twice with 5 to 7
mice per group. Data are mean and the standard error of the mean. **%*******Denotes significance between
WT and IPS-1~/~ infected mice. ****#*Denotes significance between infected and vehicle treated IPS-1~/~ mice.
Detection limits are denoted by a red dotted line.

in infected compared to vehicle-inoculated IPS-1~/~ mice, although the difference between infected WT and IPS-
17/~ mice was not significant (Fig. 5g).

Secondary infection of IPS-1~/~ mice increases AHR and features of airway remodelling asso-
ciated with a non-atopic asthma-like phenotype. Since type-2 inflammation was increased in IPS-
17/~ mice following viral challenge, we next determined whether these mice developed asthma-like pathologies,
including AHR and airway remodelling. In WT mice, airway resistance in response to escalating doses of
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Figure 4. IPS-17/~ mice exhibit elevated airway remodelling in acute viral infection. (a) Top panel: Number
of mucous-producing AECs. Bottom panel: representative micrograph (40x magnification) of Periodic acid-
Schiff staining. (b) Top panel: Airway smooth muscle (ASM) area. Bottom panel: representative micrograph
(40x magnification) of alpha actin smooth muscle immunostaining. (c) Top panel: Percentage of ASM cells
expressing TGFQ3. Bottom panel: representative micrograph (40x magnification) of TGF(3 immunostaining.
Vehicle control mice were sacrificed on day 7 of life (i.e. 0 dpi). Experiments were performed twice with 5 to 7
mice per group. Data are mean and the standard error of the mean. *#*#*#*#*#*****Denotes significance between
WT and IPS-1~/~ infected mice. *****#Denotes significance between infected and vehicle IPS-1~/~ mice.

methacholine was the same between the vehicle and PVM infected groups. In contrast, airway resistance was
significantly greater in PVM challenged compared to vehicle-challenged IPS-1~/~ mice or PVM challenged WT
mice (Fig. 6a). Similarly, ASM mass (Fig. 6b), periostin deposition (Fig. 6¢), and mucus cell metaplasia (Fig. 6d)
were not increased in WT mice following PVM challenge, but all of these pathological features were significantly
elevated in IPS-1~'~ mice in response to PVM challenge. Notably, these pathologies were not present in IPS-1~/~
mice that were infected as neonates and killed at the time of viral challenge in adulthood (Fig. 6b-d), and hence,
were not simply a consequence of the primary infection alone.

IPS-1 regulates pDC-mediated antiviral immunity. Because the IPS-1~/~ mice phenocopied the
response observed previously in TLR7~/~ mice to primary and secondary PVM infection'” ¥, we next questioned
whether IPS-1 deficiency affected the recruitment of pDCs in the primary infection. As expected, PVM infection
of WT mice led to a significant increase in the number of pDCs in the lungs at both 4 and 7 dpi (Fig. 7a). However,
in the absence of IPS-1, the numbers of pDCs following PVM infection were not significantly different to the
vehicle control group. The failure of IPS-1~/~ mice to increase pDCs in the lung was associated with an attenuated
antiviral cytokine response, most notably in the production of IFN-« at 7 dpi. In response to PVM infection,
IFN-a levels in the BALF increased 5-fold in WT mice whereas there was no significant increase in IPS-1~/~ mice
(Fig. 7b). By contrast, the production of other IFNs, namely IFN-X and IFN-~, was similarly elevated following
PVM infection in both WT and IPS-1~/~ mice (Fig. 7c and data not shown). Like IFN-q, the expression of
IL-12p40 was significantly increased in WT mice but not IPS-1~/~ mice following PVM infection, and at 10 dpi,
IL-12p40 levels were significantly lower in PVM infected IPS-1~/~ mice compared to WT mice (Fig. 7d). The
elevated IFN-« production was associated with a significant increase in the expression of IFN-stimulated genes,
including interferon regulatory factor (Irf)7, Viperin and signal transducer and activator of transcription (Stat)1,
in the lungs of WT mice at 10 dpi (Fig. 7e). However, these genes were not up-regulated in the absence of IPS-1,
and their expression was significantly lower in IPS-1~/~ mice compared to WT mice infected with PVM. Taken
together, these data suggest that IPS-1 mediated signalling contributes to the recruitment of pDCs, and as a con-
sequence, plays an important role in the generation of the antiviral state.
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Figure 5. Viral challenge of IPS-1~/~ mice induces a mild Th2 phenotype. (a) Study design, 1 week old neonatal
WT or IPS-1~/~ mice were infected with 2 pfu in early life or vehicle diluent and were reinfected with 100 pfu or
vehicle diluent 6 weeks post primary infection. Mice were euthanised at 7 days post reinfection. (b) Eosinophil
and lymphocyte numbers in BALE. (c) IL-5 protein expression in BALF. (d) IL-13 protein expression in BALF.
(e) Left panel: representative micrograph (40x magnification) of HMGB1 immunostaining. Right panel:
Cytoplasmic AEC expression of HMGBI. (f) HMGBI protein expression in BALE. (g) IL-33 protein expression
in BALE. Vehicle control mice are denoted as Veh/Veh. Experiments were performed twice with 5 to 7 mice per
group. Data are mean and the standard error of the mean. *#**###*#**Denotes significance between WT and
IPS-17/~ infected mice. *****Denotes significance between infected and vehicle IPS-1~/~ mice. """ Denotes
significance between vehicle and infected WT mice. Detection limits are denoted by a red dotted line.
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Figure 6. Viral challenge of IPS-1~/"mice predisposes to AHR and airway remodelling. (a) Central airways
resistance was measured in response to increasing doses of nebulized methacholine. B, Baseline. S, Saline. (b)
Top panel: Airway smooth muscle (ASM) area. Bottom panel: representative micrograph (40x magnification)

of alpha actin smooth muscle immunostaining. (c) Top panel: Airway perimeter periostin expression. Bottom
panel: representative micrograph (40x magnification) of periostin immunostaining. (d) Top panel: Number of
mucous-producing AECs. Bottom panel: representative micrograph (40x magnification) of Periodic acid-Schiff
staining. Vehicle control mice are denoted as Veh/Veh. Experiments were performed twice with 5 to 9 mice per
group. Data are mean and the standard error of the mean. *#*#*###*#**Denotes significance between WT and
IPS-17/~ infected mice. *****Denotes significance between infected and vehicle IPS-1~/~ mice. """ Denotes
significance between vehicle and infected WT mice.

In an attempt to address whether the defect in pDC recruitment affected TLR7 responsiveness in IPS-
1-deficient mice, we inoculated WT and IPS-1 KO mice with PVM then exposed the mice to imiquimod, a TLR7
agonist, at 6, 7 and 8 dpi (around the spike in IFN-a production in WT mice; Fig. 7b) and euthanized the mice
at 10dpi (Fig. 7f). TLR7 stimulation significantly decreased viral load in IPS-1~/~ mice, although the magnitude
of this response was small. Consequently, the viral load in imiquimod-treated IPS-1~/~ mice remained signifi-
cantly higher than WT neonates (Fig. 7g). Interestingly, TLR7 stimulation of PVM infected IPS-1~/~ mice failed
to increase n Irf7 (Fig. 7h), Viperin (Fig. 7i) or Stat1 (Fig. 7j) mRNA expression, and thus their levels remained
significantly lower than that of PVM infected WT neonates. Although not definitive, these data support the idea
that TLR7 and IPS-1 signalling work in a linear manner to induce the antiviral response to PVM.

TLR7/IPS-1-induced IFN-o production negatively regulates type-2 inflammation in PVM
infected IPS-1~/~ mice. Type IIFN is known to negatively regulate type-2 immunity. To test whether the
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Figure 7. IPS-1 is critical for pDC recruitment and IFN-o production in response to acute viral infection in
early life. (a) pDC number in lung at 4 and 7 dpi (gated on CD11b- B220" CD11c* Siglec-H" CD45RA™). (b)
IFN-« protein expression in BALE (c) IFN-X protein expression in BALE (d) IL-12p40 protein expression in
lung. (e) IFN-stimulated gene expression in lung at 10 dpi. (j) Study design for imiquimod (IMIQ) treatment
of WT and IPS-1~/~ mice. (g) Quantitative PCR of PVM copy number in lung. Lung gene expression of

Irf7 (h), Viperin (i) and StatI (j). Experiments were performed twice with 8 to 12 mice per group. Vehicle
control mice were sacrificed on day 7 of life (i.e. 0 dpi). Data are mean and the standard error of the mean.
okt sk Denotes significance compared to WT infected mice. SDenotes significance between imiquimod
treated and vehicle (PBS) treated mice. Detection limits are denoted by a red dotted line. The average mRNA
expression for WT vehicle mice are denoted by a black dotted line.

absence of this counter-regulation contributed to the increased type-2 inflammation in bronchiolitic IPS-1~/~
mice, WT and IPS-1~/~ mice were treated daily from 5 to 8 dpi with recombinant IFN-« (i.n. route) and eutha-
nized at 10 dpi (Fig. 8a). IFN-o administration significantly decreased the number of lung ILC2s (Fig. 8b), airway
eosinophils (Fig. 8c) and IL-13 (Fig. 8d) production in IPS-1~/~ but not WT mice.
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Figure 8. TLR7/IPS-1-induced IFN-a production negatively regulates type-2 inflammation in PVM infected
IPS-17/~ mice. (a) Study design for recombinant IFN« treatment of WT and IPS-1~/~ mice. (b) ILC2 number in
lung (gated on Lin—, CD25+, ST2+4, CD90.2+). (¢) Eosinophils in BALF. (d) IL-13 protein expression in BALE.
Experiments were performed twice with 8 to 12 mice per group. Data are mean and the standard error of the
mean. ®#dsksE Rk Denotes significance between WT and IPS-17/~ infected mice. ***Denotes significance
between PVM infected IPS-1~/~ mice treated with IFN-« and vehicle (PBS). Detection limits are denoted by a
red dotted line.

Discussion

Severe RSV-bronchiolitis is a major cause of morbidity and an independent risk factor for the later development of
childhood asthma'>°. In this study, we found that the absence of IPS-1 during primary viral infection increased
viral burden and epithelial damage, leading to the release of tissue alarmins and the induction of type-2 inflam-
mation and airway remodelling. Secondary infection of IPS-1~/~ mice but not WT mice recapitulated the type-2
inflammatory response and promoted the development of several cardinal features of a non-atopic asthma-like
phenotype, highlighting a central role for IPS-1 in mediating resistance against both bronchiolitis and non-atopic
asthma. Further, we identify that IPS-1-mediated signalling is critical for the recruitment of pDCs, leading to
the generation of a IFN-ahi#h/[L-33°YHMGB1'*" cytokine microenvironment in the lung that protects against
bronchiolitis and subsequent asthma!”°. Thus, the coordinated antiviral host response to pneumovirus infection
requires both an RLR/IPS-1 signal to induce the recruitment of pDCs, as well as TLR7-mediated activation of the
recruited pDC', explaining the non-redundant role of both PRRs.

Impaired type-IIFN responses in both structural and immune cells, including pDCs, have been demonstrated
in patients with asthma®->, although this phenotype was not reproduced by some investigators, possibly reflect-
ing genetic variation®. Polymorphisms at the IPSI locus are linked to type-1 IFN deficiency in man and may
therefore underlie susceptibility to viral infections'®. Here, we questioned whether an interaction between IPS-1
deficiency and respiratory viral infection might underpin the association between attenuated IFN responses,
severe bronchiolitis and subsequent development of asthma. We found that IPS-1 deficiency predisposed toward
viral bronchiolitis and promoted the outgrowth of type-2 inflammation and airway remodelling. Central to this
phenotype was a defect in antiviral cytokine production and its sequelae: a markedly greater viral load in the air-
way epithelium, which became necrotic, denuded and sloughed, and release of the alarmins IL-33 and HMGBI.
This phenotype was accompanied by the expansion of ILC2s, type-2 cytokine expression (IL-5/IL-13), and ASM
remodelling. Notably, this type-2 inflammatory phenotype did not occur in adult IPS-1 deficient mice infected
with PVM suggesting that this response was age-dependent, mirroring the human epidemiology of susceptibility
to RSV bronchiolitis.

The generation of type-2 immunity following the profound loss of epithelial barrier integrity is consistent with
its teleological role in mediating wound repair and remodelling®” 3. ILC2s are now viewed as key regulators of
tissue repair and homeostasis® #°, and are the major ILC subfamily member present in the lungs, where they serve
as tissue-resident sentinels awaiting alarm signal(s) indicative of barrier disruption. For example, the tissue dam-
age in the lung that occurs during a helminth infestation leads to the release of IL-33, increasing the production of
ILC2-derived type-2 cytokines, which in turn induce barrier repair and restore tissue homeostasis*'~*. A similar
process is thought to occur in the pathogenesis of asthma, except that the initiating insult is generally an aeroal-
lergen or a respiratory virus, the latter causing considerable tissue damage, especially when the antiviral immune
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response of the host is impaired!”. It is noteworthy that whereas type-2 cytokines, including IL-33, contribute to
anti-helminthic immunity, they do not promote viral clearance; indeed they may compromise host defence by
counter-regulating IFN responses in immune cells' *. This chain of events, starting in early-life and occurring
repeatedly upon subsequent rounds of viral infections in susceptible individuals, may explain why asthma is
frequently characterised by type-2 inflammation and remodelling of the airway wall. Consistent with this hypoth-
esis, secondary infection of IPS-1~/~ mice led to a non-atopic asthma-like phenotype, including AHR, increased
ASM mass, mucus hypersecretion, periostin deposition and eosinophilic inflammation. Using this same infection
model, we found previously that TLR7~/~ mice are similarly predisposed to virus-induced asthma-like patholo-
gies"”. Interestingly, TLR7~/~ mice that had developed severe viral bronchiolitis in early-life were also at greater
risk of sensitization to a bystander allergen. Whether severe bronchiolitis in IPS-1~'"mice predisposes to allergic
sensitization remains to be tested.

IPS-1 deficiency increased viral burden in the epithelium and delayed viral clearance. This was associated
with increased TNF-o production in the lungs, sloughing of the airway epithelium, and alarmin release. TNF-o
peaked early in the lungs of IPS-1~/~ mice in response to infection and was associated with the infiltration of neu-
trophils in the airway lumen prior to the onset of AEC sloughing. Paradoxically, in addition to inducing survival,
TNF-a receptor signalling can induce different modes of cell death, including apoptosis and necroptosis, and this
can profoundly influence whether the ensuing response is pro- or anti-inflammatory*>“. Caspase-3, Rip1, Rip3
and MIkI gene expression and cleaved caspase-3 and MLKL protein expression in the airway epithelium were all
significantly elevated in the lungs of virus-infected IPS-1~/~ neonates, indicating that both apoptosis and necrop-
tosis were occurring in response to the same stimulus, as recently described in influenza infection. The increase
in RipI expression was not as prominent as Rip3, however necroptosis can proceed in a RIPK1-independent, RIP3
and MLKL-dependent manner®®*. The trigger for necroptosis in IPS-1~'~ mice remains unknown, but possibil-
ities include TNFR, TLR4 or TLR3 signalling**->?, the latter induced by an elevated viral load, which was evident
in the IPS-17/~ mice. It is noteworthy that necroptosis has been linked to the release of nuclear alarmins®-*, as
peak expression of Rip3 and Mikl occurred at the same time as peak HMGB1 and IL-33 release in IPS-1~/~ mice.
These alarmins were associated with ILC2 expansion and type-2 cytokine production, which in turn, can induce
features of repair and airway remodelling. Thus, by facilitating the release of alarmins, necroptosis may act to
promote type-2 immunity and tissue repair following excessive tissue damage. Future studies exploring the effect
of necroptosis inhibitors such as necrostatin-1s are warranted to investigate this concept.

We have previously shown that TLR7-mediated recognition of PVM by pDCs plays a critical, non-redundant
role in initiating host defence'” 8. This was somewhat unexpected given the ability of other PRRs to recognise
viral-associated molecular patterns and elicit type-I IFN production®”. Indeed, other investigators have demon-
strated that IPS-1, not utilised in the TLR7 signalling pathway, contributes to the production of type-I IFN in
mice following inoculation with hRSV?°-22, Here, we found that in response to PVM infection, IPS-1 deficiency
impaired the production of IFN-a in the airway, a finding that is broadly consistent with the observations from
hRSV inoculated IPS-1~/~ mice?*-?2. Because PVM is a mouse pathogen, one can employ a low inoculum and
follow host-pathogen interactions over time. Using this strategy, we have reproducibly shown that type-I IFNs
peak at 7 dpi, and that this response is dependent on TLR7-induced activation of pDCs'”~!° Consistent with a cen-
tral role for pDC in the generation of type-1 IFN in response to pneumoviruses® >® we found that the attenuated
IFN-a response in IPS-1~/~ mice was associated with a greater than 70% reduction in pDCs in the lung prior to
and at the peak time of PVM infection. Interestingly, administration of a TLR7 agonist to IPS-1~/~ mice failed to
replicate the induction of Irf7, Viperin or Stat] mRNA expression observed in TLR7 sufficient WT mice, suggest-
ing that TLR7 and IPS-1 signalling cooperate in a linear manner to promote antiviral immunity against PVM.
Although the levels of IFN-X protein were unaffected by the absence of IPS-1, not one of the IFN-stimulated genes
that we measured was up-regulated in response to PVM infection in IPS-1~/~ mice, inferring that these genes
were primarily regulated by IFN-c. The impaired pDC/IFN-a response may also have contributed to the elevated
type-2 inflammation' . In support of this idea, we found that supplementation of IPS-1~/~ mice with exoge-
nous IFNa reduced ILC2 numbers, airway eosinophilia and IL-13 production. Although we did not explore the
molecular link between IPS-1 signalling and pDC recruitment, several chemokines are up-regulated downstream
of IPS-1/NFkB signalling®'-°, and many of these are able to recruit pDCs®. Additionally, the chemoattractant
chemerin also contributes to pDC recruitment. Indeed it is noteworthy that mice deficient in the chemerin recep-
tor Chem R23 have fewer lung pDCs, impaired IFN-o and IL-12 production, higher viral load and present with a
severe neutrophilia during acute PVM infection®. Since chemerin is expressed at high concentration at baseline
and regulated by proteolytic activation, it is possible that IPS-1 signalling contributes to pDC recruitment by reg-
ulating the expression of a protease. Nevertheless our findings that IPS-1 signalling is required to increase pDCs
in the lung provides a possible mechanism to explain the non-redundant role of both the RLR/IPS-1 signalling
and TLR7/MyD88 signalling in the generation of optimal host defence against pneumovirus infection.

In summary, we demonstrate a possible gene-environment interaction that increases host susceptibility to
severe virus-associated bronchiolitis and the onset of non-atopic asthma. IPS-1 signalling contributes to the
recruitment of pDCs which are critical for effective antiviral immunity and the prevention of immunopathology.
The IL-33 and HMGBI-rich cytokine microenvironment that occurs as a consequence of airway epithelial cell
death skews the ensuing inflammatory response toward a type-2 response, leading to increased ASM growth in
early-life and potentially long-term changes in both resident airway cells and immune cells necessary for progres-
sion to a non-atopic asthma-like phenotype following viral challenge in later-life.

Materials and Methods

Mice, treatments and PVM infection. Specific pathogen-free wild-type (WT) and IPS-1-deficient (IPS-
17/7) C57BL/6 mice®® were housed in individually ventilated cages and intranasally inoculated at 7 days of age
with 2 plaque-forming units (PFU) of PVM (J3666 strain)'” '8 in 10 ul of vehicle (10% foetal calf serum in DMEM
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media) or vehicle. In some experiments, mice were re-inoculated with 100 PFU of PVM in 50 uL of vehicle or
vehicle 42 dpi. To examine TLR7 signalling and the effect of exogenous type-I IFN, neonatal mice were intrana-
sally administered 15 ug of imiquimod or 5000 IU of recombinant IFN-a in 10 uL of PBS or vehicle diluent as per
the study designs in Figs 7f and 8a, respectively. This study was approved by the University of Queensland Animal
Care and Ethics Committee and performed in accordance with the relevant guidelines and regulations.

Bronchoalveolar lavage fluid (BAL). BAL was performed and cells prepared as previously described” .
Briefly, PBS (400 pL for neonates; 600 pL for adults) was washed through the lungs using the tubing and adapter
from a 20 G catheter (BD) inserted into the trachea in adult mice. For BAL of neonatal mice, a catheter adapter
outfitted with 0.1 mm diameter vinyl tubing was used. After collection, the bronchoalveolar lavage fluid (BALF)
centrifuged at 5000 rpm. The supernatant was stored at —20°C and used to determine cytokine production. BAL
cells were resuspended in Gey’s red blood cell lysis buffer (home-made) for 5min on ice to remove erythro-
cytes. The remaining leukocytes were counted using a haemocytometer and stained with an antibody cocktail as
described below.

Flow cytometry. Lung cells were mashed through a cell strainer and red blood cells lysed with Gey’s
red blood cell lysis buffer. Lung or BAL leukocytes were seeded into a U bottom 96 well plate at 10/ well, and
pre-incubated with anti-FcAyRIII/II (‘Fc-block’) in PBS/1% FCS medium prior to a 30 minute incubation with one
or more of the following fluorochrome-labelled antibodies (BD Biosciences unless otherwise stated). Antibodies
used include: CD11¢-FITC, SiglecH-AF647, B220-V500, CD11b-PerCP Cy5.5. Ly6G-AF488 Siglec-F-APC,
B220-PE, CD11b-PerCP Cy5.5, CD3-PE, MHCII-APC-Cy7 CD11c-FITC. CD45R-AF488, CD3-AF4388,
CD11c-AF488, CD2-AF488, Gr-1-AF488, CD11b-AF488, CD90.2-APC-Cy7 and CD25-BV650. After three
washes in PBS/1% FCS medium, stained cells were analysed using a BD LSR Fortessa X-20.

Measurement of airway hyper-reactivity (AHR). AHR was measured 7 days after re-infection with
PVM by forced oscillation technique using Flexivent apparatus (SCIREQ, Montreal, Canada) as described pre-
viously®”. Briefly, mice were anesthetized by injecting a cocktail of xylazine (0.2 mg/10 gm of body weight) and
ketamine (0.4 mg/10 gm of body weight) and maintained under mechanical ventilation. Airway resistance was
measured at increasing doses of nebulised methacholine (0 to 30 mg/ml for 1 min) (Sigma-Aldrich, St Louis, MO,
USA).

ELISA, cytokine bead array (CBA) and dsDNA assay. The concentration of TNF-a, IL-33, IFN-X,
IFN-~, IL-5, IL-6, IL-12p40, IL-17A (R&D systems, Minneapolis, MN, US) and HMGB1 (Chondrex, Redmond,
WA, US) expression in BALF and/or lung homogenates was analysed by ELISA according to the manufacturer’s
protocol. Cytokine bead array (CBA) was used to measure IL-13 (BD) and ProcartaPlex Mouse IFN alpha/IFN
beta was used to measure IFN-«a/(3 (ebioscience) as per the manufacturer’s instructions. dsDNA in BALF was
analysed by Quant-iT PicoGreen dsDNA Assay Kit (ThermoFisher) according the manufacturer’s protocol

Quantitative real time PCR. Total RNA was isolated from the inferior right lung lobe with TriReagent
solution (Ambion) followed by phenol-chloroform extraction. DNAse digestion was performed with Turbo
DNAse (Ambion), according to the manufacturer’s instructions. Reverse transcription was performed using
M-MLYV reverse transcriptase and random primers (Invitrogen). qRT-PCR was performed with SYBR Green
(Life Technologies) with primers listed in Supplementary Materials, Table S1. Expression values were normalized
relative to the housekeeping gene Hprt and expressed as fold change relative to vehicle control mice of the same
genotype using the 2724¢T formula.

Immunohistochemistry and histology. Paraffin-embedded sections were prepared as previously
described”’. Immunohistochemistry for PVM, HMGB1, a-smooth muscle actin, TGF3, MLKL, cleaved caspase-3
and periostin occurred as described previously' 7°. Briefly, slides were dehydrated using xylene and ethanol
washes before antigen retrieval using citrate buffer. Lung sections were permeabilized using 0.5% Triton in PBS
for 10 minutes. Non-specific binding was blocked with 10% normal goat serum in PBS. Primary antibodies used
include anti-PVM (kindly provided by Dr. Ulla Buchholz, Laboratory of Infectious Diseases, National Institute
of Allergy and Infectious Diseases), anti-HMGB1 (Abcam; 1:400 dilution), anti-a-smooth muscle actin (Sigma;
1:800), anti-TGF-(3 (Abcam; 1:200), anti-MLKL (Merk Millipore; 1:200), cleaved caspase-3 conjugated-488 (CST;
1:200) and anti-perisotin (Abcam; 1:200). Tissue sections and primary antibodies were incubated overnight at
room temperature. With the exception of MLKL and caspase-3, sections were washed 3 times in PBS/Tween 20
before 60 minutes of incubation with either anti-rabbit IgG-AP (Sigmaj; 1:200), anti-mouse IgG-AP (Sigma; 1:200)
or anti-rat IgG-AP (Sigma; 1:200). After washing, color was developed with Fast Red substrate (Sigma). Sections
were counterstained with hematoxylin before mounting with Glycergel (Dako). For immunofluorescence (MLKL
and cleaved caspase-3-488), MLKL-stained sections were incubated with goat anti-rat-647 for 60 mins. After
washing with 0.5% Triton in PBS, sections were counterstained using DAPI (Sigma; 1:10,000), mounted with
fluorescent mounting media (DAKO) and imaged on Diskovery Spinning Disk confocal microscope (Nikon).

Statistical analysis. Data presented are the mean =+ s.e.m. Data sets were analysed by Student ¢ test for par-
ametric data and Mann-U Whitney test for non-parametric data except for time course experiments which were
analysed by two-way ANOVA and Bonferroni Post Hoc Test. GraphPad Prism 6.01 (GraphPad Software) was
used for all data analysis and preparation of graphs.

SCIENTIFICREPORTS|7:2353 | DOI:10.1038/541598-017-02564-9 12


http://S1

www.nature.com/scientificreports/

References

1.

2

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nair, H. et al. Global burden of acute lower respiratory infections due to respiratory syncytial virus in young children: a systematic
review and meta-analysis. Lancet 375, 1545-1555, doi:10.1016/S0140-6736(10)60206-1 (2010).

. Taussig, L. M. et al. Tucson children’s respiratory study: 1980 to present. Journal of Allergy and Clinical Immunology 111, 661-675,

doi:10.1067/mai.2003.162 (2003).
Kusel, M. M. et al. Early-life respiratory viral infections, atopic sensitization, and risk of subsequent development of persistent
asthma. The Journal of allergy and clinical immunology 119, 1105-1110, doi:10.1016/j.jaci.2006.12.669 (2007).

. Sigurs, N. et al. Asthma and allergy patterns over 18 years after severe RSV bronchiolitis in the first year of life. Thorax 65,

1045-1052, doi:10.1136/thx.2009.121582 (2010).

. Stein, R. T. et al. Respiratory syncytial virus in early life and risk of wheeze and allergy by age 13 years. Lancet 354, 541-545,

doi:10.1016/S0140-6736(98)10321-5 (1999).

. James, K. M. et al. Risk of childhood asthma following infant bronchiolitis during the respiratory syncytial virus season. The Journal

of allergy and clinical immunology 132, 227-229, d0i:10.1016/j.jaci.2013.01.009 (2013).

. Sigurs, N., Bjarnason, R., Sigurbergsson, F. & Kjellman, B. Respiratory syncytial virus bronchiolitis in infancy is an important risk

factor for asthma and allergy at age 7. Am J Respir Crit Care Med 161, 1501-1507, doi:10.1164/ajrccm.161.5.9906076 (2000).

. Simoes, E. A. et al. Palivizumab prophylaxis, respiratory syncytial virus, and subsequent recurrent wheezing. The Journal of

pediatrics 151, 34-42, 42 e31, doi:10.1016/j.jpeds.2007.02.032 (2007).

. Holt, P. G. & Sly, P. D. Viral infections and atopy in asthma pathogenesis: new rationales for asthma prevention and treatment.

Nature medicine 18, 726735, d0i:10.1038/nm.2768 (2012).

Larkin, E. K. & Hartert, T. V. Genes associated with RSV lower respiratory tract infection and asthma: the application of genetic
epidemiological methods to understand causality. Future virology 10, 883-897, doi:10.2217/fv1.15.55 (2015).

Feldman, A. S, He, Y., Moore, M. L., Hershenson, M. B. & Hartert, T. V. Toward primary prevention of asthma. Reviewing the
evidence for early-life respiratory viral infections as modifiable risk factors to prevent childhood asthma. American Journal of
Respiratory and Critical Care Medicine 191, 34-44, doi:10.1164/rccm.201405-0901PP (2015).

Lauhkonen, E. et al. Gene Polymorphism of Toll-Like Receptors and Lung Function at Five to Seven Years of Age after Infant
Bronchiolitis. PloS one 11, 0146526, doi:10.1371/journal.pone.0146526 (2016).

Janssen, R. et al. Genetic Susceptibility to Respiratory Syncytial Virus Bronchiolitis Is Predominantly Associated with Innate
Immune Genes. The Journal of Infectious Diseases 196, 826-834, d0i:10.1086/520886 (2007).

Pothlichet, J. et al. Study of human RIG-I polymorphisms identifies two variants with an opposite impact on the antiviral immune
response. PloS one 4, 7582, doi:10.1371/journal.pone.0007582 (2009).

Hu, J. et al. A Common Polymorphism in the Caspase Recruitment Domain of RIG-I Modifies the Innate Immune Response of
Human Dendritic Cells. The Journal of Immunology 185, 424-432, doi:10.4049/jimmunol.0903291 (2010).

Xing, F. et al. Alteration of Antiviral Signalling by Single Nucleotide Polymorphisms (SNPs) of Mitochondrial Antiviral Signalling
Protein (MAVS). PloS one 11, e0151173, doi:10.1371/journal.pone.0151173 (2016).

Kaiko, G. E. et al. Toll-like receptor 7 gene deficiency and early-life Pneumovirus infection interact to predispose toward the
development of asthma-like pathology in mice. The Journal of allergy and clinical immunology 131, 1331-1339, doi:10.1016/j.
jaci.2013.02.041 (2013). e1310doi:.

Davidson, S. et al. Plasmacytoid dendritic cells promote host defense against acute pneumovirus infection via the TLR7-MyD88-
dependent signaling pathway. Journal of immunology 186, 5938-5948, doi:10.4049/jimmunol.1002635 (2011).

Lynch, J. P. et al. Aeroallergen-induced IL-33 predisposes to respiratory virus-induced asthma by dampening antiviral immunity.
The Journal of allergy and clinical immunology. doi:10.1016/j.jaci.2016.02.039 (2016).

Demoor, T. et al. IPS-1 signaling has a nonredundant role in mediating antiviral responses and the clearance of respiratory syncytial
virus. Journal of immunology 189, 5942-5953, doi:10.4049/jimmunol.1201763 (2012).

. Goritzka, M. et al. Alveolar macrophage-derived type I interferons orchestrate innate immunity to RSV through recruitment of

antiviral monocytes. ] Exp Med 212, 699-714, doi:10.1084/jem.20140825 (2015).

Bhoj, V. G. et al. MAVS and MyD88 are essential for innate immunity but not cytotoxic T lymphocyte response against respiratory
syncytial virus. Proceedings of the National Academy of Sciences of the United States of America 105, 14046-14051, doi:10.1073/
pnas.0804717105 (2008).

Kumar, H. et al. Essential role of IPS-1 in innate immune responses against RNA viruses. The Journal of experimental medicine 203,
1795-1803, doi:10.1084/jem.20060792 (2006).

Nish, S. & Medzhitov, R. Host defense pathways: role of redundancy and compensation in infectious disease phenotypes. Immunity
34, 629-636, doi:10.1016/j.immuni.2011.05.009 (2011).

Culley, E. J., Pollott, J. & Openshaw, P. . M. Age at First Viral Infection Determines the Pattern of T Cell-mediated Disease during
Reinfection in Adulthood. The Journal of Experimental Medicine 196, 1381-1386, doi:10.1084/jem.20020943 (2002).

Aherne, W, Bird, T, Court, S. D., Gardner, P. S. & McQuillin, J. Pathological changes in virus infections of the lower respiratory tract
in children. J Clin Pathol 23,7-18 (1970).

Johnson, J. E., Gonzales, R. A., Olson, S. J., Wright, P. F. & Graham, B. S. The histopathology of fatal untreated human respiratory
syncytial virus infection. Mod Pathol 20, 108-119 (2006).

Ullah, M. A. et al. Receptor for advanced glycation end products and its ligand high-mobility group box-1 mediate allergic airway
sensitization and airway inflammation. The Journal of allergy and clinical immunology 134, 440-450, doi:10.1016/j.jaci.2013.12.1035
(2014).

Lambrecht, B. N. & Hammad, H. Allergens and the airway epithelium response: gateway to allergic sensitization. The Journal of
allergy and clinical immunology 134, 499-507, doi:10.1016/j.jaci.2014.06.036 (2014).

Kuperman, D. A. et al. Direct effects of interleukin-13 on epithelial cells cause airway hyperreactivity and mucus overproduction in
asthma. Nature medicine 8, 885-889, d0i:10.1038/nm?734 (2002).

Chen, W. et al. IL-13 receptor alpha2 contributes to development of experimental allergic asthma. The Journal of allergy and clinical
immunology 132, 951-958 €951-956, doi:10.1016/j.jaci.2013.04.016 (2013).

O'Reilly, R. et al. Increased airway smooth muscle in preschool wheezers who have asthma at school age. The Journal of allergy and
clinical immunology 131, 1024-1032, €1021-1016, doi:10.1016/j.jaci.2012.08.044 (2013).

Gill, M. A. et al. Counterregulation between the FcepsilonRI pathway and antiviral responses in human plasmacytoid dendritic cells.
Journal of immunology 184, 5999-6006, doi:10.4049/jimmunol.0901194 (2010).

Contoli, M. et al. Role of deficient type III interferon-lambda production in asthma exacerbations. Nature medicine 12, 1023-1026,
doi:10.1038/nm1462 (2006).

Wark, P. A. et al. Asthmatic bronchial epithelial cells have a deficient innate immune response to infection with rhinovirus. J Exp
Med 201, 937-947, doi:10.1084/jem.20041901 (2005).

Sykes, A. et al. Rhinovirus-induced interferon production is not deficient in well controlled asthma. Thorax 69, 240-246,
doi:10.1136/thoraxjnl-2012-202909 (2014).

Gause, W. C., Wynn, T. A. & Allen, J. E. Type 2 immunity and wound healing: evolutionary refinement of adaptive immunity by
helminths. Nature reviews. Immunology 13, 607-614, doi:10.1038/nri3476 (2013).

Phipps, S. et al. The Relationship Between Allergen-Induced Tissue Eosinophilia and Markers of Repair and Remodeling in Human
Atopic Skin. The Journal of Immunology 169, 4604-4612, doi:10.4049/jimmunol.169.8.4604 (2002).

SCIENTIFICREPORTS|7:2353 | DOI:10.1038/541598-017-02564-9 13


http://dx.doi.org/10.1016/S0140-6736(10)60206-1
http://dx.doi.org/10.1067/mai.2003.162
http://dx.doi.org/10.1016/j.jaci.2006.12.669
http://dx.doi.org/10.1136/thx.2009.121582
http://dx.doi.org/10.1016/S0140-6736(98)10321-5
http://dx.doi.org/10.1016/j.jaci.2013.01.009
http://dx.doi.org/10.1164/ajrccm.161.5.9906076
http://dx.doi.org/10.1016/j.jpeds.2007.02.032
http://dx.doi.org/10.1038/nm.2768
http://dx.doi.org/10.2217/fvl.15.55
http://dx.doi.org/10.1164/rccm.201405-0901PP
http://dx.doi.org/10.1371/journal.pone.0146526
http://dx.doi.org/10.1086/520886
http://dx.doi.org/10.1371/journal.pone.0007582
http://dx.doi.org/10.4049/jimmunol.0903291
http://dx.doi.org/10.1371/journal.pone.0151173
http://dx.doi.org/10.1016/j.jaci.2013.02.041
http://dx.doi.org/10.1016/j.jaci.2013.02.041
http://dx.doi.org/10.4049/jimmunol.1002635
http://dx.doi.org/10.1016/j.jaci.2016.02.039
http://dx.doi.org/10.4049/jimmunol.1201763
http://dx.doi.org/10.1084/jem.20140825
http://dx.doi.org/10.1073/pnas.0804717105
http://dx.doi.org/10.1073/pnas.0804717105
http://dx.doi.org/10.1084/jem.20060792
http://dx.doi.org/10.1016/j.immuni.2011.05.009
http://dx.doi.org/10.1084/jem.20020943
http://dx.doi.org/10.1016/j.jaci.2013.12.1035
http://dx.doi.org/10.1016/j.jaci.2014.06.036
http://dx.doi.org/10.1038/nm734
http://dx.doi.org/10.1016/j.jaci.2013.04.016
http://dx.doi.org/10.1016/j.jaci.2012.08.044
http://dx.doi.org/10.4049/jimmunol.0901194
http://dx.doi.org/10.1038/nm1462
http://dx.doi.org/10.1084/jem.20041901
http://dx.doi.org/10.1136/thoraxjnl-2012-202909
http://dx.doi.org/10.1038/nri3476
http://dx.doi.org/10.4049/jimmunol.169.8.4604

www.nature.com/scientificreports/

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Monticelli, L. A. et al. Innate lymphoid cells promote lung-tissue homeostasis after infection with influenza virus. Nat Immunol 12,
1045-1054, d0i:10.1031/ni.2131 (2011).

Sonnenberg, G. E & Artis, D. Innate lymphoid cells in the initiation, regulation and resolution of inflammation. Nature medicine 21,
698-708, doi:10.1038/nm.3892 (2015).

Mohapatra, A. et al. Group 2 innate lymphoid cells utilize the IRF4-IL-9 module to coordinate epithelial cell maintenance of lung
homeostasis. Mucosal immunology 9, 275-286, doi:10.1038/mi.2015.59 (2016).

Hardman, C. S., Panova, V. & McKenzie, A. N. IL-33 citrine reporter mice reveal the temporal and spatial expression of IL-33 during
allergic lung inflammation. European journal of immunology 43, 488-498, doi:10.1002/ji.201242863 (2013).

McSorley, H. ., Blair, N. E, Smith, K. A., McKenzie, A. N. & Maizels, R. M. Blockade of IL-33 release and suppression of type 2 innate
lymphoid cell responses by helminth secreted products in airway allergy. Mucosal immunology 7, 1068-1078, doi:10.1038/
mi.2013.123 (2014).

Hatchwell, L. et al. Toll-like receptor 7 governs interferon and inflammatory responses to rhinovirus and is suppressed by IL-5-
induced lung eosinophilia. Thorax 70, 854-861, doi:10.1136/thoraxjnl-2014-205465 (2015).

Laster, S. M., Wood, J. G. & Gooding, L. R. Tumor necrosis factor can induce both apoptic and necrotic forms of cell lysis. Journal of
immunology 141, 2629-2634 (1988).

Vanlangenakker, N., Bertrand, M. ], Bogaert, P., Vandenabeele, P. & Vanden Berghe, T. TNF-induced necroptosis in L929 cells is
tightly regulated by multiple TNFR1 complex I and IT members. Cell death ¢ disease 2, €230, doi:10.1038/cddis.2011.111 (2011).
Nogusa, S. et al. RIPK3 Activates Parallel Pathways of MLKL-Driven Necroptosis and FADD-Mediated Apoptosis to Protect against
Influenza A Virus. Cell Host & Microbe. doi:10.1016/j.chom.2016.05.011 (2016).

Kaiser, W. J. et al. Toll-like receptor 3-mediated necrosis via TRIE RIP3, and MLKL. The Journal of biological chemistry 288,
31268-31279, do0i:10.1074/jbc.M113.462341 (2013).

Takemura, R. et al. Polyl:C-Induced, TLR3/RIP3-Dependent Necroptosis Backs Up Immune Effector-Mediated Tumor Elimination
In Vivo. Cancer Immunol Res 3, 902-914, doi:10.1158/2326-6066.CIR-14-0219 (2015).

Li, Z. et al. Tissue damage negatively regulates LPS-induced macrophage necroptosis. Cell death and differentiation. doi:10.1038/
¢dd.2016.21 (2016).

Robinson, N. et al. Type I interferon induces necroptosis in macrophages during infection with Salmonella enterica serovar
Typhimurium. Nat Immunol 13, 954-962, d0i:10.1038/ni.2397 (2012).

Dondelinger, Y., Darding, M., Bertrand, M. J. & Walczak, H. Poly-ubiquitination in TNFR1-mediated necroptosis. Cellular and
molecular life sciences: CMLS. doi:10.1007/s00018-016-2191-4 (2016).

Liu, X. et al. Post-translational modifications as key regulators of TNF-induced necroptosis. Cell death ¢ disease 7, €2293,
doi:10.1038/cddis.2016.197 (2016).

Arshad, M. L et al. The chemical inhibitors of cellular death, PJ34 and Necrostatin-1, down-regulate IL-33 expression in liver. ] Mol
Med (Berl) 93, 867-878, doi:10.1007/s00109-015-1270-6 (2015).

Bleriot, C. et al. Liver-Resident Macrophage Necroptosis Orchestrates Type 1 Microbicidal Inflammation and Type-2-Mediated
Tissue Repair during Bacterial Infection. Immunity 42, 145-158, doi:10.1016/j.immuni.2014.12.020 (2015).

Qing, D. Y. et al. Red blood cells induce necroptosis of lung endothelial cells and increase susceptibility to lung inflammation. Am J
Respir Crit Care Med 190, 1243-1254, doi:10.1164/rccm.201406-10950C (2014).

Kawai, T. & AKira, S. The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors. Nat Immunol 11,
373-384, d0i:10.1038/ni.1863 (2010).

Hornung, V. et al. Replication-Dependent Potent IFN- Induction in Human Plasmacytoid Dendritic Cells by a Single-Stranded RNA
Virus. The Journal of Immunology 173, 5935-5943, doi:10.4049/jimmunol.173.10.5935 (2004).

Wang, H., Peters, N. & Schwarze, J. Plasmacytoid Dendritic Cells Limit Viral Replication, Pulmonary Inflammation, and Airway
Hyperresponsiveness in Respiratory Syncytial Virus Infection. The Journal of Immunology 177, 6263-6270, d0i:10.4049/
jimmunol.177.9.6263 (2006).

Pritchard, A. L. et al. Innate IFNs and plasmacytoid dendritic cells constrain Th2 cytokine responses to rhinovirus: a regulatory
mechanism with relevance to asthma. Journal of immunology 188, 5898-5905, doi:10.4049/jimmunol.1103507 (2012).

Battaglia, E. et al. Hypoxia transcriptionally induces macrophage-inflammatory protein-3alpha/CCL-20 in primary human
mononuclear phagocytes through nuclear factor (NF)-kappaB. ] Leukoc Biol 83, 648-662, doi:10.1189/j1b.0607349 (2008).

Lee, J. S. et al. Expression and regulation of the CC-chemokine ligand 20 during human tuberculosis. Scand ] Immunol 67, 77-85,
doi:10.1111/j.1365-3083.2007.02040.x (2008).

Nakayama, T. et al. Selective Induction of Th2-Attracting Chemokines CCL17 and CCL22 in Human B Cells by Latent Membrane
Protein 1 of Epstein-Barr Virus. Journal of virology 78, 1665-1674, d0i:10.1128/jvi.78.4.1665-1674.2004 (2004).

Shin, Y. H., Son, K. N., Lee, G. W., Kwon, B. S. & Kim, J. Transcriptional regulation of human CC chemokine CCL15 gene by NF-
kappaB and AP-1 elements in PMA-stimulated U937 monocytoid cells. Biochimica et biophysica acta 1732, 38-42, doi:10.1016/].
bbaexp.2005.11.001 (2005).

Wickremasinghe, M. I., Thomas, L. H., O’Kane, C. M., Uddin, J. & Friedland, J. S. Transcriptional mechanisms regulating alveolar
epithelial cell-specific CCL5 secretion in pulmonary tuberculosis. The Journal of biological chemistry 279, 27199-27210, doi:10.1074/
jbc.M403107200 (2004).

Swiecki, M. & Colonna, M. The multifaceted biology of plasmacytoid dendritic cells. Nature reviews. Immunology 15, 471-485,
doi:10.1038/nri3865 (2015).

Bondue, B. et al. ChemR23 dampens lung inflammation and enhances anti-viral immunity in a mouse model of acute viral
pneumonia. PLoS pathogens 7, 1002358, doi:10.1371/journal.ppat.1002358 (2011).

Spann, K. M. et al. IRF-3, IRF-7, and IPS-1 promote host defense against acute human metapneumovirus infection in neonatal mice.
Am ] Pathol 184, 1795-1806, doi:10.1016/j.ajpath.2014.02.026 (2014).

Weckmann, M. et al. Critical link between TRAIL and CCL20 for the activation of TH2 cells and the expression of allergic airway
disease. Nature medicine 13, 1308-1315, d0i:10.1038/nm1660 (2007).

Kaiko, G. E., Phipps, S., Angkasekwinai, P., Dong, C. & Foster, P. S. NK cell deficiency predisposes to viral-induced Th2-type allergic
inflammation via epithelial-derived IL-25. Journal of immunology 185, 4681-4690, doi:10.4049/jimmunol.1001758 (2010).

Acknowledgements

S.P. has been funded by the Department of Health | National Health and Medical Research Council (NHMRC)
of Australia, and a Future Fellowship from the Australian Research Council (ARC), Pfizer (Pfizer Inc). and
GlaxoSmithKline (GlaxoSmithKline Plc). K.S. has been funded by the Department of Health | National Health
and Medical Research Council (NHMRC) of Australia. All other authors declare that they have no competing
financial interests.

SCIENTIFICREPORTS|7:2353 | DOI:10.1038/541598-017-02564-9 14


http://dx.doi.org/10.1031/ni.2131
http://dx.doi.org/10.1038/nm.3892
http://dx.doi.org/10.1038/mi.2015.59
http://dx.doi.org/10.1002/eji.201242863
http://dx.doi.org/10.1038/mi.2013.123
http://dx.doi.org/10.1038/mi.2013.123
http://dx.doi.org/10.1136/thoraxjnl-2014-205465
http://dx.doi.org/10.1038/cddis.2011.111
http://dx.doi.org/10.1016/j.chom.2016.05.011
http://dx.doi.org/10.1074/jbc.M113.462341
http://dx.doi.org/10.1158/2326-6066.CIR-14-0219
http://dx.doi.org/10.1038/cdd.2016.21
http://dx.doi.org/10.1038/cdd.2016.21
http://dx.doi.org/10.1038/ni.2397
http://dx.doi.org/10.1007/s00018-016-2191-4
http://dx.doi.org/10.1038/cddis.2016.197
http://dx.doi.org/10.1007/s00109-015-1270-6
http://dx.doi.org/10.1016/j.immuni.2014.12.020
http://dx.doi.org/10.1164/rccm.201406-1095OC
http://dx.doi.org/10.1038/ni.1863
http://dx.doi.org/10.4049/jimmunol.173.10.5935
http://dx.doi.org/10.4049/jimmunol.177.9.6263
http://dx.doi.org/10.4049/jimmunol.177.9.6263
http://dx.doi.org/10.4049/jimmunol.1103507
http://dx.doi.org/10.1189/jlb.0607349
http://dx.doi.org/10.1111/j.1365-3083.2007.02040.x
http://dx.doi.org/10.1128/jvi.78.4.1665-1674.2004
http://dx.doi.org/10.1016/j.bbaexp.2005.11.001
http://dx.doi.org/10.1016/j.bbaexp.2005.11.001
http://dx.doi.org/10.1074/jbc.M403107200
http://dx.doi.org/10.1074/jbc.M403107200
http://dx.doi.org/10.1038/nri3865
http://dx.doi.org/10.1371/journal.ppat.1002358
http://dx.doi.org/10.1016/j.ajpath.2014.02.026
http://dx.doi.org/10.1038/nm1660
http://dx.doi.org/10.4049/jimmunol.1001758

www.nature.com/scientificreports/

Author Contributions

S.P. conceived of the idea for the project and designed the experiments. S.P,, J.PL. and J.S. interpreted the data and
prepared the manuscript. Z.L., ].S., V.Z., ].PL. and R.B.W. performed the experiments. K.S. provided intellectual
input and reagents.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02564-9

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:2353 | DOI:10.1038/541598-017-02564-9 15


http://dx.doi.org/10.1038/s41598-017-02564-9
http://creativecommons.org/licenses/by/4.0/

	The Absence of Interferon-β Promotor Stimulator-1 (IPS-1) Predisposes to Bronchiolitis and Asthma-like Pathology in Respons ...
	Results

	Neonatal IPS-1−/− mice are more susceptible to acute infection with PVM. 
	The absence of IPS-1 increases neutrophilic inflammation and airway epithelial cell death. 
	Severe bronchiolitis in IPS-1−/− mice is associated with alarmin release and type-2 inflammation. 
	Type-2 inflammation is accompanied by airway remodelling in bronchiolitic IPS-1−/− mice. 
	Secondary infection of IPS-1−/− mice increases type-2 inflammation. 
	Secondary infection of IPS-1−/− mice increases AHR and features of airway remodelling associated with a non-atopic asthma-l ...
	IPS-1 regulates pDC-mediated antiviral immunity. 
	TLR7/IPS-1-induced IFN-α production negatively regulates type-2 inflammation in PVM infected IPS-1−/− mice. 

	Discussion

	Materials and Methods

	Mice, treatments and PVM infection. 
	Bronchoalveolar lavage fluid (BAL). 
	Flow cytometry. 
	Measurement of airway hyper-reactivity (AHR). 
	ELISA, cytokine bead array (CBA) and dsDNA assay. 
	Quantitative real time PCR. 
	Immunohistochemistry and histology. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Absence of IPS-1 predisposes towards elevated viral load and increased morbidity and mortality during acute viral infection.
	Figure 2 Absence of IPS-1 predisposes towards bronchiolitis and airway epithelial cell necroptosis during acute viral infection.
	Figure 3 Absence of IPS-1 predisposes towards alarmin release and type-2 inflammation during acute viral infection.
	Figure 4 IPS-1−/− mice exhibit elevated airway remodelling in acute viral infection.
	Figure 5 Viral challenge of IPS-1−/− mice induces a mild Th2 phenotype.
	Figure 6 Viral challenge of IPS-1−/−mice predisposes to AHR and airway remodelling.
	Figure 7 IPS-1 is critical for pDC recruitment and IFN-α production in response to acute viral infection in early life.
	Figure 8 TLR7/IPS-1-induced IFN-α production negatively regulates type-2 inflammation in PVM infected IPS-1−/− mice.




