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Abstract

Rationale: Respiratory syncytial virus (RSV) bronchiolitis causes
significant infant mortality. Bronchiolitis is characterized by airway
epithelial cell (AEC) death; however, the mode of death remains
unknown.

Objectives: To determine whether necroptosis contributes to RSV
bronchiolitis pathogenesis via HMGB1 (high mobility group box 1)
release.

Methods: Nasopharyngeal samples were collected from children
presenting to the hospital with acute respiratory infection. Primary
human AECs and neonatal mice were inoculated with RSV and murine
Pneumovirus, respectively. Necroptosis was determined via viability
assays and immunohistochemistry for RIPK1 (receptor-interacting
protein kinase-1), MLKL (mixed lineage kinase domain-like
pseudokinase) protein, and caspase-3. Necroptosis was blocked using
pharmacological inhibitors and RIPK1 kinase-dead knockin mice.

Measurements and Main Results: HMGB1 levels were
elevated in nasopharyngeal samples of children with acute RSV
infection. RSV-induced epithelial cell death was associated with

increased phosphorylated RIPK1 and phosphorylated MLKL but
not active caspase-3 expression. Inhibition of RIPK1 or MLKL
attenuated RSV-induced HMGBI translocation and release, and
lowered viral load. MLKL inhibition increased active caspase-3
expression in a caspase-8/9-dependent manner. In susceptible
mice, Pneumovirus infection upregulated RIPK1 and MLKL
expression in the airway epithelium at 8 to 10 days after infection,
coinciding with AEC sloughing, HMGBI release, and
neutrophilic inflammation. Genetic or pharmacological
inhibition of RIPK1 or MLKL attenuated these pathologies,
lowered viralload, and prevented type 2 inflammation and airway
remodeling. Necroptosis inhibition in early life ameliorated
asthma progression induced by viral or allergen challenge in later
life.

Conclusions: Pneumovirus infection induces AEC necroptosis.
Inhibition of necroptosis may be a viable strategy to limit

the severity of viral bronchiolitis and break its nexus with
asthma.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Respiratory syncytial virus
(RSV)-associated bronchiolitis is a
significant cause of global mortality
and morbidity. Additionally, severe
bronchiolitis in infancy is a risk factor
for childhood asthma. Currently, there
is no approved vaccine for RSV, and
therefore novel therapeutics are
required. Airway epithelial death and
sloughing is a common pathology
associated with RSV bronchiolitis and
is typically viewed as a beneficial
response to limit viral spread.
However, the mode of cell death, now
recognized to profoundly influence
host immunity, and hence health
outcomes, remains unclear.

What This Study Adds to the Field:
This study is the first to show that RSV
infection induces a mode of
programmed cell death, termed
necroptosis. Inhibition of the
necroptosis-associated proteins
pRIPK1 (phosphorylated receptor-
interacting protein kinase-1) and
MLKL (mixed lineage kinase domain-
like pseudokinase) ameliorated viral
bronchiolitis—associated pathologies
in mice and prevented the later
progression to asthma. At the
molecular level, in both human
primary bronchial epithelial cells and
susceptible mice, blockade of
necroptosis attenuated the release of
the nuclear alarmin HMGB1 (high
mobility group box 1), lowered viral
load, and prevented the onset of
type-2 inflammation. Inhibition of
necroptosis may be a viable strategy to
limit the severity of viral bronchiolitis
and break its nexus with asthma.

Respiratory syncytial virus (RSV)-induced
bronchiolitis is associated with significant
mortality worldwide (1). Additionally,
severe RSV bronchiolitis in infancy is
associated with subsequent airways disease,
including asthma (2-4). In the absence

of an approved vaccine for RSV, new
treatments that effectively manage and
reduce RSV-associated pathogenesis are
urgently needed. Pathologically, severe

bronchiolitis is characterized by
neutrophilic inflammation, mucus
hypersecretion, and airway epithelial cell
(AEC) sloughing (5, 6). These dead
epithelial cells, together with a viscous
exudate, can form dense plugs in the
bronchiolar lumen that impede breathing
(6, 7). Despite this, the prevailing view is
that AEC death is a beneficial defense
mechanism, limiting viral spread.

Host defense to viral infection depends
on the activation of innate pattern
recognition receptors, which induce the
production of antiviral cytokines such as
type I and III IFNs. In turn, these cytokines
initiate the antiviral state to restrict virus
replication and spread, and promote the
activation of natural killer cells and
cytotoxic T lymphocytes that ultimately
clear the virus by inducing apoptotic death
of infected cells (8). Genetic and/or
environmental factors that perturb the
successful coordination of this response
predispose toward severe RSV bronchiolitis
(9-11). To model the immunopathology
and sequelae, we developed a preclinical
gene-environment model by inoculating
IRF7 (IFN regulatory factor 7)-deficient
mice with pneumonia virus of mice (PVM),
a mouse Pneumovirus and homolog of
RSV. As a consequence of impaired
antiviral immunity, these mice develop
severe epithelial sloughing, leading to
HMGBI (high mobility group box 1)
release and neutrophilic inflammation in
early life, and they are predisposed to
asthma in later life. Critically, HMGB1
neutralization ablated all of these events
(unpublished observations).

HMGBI is a chromatin-binding
protein that can be released into the
extracellular space to function as a
proinflammatory cytokine. As a
consequence, its release and activation state
is highly controlled. Cellular mechanisms
known to regulate HMGBI release include
vesicular transport, inflammasome
activation, necrosis, and necroptosis
(12-15). This recently identified form of
programmed cell death is initiated by the
formation of a multiprotein complex
termed the necrosome (16), which typically
contains pRIPK1 (phosphorylated receptor-
interacting protein kinase-1)
(phosphorylated [p]S166) and pRIPK3,
leading to the phosphorylation of MLKL
(mixed lineage kinase domain-like
pseudokinase) (13, 14, 17, 18). In contrast
to apoptosis, necroptosis most commonly
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elicits a proinflammatory response, in
keeping with its role in mediating HMGBI
release, and can delay viral clearance (19).
This led us to question the current dogma
that the induction of AEC death during
RSV bronchiolitis serves to restrict virus
spread and limit host immunopathology.
Specifically, we interrogated the mode

of RSV-associated AEC death and
downstream HMGBI release using primary
human AECs (hAECs) and mouse AECs
(mAECs) in culture. To support our in vitro
findings, we evaluated the mechanism of
AEC sloughing and HMGBI release, and
the effect of necroptosis inhibition, in our
preclinical model of severe viral bronchiolitis
and later experimental asthma.

Methods

Human Subjects and Nasopharyngeal
Samples

Samples were prospectively collected from
2-year-old children (interquartile range,
1.25-3.86) presenting with acute
respiratory infection to the Princess
Margaret Hospital, Perth, Australia. Ethical
approval was obtained from the ethics
committees of Princess Margaret Hospital
for Children (ethics identification number
1,673/EP), the South Metropolitan Area
Health Service, and the Western Australian
Aboriginal Health Information and Ethics
Committee. All samples were frozen at
—80°C before the measurement of HMGBI1
by ELISA (Chondrex). The presence of
respiratory viruses was tested by PCR assay.

hAEC Culture and Treatment

hAECs from healthy pediatric (age 2-3 yr)
donors (Lonza IDs 28195, 28563, 28385,
and 29055) were obtained commercially
(Lonza). Purified RSV A2 stocks were
prepared as previously described (20).
Nondifferentiated (submerged) or
air-liquid interface (ALI)- differentiated
AECs were grown and infected with RSV,
as previously described (21, 22). One hour
before RSV infection, the cells were
pretreated with a pRIPK1 inhibitor
(Necrostatin-1s [Nec-1s], 2.2 wM;
Biovision) (23), which reduces RIPK1
phosphorylation; an MLKL inhibitor
(necrosulfonamide [NSA], 10 wM; Merck)
(24), which prevents MLKL translocation
to the plasma membrane; a caspase-9
inhibitor (Z-LEHD-FMK, 2 pM;
Biovision); and/or a caspase-8 inhibitor
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(Z-IETD-FMK, 2 uM; Biovision). After
12 or 24 hours, supernatant was collected
and stored at —80°C, and the cells fixed
with neutral buffered 10% formalin
solution (Sigma) for 15 minutes.

Murine AEC Culture

Murine AECs were cultured as described
(21, 25). The cells were inoculated with
PVM (multiplicity of infection [MOI] of
0.5) or vehicle, then fixed with formalin
8 hours later. In some experiments, cells
were pretreated for 30 minutes with
GW806742X (2 wM; SYNKkinase) (26) or
the RIPK1 inhibitor GSK’963 (4.3 mM;
GSK) (27).

Mouse Strains and Treatments
All studies were approved by the University
of Queensland and QIMR Berghofer Animal
Care and Ethics Committees.
RIPK1"***434 mjce (GlaxoSmithKline)
and IRF7~'~ mice (provided by Dr.
Tadatsugu Taniguchi, University of Tokyo),
were rederived and crossed to generate
IRF7 '~ RIPK1**Y5*A Wild-type (WT),
IRF7~/~, RIPK1*****3A ‘and IRF7 ™/~
RIPK1**34K454 mice (all C57BL/6
background) were bred in specific
pathogen-free animal houses at the
University of Queensland and at QIMR
Berghofer. At postnatal Day 7, neonatal
mice were inoculated (intranasal route)
with 2 plaque-forming units (PFUs) of
PVM (J3666 strain) in 10 wl of vehicle (10%
fetal calf serum in Dulbecco’s Modified
Eagle Medium media), as described
previously (21). In some experiments, the
mice were reinoculated with 100 PFU of
PVM at 42 days postinfection (dpi) or given
4 weekly inoculations of 1 pg of cockroach
allergen extract (CRE; GREER)
commencing at 42 dpi. Control mice
received vehicle alone. To inhibit
necroptosis, WT and IRF7 '~ neonatal
mice were injected (i.p. route) with Nec-1s
(6 mg/kg at 5 and 7 dpi; Biovision) (23),
GSK’963 (10 mg/kg, twice daily from 5 dpi;
GSK) (27), or GW806742X (GW80, 50
pg/kg at 7 and 9 dpi; SYNKkinase). For
analyses at 7 dpi, mice were treated with
GWS80 at 5 dpi. BAL fluid collection
occurred as described previously (28).
BAL fluid collection, flow cytometry,
cytokine analysis, immunohistochemistry
and immunofluorescence, quantitative real-
time PCR, and ALI culture and treatment
details are provided in the online
supplement.
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Statistical Analysis
Statistical analyses were performed using
GraphPad Prism v.6.0 and JMP Pro (v 15.0;
SAS Institute). Student’s ¢ test or the Mann-
Whitney t test were used for comparing two
groups. When more than two groups were
compared, data were analyzed using a one-
way or two-way ANOVA with Dunnett’s or
Sidak’s post hoc test to compare with a
control group, respectively. The specific
procedure is annotated for Figures 1-8.
Although our decision to use parametric
analyses is based on longer-term experience
with the specific assays producing normal
residuals (29), we examined the residuals
(n=16) from each analysis for normality
using the Shapiro-Wilks test and normal
quantile plots as a quality control measure.
In all but one case, normality was
supported. In Figure 2C there was one
outlier in the RSV condition, which, when
excluded, yielded approximate normality.
The results for this analysis were similar
whether the outlier was excluded or not, or
using robust alternatives (Kruskal-Wallis
test with Dunn’s post hoc test). All analyses
involving the four human donor samples
were also reanalyzed using mixed-effects
models with donor as a random effect.
Differences in HMGBI1 expression in
nasopharyngeal samples were analyzed
using a Mann-Whitney ¢ test because this
assay tends to generate skewed data. We
annotated statistically significant results
with * or #, P <0.05; ** or ##, P<0.01;
and *** or ###, P < 0.001.

Results

RSV Infection of Primary hAECs
Activates RIPK1 and MLKL

To address whether RSV infection is
associated with increased levels of HMGBI,
we obtained nasopharyngeal samples from
young children presenting to hospital with
acute respiratory infection. HMGBI levels
were significantly greater in the children
infected with RSV compared with an
infection with a different respiratory virus
(Figure 1A). We then obtained primary
hAECs from healthy children to assess
mechanisms of HMGBI release in vitro
(30). RSV (MOI 1) significantly increased
nuclear-to-cytoplasmic translocation of
HMGBI and extracellular HMGBI release
at 24 hours postinfection (hpi; see Figures
1B and 1C). This was associated with
elevated release of double-stranded (ds)DNA

and lactate dehydrogenase (LDH), and loss
of plasma membrane integrity, shown by
increased propidium iodide staining, all
indicative of cell death (see Figure 1D). To
explore the mode of cell death, we stained
the AECs for active (cleaved) caspase-3
(CC3), annexin V, pRIPK1 (Ser166), and
PMLKL (phosphorylated MLKL) (Ser358).
The negative immunoreactivity for CC3
and annexin V and positive
immunoreactivity for pRIPK1 and pMLKL
suggested the cells were undergoing
necroptosis, not apoptosis (see Figures
1E-1G). These data were reanalyzed using
random-effects models to account for
possible donor effects. These analyses
yielded the same conclusions, and donor
effects were not substantial or significant
(data not shown).

Pharmacological Inhibition of RIPK1

or MLKL Attenuates RSV-induced
HMGB1 Release

To assess whether necroptosis actively
contributes to RSV-induced HMGBI release
at 24 hpi, we treated hAECs with Nec-1s
or NSA to inhibit RIPK1 and MLKL,
respectively (31, 32). Nec-1s treatment
significantly decreased pRIPK1 " and
PMLKL" cells, whereas NSA, acting
downstream of pRIPKI, significantly
decreased the fraction of pMLKL™ cells (see
Figure 2A). The MLKL inhibitor increased
CC3™ cells (see Figure 2A, bottom right
panel) and annexin V7 cells (see

Figure 2B). Increased CC3 expression was
ablated when both caspase-8 and 9 were
inhibited, suggesting both intrinsic and
extrinsic apoptosis pathways are induced
upon MLKL inhibition (see Figure E1A in
the online supplement). RIPK1 or MLKL
inhibition significantly decreased
translocation and release of HMGBI (see
Figures 2C and 2D), and lowered viral load
(see Figures 2E and E1B). Simultaneous
inhibition of MLKL, caspase-8 and caspase-
9 attenuated this protective effect,
implicating a role for both intrinsic and
extrinsic apoptosis pathways in viral
clearance (see Figure E1A). Lower viral
burden after MLKL inhibition was not
associated with increased type I or type III
IFN expression (see Figure E1C-E1E).
These phenotypes were replicated in ALI-
differentiated AECs (see Figure E2).
Collectively, these data suggest that
necroptosis contributes to HMGBI1 release
and viral persistence.
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Figure 1. Respiratory syncytial virus (RSV) infection of primary human airway epithelial cells (hAECs) activates RIPK1 (receptor-interacting protein kinase-
1) and MLKL (mixed lineage kinase domain-like pseudokinase). (A) HMGB1 (high mobility group box 1) levels assessed in nasopharyngeal samples
obtained from young children presenting with acute respiratory infection with RSV or other respiratory viruses. (B-G) Submerged primary hAECs were
infected with RSV (multiplicity of infection of 1), and HMGB1 expression and various analyses of cell death were examined at 12 and 24 hours. (B)
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Pneumovirus Infection Induces
Necroptotic Cell Death in the Airway
Epithelium In Vivo

We next sought to determine whether
necroptosis is pathogenic in a high-fidelity
preclinical model of viral bronchiolitis. As a
natural mouse pathogen, PVM can be
administered at low doses, allowing for the
study of host-pathogen interactions as the
virus replicates (21, 28, 33-36). We
previously demonstrated that PVM
infection of IRF7 '~ mice leads to severe
viral bronchiolitis, with peak viral burden
occurring at 7 dpi, followed by neutrophilic
inflammation, extensive epithelial
sloughing, and elevated HMGBI1 levels in
the airway lumen at 10 and 14 dpi
(unpublished observations). Because
epithelial sloughing is indicative of cell
death and necroptosis has been linked to
HMGBI release (12, 37), we first sought to
determine the temporal pattern of gene and
protein expression for cell death—-associated
caspases and kinases. At the gene level,
using whole lung samples, we did not
detect a significant increase in caspase-3
expression in either the WT or IRF7 /"~
mice following PVM infection (Figure 3A).
In contrast, there was a significant increase
in RIPKI, MLKL, and RIPK3 gene
expression in IRF7 '~ compared with WT
littermates (see Figure 3A). A similar
phenotype was observed regarding protein
expression: pRIPK1 (Ser166) and MLKL
expression was elevated in the airway
epithelium at 8, 9, and 10 dpi (see

Figure 3B). This was associated with
elevated levels of dsDNA, LDH, and TNFa
(tumor necrosis factor-a) in the airway
lumen (see Figure E3A). MLKL expression
colocalized with pRIPK1 in AECs (see
Figure 3B) was typically expressed in cells
with an abnormal (diffusely stained) nuclei
(see Figure E3B) and was predominantly
observed at the apical surface (see Figure
E3C), consistent with other reports (38).
Moreover, we observed MLKL
immunoreactivity in sloughed AECs in the
airway lumen, suggesting a link between
necroptosis and epithelial denudation (see

Figure E3D). PVM SH gene and PVM
protein levels were greater in IRF7 '~
compared with WT mice, and peaked at 4
and 7 dpi, respectively (see Figure 3C), the
period of necroptosis onset (see Figure 3B).
At both 7 and 10 dpi, the majority of
MLKL" AECs were immunoreactive for
PVM (see Figure E3E). Notably, increasing
the viral inoculum to 100 PFU in WT mice
increased the fraction of pRIPK1/MLKL"*
AECs to similar levels as observed in
IRF7 '~ mice infected with 2 PFU (see
Figure E3F), suggesting that necroptosis is
influenced by viral load and can occur in
immunocompetent mice. Collectively, these
data suggest that Pneumovirus infection
leads to necroptosis and that this is
heightened when innate antiviral immunity
is impaired.

Pharmacological Inhibition of RIPK1

or MLKL Decreases Bronchiolitis-
associated Immunopathology

To evaluate whether necroptosis contributes
to the pathogenesis of acute bronchiolitis,
we treated WT and IRF7 '~ mice with the
RIPKI1 inhibitor, Nec-1s, or the MLKL
inhibitor, GW80 (NSA does not inhibit
murine MLKL), starting at 5 dpi

(Figure 4A). Pharmacological inhibition of
RIPK1 or MLKL significantly decreased the
fraction of pRIPK1 and MLKL-positive
AECs at 10 dpi in the IRF7 '~ -infected
mice. Inhibition of MLKL, but not RIPK1,
increased the number of CC3s expressing
AEC:s (see Figures 4B and 4C), suggesting a
switch in cell death modality. Treatment
with either inhibitor significantly decreased
viral burden (7 dpi; see Figure 4D), an effect
that was not related to changes in IFN-
o/B/N expression (data not shown) and
ameliorated neutrophilic inflammation (see
Figure 4E). This was associated with a
decrease in epithelial sloughing, as well as
LDH and dsDNA but not TNFa expression
(10 dpi; see Figures 4E and 4F and E4A).
RIPK1 or MLKL inhibition was associated
with reduced cytoplasmic-HMGB1 + AECs
and extracellular HMGBI (see Figure 4G),
whereas only MLKL inhibition decreased

IL-33 levels in the airway lumen (see
Figures E4B), suggesting that the
pRIPK1/MLKL necrosome regulates
epithelial cell death and subsequent
HMGBI release during acute Pneumovirus
infection in vivo.

RIPK1 or MLKL Inhibition Prevents
the Development of Type 2
Inflammation

We next assessed the effect of Nec-1s or
GW80 treatment on the induction of type 2
inflammation in PVM-infected IRF7 '~
mice. Similar to our previous findings in
other immunocompromised mice (35, 36),
IL-13-producing group 2 innate lymphoid
cells, eosinophilic inflammation, airway
smooth muscle (ASM) remodeling, and
mucus hypersecretion were all elevated in
IRF7 '~ compared with WT mice

(Figure 5). This type 2 inflammatory
response was significantly attenuated
following treatment with Nec-1s or GW80
(see Figure 5). These findings were
validated when mice were treated with
GSK’963 (see Figure E5), another inhibitor
of RIPK1 (39), further implicating a role for
necroptosis in promoting Prneumovirus-
associated type 2 inflammation.

RIPK1 Kinase-Dead Knockin Mice

Are Protected from Viral Bronchiolitis
Because pharmacological inhibitors can
elicit off-target effects, we sought to confirm
our findings using RIPK1*4>4/K434
transgenic mice in which the scaffold
function of RIPKI1 is preserved and the
kinase activity of RIPK1 is ablated (40). As
expected, pRIPK1 and MLKL expression
was attenuated in PVM-infected IRF7 '~
RIPK1¥**AK44 T mice compared with
IRF7 /" littermate controls (Figure 6A).
Genetic inactivation of RIPK1 enzymatic
activity conferred protection against severe
viral bronchiolitis (high viral load,
neutrophilic inflammation, and AEC
sloughing; see Figures 6B and 6C), alarmin
release (HMGBI; see Figure 6D), type 2
inflammation (IL-13-producing group 2
innate lymphoid cells and eosinophils; see

Figure 1. (Continued). Representative micrographs (X400 magnification; scale bar, 10 um) of HMGB1 (green) in AECs and quantification of cyto-HMGB1.
(C) Protein expression of HMGB1 in supernatant. (D) Expression of double-stranded (ds)DNA and lactate dehydrogenase (LDH) in supernatant, and

quantification of PI™ AECs. (E) Quantification of cleaved caspase-3 and annexin V* AECs. (F) Representative micrographs (X400 magnification; scale bar,
10 um) of pRIPK1 (phosphorylated RIPK1) (red) in AECs and quantification of pRIPK1™* AECs. (G) Representative micrographs (X400 magnification; scale
bar, 10 pm) of pMLKL (phosphorylated MLKL) (red) in AECs and quantification of pMLKL* AECs. Data are representative of n =2 experiments with four
donors in each group and are presented as box-and-whisker plots showing quartiles (boxes) and range (whiskers). (A-G) Data were analyzed using Mann-
Whitney t test (A) or two-way ANOVA with Sidak’s post hoc test (B-G). *P < 0.05, **P < 0.01, and **P < 0.001 denote significance between infected and

uninfected hAECs at each time point. CC3 = cleaved caspase-3; Pl = propidium iodide; pos = positive.
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Figure 2. Pharmacological inhibition of RIPK1 (receptor-interacting protein kinase-1) or MLKL (mixed lineage kinase domain-like pseudokinase)
attenuates respiratory syncytial virus (RSV)-induced HMGB1 (high mobility group box 1) release. Submerged human airway epithelial cells (hAECs) were
pretreated with an RIPK1 inhibitor (Nec-1s) or MLKL inhibitor (NSA) before infection with RSV (multiplicity of infection of 1). (A) Representative micrographs
(X}400 magnification; scale bar, 10 um) of pRIPK1 (phosphorylated RIPK1) (red); and pMLKL (phosphorylated MLKL) (red) and cleaved caspase-3 (green);
and quantification of pRIPK1, pMLKL, and CC3* AECs. (B) Quantification of annexin V™ AECs. (C) Quantification of cyto-HMGB1* AECs. (D) HMGB1
protein expression in supernatant. (£) Quantification of RSV AECs. Data are representative of n =2 experiments with four donors in each group and are
presented as box-and-whisker plots showing quartiles (boxes) and range (whiskers). Data were analyzed by one-way ANOVA with Dunnett’s post hoc
test. **P < 0.01 and **P < 0.001 are compared with uninfected hAECs, and *P < 0.05, #P < 0.01, and #**#P < 0.001 are compared with RSV-infected
hAECs. CC3 =cleaved caspase-3; hpi=hours postinfection; Nec-1s = Necrostatin-1s; NSA = necrosulfonamide.
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Figure 3. In vivo Pneumovirus infection induces necroptotic cell death in the airway epithelium. Neonatal wild-type (WT) and IRF7~/~ (IFN regulatory factor
7) mice were infected with pneumonia virus of mice (PVM) (2 plaque-forming units) and cell death-related genes/proteins, and viral load was assessed
over time. (A) Lung gene expression of caspase-3, Ripk1 (receptor-interacting protein kinase-1), Mik/ (mixed lineage kinase domain-like pseudokinase),
and Ripk3. (B) Representative micrographs (X400 magnification; scale bar, 20 um) of cleaved caspase-3 (CC3) (green), pRIPK1 (phosphorylated RIPK1)
(red), and pMLKL (phosphorylated MLKL) (yellow); and quantification of pRIPK1, pMLKL, and CCS3 in airway epithelial cells (AECs). (C) Lung gene
expression of PVM SH gene: representative micrographs (X400 magnification; scale bar, 20 um) of PVM (green) and quantification of PVM™ AECs. Data
are representative of n=2 experiments with four to six neonates in each group and are presented as mean = SEM. Data were analyzed by two-way
ANOVA with Sidak’s post hoc test. *P <0.05, **P < 0.01, and ***P <0.001 are compared with PVM-infected WT mice at each time point.

Casp3 = caspase-3; DPI=days postinfection.

Figure 6E), and airway remodeling (ASM
growth, mucus hypersecretion; see

Figure 6F), further suggesting that
necroptosis is pathogenic in the context
of RSV bronchiolitis.

Pneumovirus Infection Induces
Necroptosis and HMGB1 Release in
Differentiated mAECs

To definitively show that PVM induces the
release of HMGBI1 from AECs in an RIPK1
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kinase-dependent manner, we next
cultured primary mAECs from WT and
RIPK1¥4*A/K454 Tg mice. Because PVM
does not infect undifferentiated mAECs,
we differentiated the cells at ALI before
inoculation. Consistent with hAECs,
Pneumovirus infection increased pRIPK1™*
and MLKL" mAEGs, in the absence of a
CC3" signal (Figure 7A), and increased
dsDNA in the basal media at 24 hpi (see
Figure 7B). In the absence of RIPK1 kinase

activity, pRIPK1" and MLKL" cells were
significantly decreased (see Figure 7C), as
was translocation and release of HMGBI1
(see Figure 7D). Similarly, treatment of WT
mAECs with Nec-1s decreased HMGB1
translocation, and both Nec-1s or GW80
decreased HMGBI release (see Figure 7E).
Consistent with the in vivo findings, CC3
was elevated in PVM-infected mAECs
treated with the MLKL but not the RIPK1
inhibitor (see Figure 7F).
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Figure 4. Inhibition of RIPK1 (receptor-interacting protein kinase-1) or pMLKL (phosphorylated mixed lineage kinase domain-like pseudokinase) reduces

alarmin release and bronchiolitis in IRF7 '~

(IFN regulatory factor 7) mice during acute viral infection. Neonatal wild-type (WT) and IRF7™

= mice were

infected with pneumonia virus of mice (PVM) (2 plaque-forming units) at 7 days of age. Mice were treated with either an RIPK1 inhibitor (Necrostatin-1s
[Nec-1s]) or MLKL inhibitor (GW80). Alarmin release and bronchiolitis-associated pathologies were assessed at 7 and 10 dpi. (A) Study design. (B)
Quantification of pRIPK1 and MLKL™ airway epithelial cells (AECs). (C) Quantification of CC3™ AECs. (D) Quantification of PYM™ AECs. (E) AEC sloughing
normalized to BM length and neutrophils in BAL fluid (BALF). (F) Lactate dehydrogenase (LDH) and double-stranded (ds)DNA in BALF. (G) Quantification of
cyto-HMGB1 (high mobility group box 1) and HMGB1 protein expression in BALF. Data are representative of n =2 experiments with four to six neonates in
each group and are presented as box-and-whisker plots showing quartiles (boxes) and range (whiskers). Data were analyzed by two-way ANOVA with
Sidak’s post hoc test. *P < 0.05, **P < 0.01, and **P < 0.001 are compared with untreated (diluent) WT or IRF7 '~ -infected mice. *P < 0.05 and
##P < 0.01 are compared with Nec-1s-treated WT or IRF7 /" -infected mice. BM =basement membrane; CC3 = cleaved caspase-3; dpi =days
postinfection; GW80 = GW806742X; pRIPK1 = phosphorylated RIPK1.

Inhibition of pRIPK1or MLKL during
Severe Bronchiolitis Prevents
Progression to Later Asthma

Severe or frequent lower respiratory infections
are an independent risk factor for asthma
(2-4). This epidemiology is captured in our
preclinical model because a secondary insult
promotes experimental asthma (35).
Therefore, we hypothesized that inhibition of
Pneumovirus-associated necroptosis in early

life would prevent the later development of
virus-induced or allergen-induced asthma.
WT and IRF7 '~ mice were infected with
PVM in early life and treated with Nec-1s
or GW80 in infancy, then, 6 weeks later,
challenged with either PVM or exposed to
cockroach extract (1/wk for 4 wk) to induce
experimental asthma (Figure 8A).
Pharmacological inhibition of RIPK1 or
MLKL in neonates decreased ASM

Simpson, Loh, Ullah, et al.: RSV Bronchiolitis and Airway Epithelial Necroptosis

remodeling, mucus hypersecretion, and
eosinophilic inflammation in the predisposed
IRF7 ™'~ mice (see Figures 8B-8E).

Discussion
New therapies are needed to reduce the

significant mortality and morbidity
associated with RSV bronchiolitis (1). Here
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Figure 5. Inhibition of RIPK1 (receptor-interacting protein kinase-1) or MLKL (mixed lineage kinase
domain-like pseudokinase) prevents the development of type 2 inflammation. Neonatal wild-type (WT)
and IRF7 /™ (IFN regulatory factor 7) mice were infected with pneumonia virus of mice (2 plaque-
forming units) at 7 days of age. Mice were treated with either an RIPK1 inhibitor (Necrostatin-1s [Nec-
1s]) or a MLKL inhibitor (GW80), and markers of type 2 inflammation were assessed at 10 dpi. (4)
Total IL-13—producing group 2 innate lymphoid cells (ILC2s) in lung. The number of IL-13 + ILC2s in
the lung were quantified in 4C13R/WT and 4C13R/IRF7 /" -infected mice. (B) Eosinophils in BAL
fluid. (C) Representative micrograph (X100 magnification; scale bar, 50 um) and quantification of
ASM. (D) Representative micrograph (X100 magnification; scale bar, 50 pm) and quantification of
Muc5ac™ AECs. Data are representative of n =2 experiments with four to six neonates in each group
and are presented as box-and-whisker plots showing quartiles (boxes) and range (whiskers). Data
were analyzed by two-way ANOVA with Sidak’s post hoc test. *P < 0.05, **P < 0.01, and

**P < 0.001 are compared with untreated (diluent) WT or IRF7 ™/~ or 4C13R/WT or 4C13R/IRF7 /-
infected mice. *P <0.01 and *##P < 0.001 are compared with Nec-1s-treated WT or IRF7 /-

infected mice. AECs = airway epithelial cells; ASM =

airway smooth muscle; BM = basement

membrane; dpi=days postinfection; GW80 = GW806742X.

we show that infection with human RSV or
mouse PVM induces necroptosis in AECs
using both in vivo and in vitro model
systems, and that this contributes to disease
pathology and pathogenesis. Specifically, we
show that inhibition of pRIPK1 kinase
activity or MLKL ablates RSV/PVM-
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associated necroptosis, attenuating the
release of the proinflammatory alarmin
HMGBI and downstream sequelae. In
addition to improving viral control and
ameliorating viral bronchiolitis-associated
immunopathology, inhibition of
necroptosis in infancy protected against the

later development of viral and allergic
experimental asthma.

A hallmark of severe viral bronchiolitis
is the loss of airway epithelial integrity,
leading to epithelial cell sloughing and
formation of Creola bodies in the airway
lumen (41). However, the mode of cell
death has remained elusive. Using cultured
hAECs, we and others have shown that
RSV infection does not increase caspase-3/7
or caspase-9 activity, markers of apoptotic
death (42, 43). This response may reflect
the ability of RSV, via nonstructural
protein-1 and protein-2, and other
molecules, to actively inhibit apoptosis
(43-45). Here we confirm that RSV
infection fails to induce apoptosis and show
for the first time in primary hAECs that
RSV induces RIPK1 activation (monitored
by autophosphorylation on Ser166) and
MLKL-dependent loss of cell viability,
indicative of necroptosis. Inhibition of
pRIPK1 kinase activity or MLKL decreased
cytoplasmic translocation and release of
HMGB]I, and also decreased viral burden,
suggesting that therapies that ablate
epithelial necroptosis will exhibit dual
antiviral and antiinflammatory activity.

To explore the contribution of
necroptosis in vivo, we used a neonatal
model of severe bronchiolitis that uses low-
dose viral infection in a genetically
susceptible host (to simulate the
gene-environment interactions that
underpin disease) (35). Notably, epithelial
sloughing, a hallmark feature of
bronchiolitis, is absent in mice following
inoculation with human RSV, even at
supraphysiological doses. This likely reflects
the fact that Pneumoviruses are host-
specific (46, 47). By performing temporal
studies, we show in PVM-infected neonatal
IRF7 '~ mice that necroptosis 1) is the
primary model of AEC death during
bronchiolitis, 2) is initiated soon after peak
viral replication, and 3) precedes the
development of airway remodeling and
type 2 inflammation. Pharmacologic or
genetic ablation of necroptosis decreased
AEC sloughing and attenuated the
proinflammatory neutrophilic response.
This prevented the development of type 2
inflammation and ASM remodeling in
infancy, and later development of
experimental asthma. This was particularly
apparent in mice treated with the MLKL
inhibitor, which had a greater impact on
eosinophils, compared with RIPK1
inhibition, suggesting either RIPK1 conveys
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Figure 6. RIPK1 (receptor-interacting protein kinase-1) kinase-dead knockin mice are protected from viral bronchiolitis. Neonatal WT, RIPK1<45A/K45A
IRF7 ™/~ (IFN regulatory factor 7), and IRF7 ~/~ RIPK1K4~K45A mice were infected with pneumonia virus of mice (PVM) (2 plaque-forming units) at 7 days of
age. Alarmin release and bronchiolitis-associated pathologies were assessed at 7 and 10 dpi. (A) Quantification of pRIPK1, MLKL (mixed lineage kinase
domain-like pseudokinase), and CC3™" airway epithelial cells (AECs). (B) Quantification of PVM. (C) Neutrophils in BAL fluid (BALF) and quantification of
AEC sloughing. (D) Quantification of cytoplasmic HMGB1 (high mobility group box 1) and HMGB1 expression in BALF. (E) IL-13—-producing group 2 innate
lymphoid cells in lung and eosinophils in BALF. (F) Quantification of airway smooth muscle area and Muc5ac™ AECs. Data are representative of n=2
experiments with four to six neonates in each group and are presented as box-and-whisker plots showing quartiles (boxes) and range (whiskers). Data
were analyzed by one-way ANOVA with Dunnett’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001 are compared with IRF7 ™~/ -infected mice.
ASM = airway smooth muscle; BM =basement membrane; CC3 = cleaved caspase-3; dpi=days postinfection; ILC2s = IL-13-producing group 2 innate
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some small protective functions or that
MLKL is involved in cell death—
independent pathways that promote type
2 inflammation. The impetus for this
study stemmed from our unpublished
observations demonstrating that HMGB1
is highly pathogenic in the context of
bronchiolitis and reports in the literature
linking necroptosis to HMGBI release
(12, 37). We show that HMGBI1 levels

are elevated in nasopharyngeal samples

of RSV-infected children and that the
beneficial effects of inhibiting necroptosis
(in vivo in mice and in vitro cultured AECs)
are associated with a marked decrease

in HMGBI levels. Thus, our findings
suggest that inhibiting HMGBI,

through monoclonal antibody-mediated
neutralization or inhibition of necroptosis,
will reduce the high morbidity, and

Simpson, Loh, Ullah, et al.: RSV Bronchiolitis and Airway Epithelial Necroptosis

potentially mortality, of severe RSV
bronchiolitis. By ablating the onset of type
2 inflammation and ASM remodeling,
necroptosis inhibitors may serve as primary
preventatives for asthma in predisposed
individuals.

In both in vitro and in vivo models,
genetic or pharmacologic inhibition of
RIPK1 kinase activity and MLKL decreased
viral load. This was unexpected in the
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Figure 7. Murine Pneumovirus infection induces necroptosis and HMGB1 (high mobility group box 1) release in differentiated mouse airway epithelial cells
(mAECs). mAECs were differentiated at air-liquid interface. Cells were infected with pneumonia virus of mice (PVM) and expression of HMGB1 and
necroptosis proteins were assessed at 24 hours postinfection. (A) Representative images (X400 magnification; scale bar, 20 pm) of cleaved caspase-3
(CC3) (green), pRIPK1 (phosphorylated receptor-interacting protein kinase-1) (red), and MLKL (mixed lineage kinase domain-like pseudokinase) (yellow);
and quantification of CC3, pRIPK1, and MLKL™ AECs. (B) Double-stranded (ds)DNA expression in basal media. (C) Quantification of pRIPK1 and MLKL™
AECs. (D) Quantification of cyto-HMGB1* AECs. HMGB1 protein expression in basal media. () Quantification of cyto-HMGB1+ AECs. HMGB1 protein
expression in basal media. (F) Quantification of CC3" AECs. Data are representative of n =2 experiments with four to seven neonates in each group and
are presented as box-and-whisker plots showing quartiles (boxes) and range (whiskers). (A-F) Data were analyzed using Student’s t test (A and B), two-
way ANOVA with Sidak’s post hoc test (C and D), or one-way ANOVA with Dunnett post hoc test (E and F). (A-F) *P < 0.05, **P < 0.01, and ***P < 0.001
are compared with uninfected mAECs (A, B, E, F) or PVYM-infected RIPK14**<45A mAECs (C and D). *P < 0.05 and *#P < 0.01 are compared with PVM-
infected wild-type mAECs. GW80 = GW806742X; MOI =multiplicity of infection; Tg = transgenic; Ul = uninfected; Veh = vehicle.
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in vivo model because the increase in
pRIPK1/MLKL at 7 dpi was not statistically
significant. However, it is apparent

from the time-course studies that the
upregulation and phosphorylation of
necroptosis-associated proteins is initiated
between 4 and 7 dpi, followed by a sharp
increase at 8 to 10 dpi, inferring a feed-
forward loop. In other investigations of
necroptosis-associated kinases, RIPK3 was
shown to limit the propagation of herpes
simplex virus, influenza virus A, and
vaccinia virus (17, 48, 49); although,
notably, this phenotype was not observed
with influenza H7H9 infection (50).
RIPK3 can contribute to both apoptosis
and necroptosis, and is involved in
proinflammatory cytokine production,
complicating interpretations. As such,
even though its expression was increased
in PVM-infected mice, we did not seek to
assess the role of RIPK3 in the present
study. Unlike RIPK3 deficiency, genetic
deletion of MLKL did not affect influenza
virus A replication or clearance (48). In
summary, the consequence of necroptosis
on viral pathogenesis appears to be context-
dependent and virus-dependent; the latter
potentially relating to the ability of the virus
to preferentially inhibit or induce apoptosis
and/or necroptosis.

The mechanism by which inhibition of
necroptosis lowered Pneumovirus load
remains elusive. In both the in vivo and
in vitro models, inhibition of necroptosis

did not lead to an increase in the expression
of type I or type III IFNs. However,
inhibition of MLKL led to a significant
increase in the number of active caspase-3
immunoreactive epithelial cells, despite two
different MLKL inhibitors being used. This
highly reproducible phenotype was not
apparent after RIPK1 inhibition, suggesting
that the inhibition of MLKL initiates an
RIPK1-dependent apoptotic pathway. The
propensity for necroptosis over apoptosis
following Pneumovirus infection suggests
that the virus subverts apoptosis, which is
well established. Our findings suggest that
blocking necroptosis either overcomes this
subversion or initiates a different pathway to
apoptosis that is not inhibited by the virus.
Further studies are needed to reveal these
molecular processes; however, we were able
to implicate both intrinsic and extrinsic
apoptosis pathways because dual inhibition
of caspase-8 and caspase-9 prevented
processing of caspase-3 and the fall in viral
load induced via MLKL inhibition.
Typically, the induction of necroptosis
is achieved by sensitizing cells via the use of
a chemical agent and, consequently, such
studies are less physiologically relevant. A
strength of this study is that RSV/PVM
naturally induced necroptosis without the
use of an apoptosis inhibitor, likely due to
the anticaspase activity of the virus or
ablation of a necroptosis repressor. Multiple
proinflammatory pathways can induce
necroptosis upon viral infection, including

TLR (Toll-like receptor) IFN, or TNF
receptor activation (13, 14, 18). A limitation
of the current study is that we did not
explore this specifically; however, the
elevated viral load, in the absence of
increased IFNs or TNF at 7 or 8 dpi,
implicates a virus-sensing pattern
recognition receptor.

Conclusions

We demonstrate that in their host-specific
setting, Pneumoviruses induce necroptosis
in AECs, leading to release of HMGBI.
Inhibition of RIPK1 kinase activity or
MLKL ameliorates the severity of
bronchiolitis by decreasing viral load and
immunopathology, which in turn prevents
the development of type 2 inflammation
and associated ASM remodeling.
Consequently, susceptibility to later asthma
is lowered. Our findings implicate
necroptosis in the pathogenesis of
bronchiolitis and suggest that therapeutic
targeting of its effector kinases would
ameliorate bronchiolitis severity and
potentially act as an asthma preventative in
a subpopulation of individuals whose
etiology is linked to early-life viral
infections. Further work is required to
identify safe and effective ways to target this
important pathway, a critical step in
developing future RSV therapies.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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