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Introduction

Abstract

Severe respiratory syncytial virus (RSV) disease is a frequent cause of acute
respiratory distress syndrome (ARDS) in young children, and is associated
with marked lung epithelial injury and neutrophilic inflammation. Experimen-
tal studies on ARDS have shown that inhibition of apoptosis in the lungs
reduces lung epithelial injury. However, the blockade of apoptosis in the lungs
may also have deleterious effects by hampering viral clearance, and impor-
tantly, by enhancing or prolonging local proinflammatory responses. The aim
of this study was to determine the effect of the broad caspase inhibitor
Z-VAD(OMe)-FEMK (zVAD) on inflammation and lung injury in a mouse
pneumovirus model for severe RSV disease. Eight- to 11-week-old female
C57BL/60laHsd mice were inoculated with the rodent-specific pneumovirus
pneumonia virus of mice (PVM) strain J3666 and received multiple injections
of zZVAD or vehicle (control) during the course of disease, after which they
were studied for markers of apoptosis, inflammation, and lung injury on day
7 after infection. PVM-infected mice that received zZVAD had a strong increase
in neutrophil numbers in the lungs, which was associated with decreased neu-
trophil apoptosis. Furthermore, zZVAD treatment led to higher concentrations
of several proinflammatory cytokines in the lungs and more weight loss in
PVM-infected mice. In contrast, zZVAD did not reduce apoptosis of lung epi-
thelial cells and did not affect the degree of lung injury, permeability, and
viral titers in PVM disease. We conclude that zZVAD has an adverse effect in
severe pneumovirus disease in mice by enhancing the lung proinflammatory
response.

(ARDS) (Bachmann and Pfenninger 1994; Dahlem et al.
2003), a life-threatening pulmonary condition that is

The human pneumovirus, respiratory syncytial virus
(RSV) is the most common pathogen causing lower respi-
ratory tract disease (LRTD) in infants and young children
(Hall et al. 2009). The burden of RSV disease is high;
recently it was estimated that annually over 3.0 million
young children with RSV-LRTD need to be hospitalized
worldwide (Nair et al. 2010). In severe cases, RSV-
induced LRTD can lead to respiratory failure and the
need for mechanical ventilation. Many of these children
fulfill the criteria for acute respiratory distress syndrome

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

characterized by hypoxic respiratory failure caused by
massive neutrophilic inflammation and alveolar epithelial
injury (Ware and Matthay 2000; Ranieri et al. 2012).
Several studies in both humans and animals have shown
that severe pneumovirus disease is associated with
increased apoptosis, or regulated cell death, of lung airway
and alveolar epithelial cells [reviewed by van den Berg
et al. (2013)]. Welliver and coworkers found extensive
expression of cleaved (active) caspase-3, a marker of classi-
cal (caspase-dependent) apoptosis, in epithelial cells in the
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lungs of children with fatal RSV-LRTD (Reed et al. 2008;
Welliver et al. 2008). Likewise, apoptotic features such as
increased DNA fragmentation, an apoptotic morphological
feature, and caspase-3 activation are detected in the lung
epithelium of calves infected with bovine RSV (Viuff et al.
2002) and in mice infected with the rodent-specific pneu-
movirus pneumonia virus of mice (PVM) (Bem et al.
2010a, 2010c). Extrinsic proapoptotic mediators may be
involved in caspase-dependent cell death in pneumovirus
infection, including the death receptor ligands TNF-related
apoptosis-inducing ligand (TRAIL) (Kotelkin et al. 2003;
Bem et al. 2010a) and Fas ligand (FasL) (O’Donnell et al.
1999; Welliver et al. 2008), and the serine proteases gran-
zymes (Bem et al. 2008, 2010c¢).

As the airway epithelium is the main site of pneumovi-
rus replication, apoptosis leading to enhanced viral clear-
ance may be an important host defense mechanism (van
den Berg et al. 2013). An overshoot, however, and/or
inefficiency of proapoptotic signaling may contribute to
disease. For example, extensive sloughing of dead bron-
chial epithelial cells, forming dense plugs together with
fibrin and mucus, can lead to small airway obstruction
(Johnson et al. 2007), a clinical characteristic of RSV-
LRTD. In addition, although viral replication mainly
occurs in the airways, in the late and severe phase of
pneumovirus disease apoptosis is also observed on a wide
scale in the alveolar epithelium, suggesting the occurrence
of bystander lung epithelial injury (van den Berg et al.
2013), similar to findings in human ARDS and animal
models of lung injury (Martin et al. 2005). As such, lung
epithelial cells apoptosis may be an important pathogenic
event in severe hypoxic RSV-LRTD.

From the above, one can hypothesize that treatment
strategies to block apoptosis in the lung may protect the
lung epithelium and thus improve the outcome of severe
RSV-LRTD. Indeed, experimental studies in animals mod-
eling human ARDS have shown that inhibition of apopto-
sis in the lungs can be beneficial in terms of survival, lung
permeability, and histopathological alterations (Kawasaki
et al. 2000; Matute-Bello et al. 2005; Lipke et al. 2010;
Messer et al. 2013). The various treatment strategies to
inhibit apoptosis used in these studies include silencing of
caspases and death receptor signaling by small interfering
RNA (Perl et al. 2005; Messer et al. 2013), as well as block-
ade by decoy receptors and fusion proteins instilled in the
lungs (Matute-Bello et al. 2005). Interestingly, systemic
administration of the synthetic peptide Z-VAD(OMe)-
FMK (zVAD), a widely used irreversible pan-caspase
inhibitor, reduced lung epithelial cell apoptosis (Kawasaki
et al. 2000; Le Berre et al. 2004; Herrero et al. 2013), lung
permeability (Le Berre et al. 2004; Lipke et al. 2010;
Herrero et al. 2013), and mortality (Kawasaki et al. 2000)
in several animal models of lung injury.
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On the other hand, it is important to consider that the
use of apoptosis inhibitors in the lungs during RSV-
LRTD may also have deleterious effect for the host. First
by compromising viral clearance, and second by promot-
ing local inflammatory responses through prolonging the
life span of potentially harmful leukocytes. This may be
in particularly relevant to neutrophils, which are the most
abundant cells in the lungs during RSV-LRTD (McNa-
mara et al. 2003). Apoptosis inhibitors, like zVAD can
decrease neutrophil apoptosis in vitro and in vivo (Rossi
et al. 2006; D’Avila et al. 2008; Luo and Loison 2008;
Wardle et al. 2011). Prolonged or increased neutrophil
activation has been implicated as a key pathogenic event
in ARDS (Matute-Bello et al. 2000; Martin 2002; Matthay
et al. 2012). In addition, apoptosis inhibitors such as
zVAD were shown to enhance lung proinflammatory
cytokine release in vivo, independent of its antiapoptotic
effects (Herrero et al. 2013). As such, apoptosis inhibitors
may have strong adverse effects by contributing to lung
inflammation.

In the present study, we investigated the effects of
zVAD on lung inflammation and lung injury in mice with
pneumovirus infection. PVM infection in mice was used
to model severe RSV-induced LRTD as previously
described (Bem et al. 2011). This cognate host-pneumovi-
rus model has several advantages specifically related to
the study question, including high viral replication and
marked caspase-3 activation in the lungs (Bem et al.
2010c, 2011). Our hypothesis was that zZVAD treatment
would reduce lung injury in PVM-infected mice, by pro-
tecting against lung epithelial apoptosis.

Materials and Methods

Viral stock preparation

The fully pathogenic PVM strain J3666 was originally
obtained from Dr. A. J. Easton (University of Warwick,
Coventry, UK) from virus stocks originating at the
Rockefeller University. Virulence was maintained by con-
tinuous passage in mice (Domachowske et al. 2000). The
titer of the viral stock used in this work was 12 x 10*
copies of PVM per microliter as determined by quantita-
tive real-time PCR (see below). Just prior to experiments,
PVM was diluted in Roswell Park Memorial Institute
Medium (RPMI) 1640 medium (Invitrogen, Paisley, UK)
in a total volume of 80 uL to be delivered by intranasal
inoculation.

Reagents

The broad caspase inhibitor zZVAD was obtained from
Bachem, Basel, Switzerland. A stock preparation of 20 mg/
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mL was prepared in sterile DMSO to solubilize the com-
pound. On the day of the experiment, the stock was
diluted in PBS to a final DMSO concentration of 5%.
For control experiments, a solution containing 5%
DMSO in PBS (vehicle), was used. The endotoxin con-
centration in the dissolved and diluted zZVAD was below
0.25 EU/mL (assay lower limit) as determined by a Tox-
inSensor Gel Clot Endotoxin Assay Kit (GenScript, Pis-
cataway, NJ).

The soluble, human, recombinant SuperFas Ligand
(rh-sFasL) was obtained from Enzo Life Sciences
(Raamsdonksveer, the Netherlands).

Animal protocol

All animal protocols were approved by the Institutional
Animal Care and Use Committee of the University of
Amsterdam, the Netherlands. The mice were maintained
under specific pathogen-free conditions according to
guidelines of our university. Eight- to 11-week-old female
C57Bl/60laHsd (C57BL/6) mice (Harlan, Venray, the
Netherlands) were used in all experiments.

On day zero, 9.6 x 10° copies of PVM strain J3666
were delivered via intranasal instillation to mice anesthe-
tized with isoflurane. Five-and-a-half days after PVM
infection, when first caspase activation is observed, the
mice received either 10 mg/kg of the broad caspase inhib-
itor zZVAD or 5% DMSO in PBS (vehicle) subcutaneously
in a volume of 10 mL/kg. Administration of zVAD or
vehicle was repeated every twelve hours for a total of
three doses. The mice were studied on day 7 after PVM
infection, 12 h after the last zZVAD or vehicle injection. In
additional experiments, mice were studied with different
zVAD doses ranging from 2 to 10 mg/kg, and with a
higher PVM inoculum of 9.6 x 10" copies to obtain
more severe PVM disease. In this latter experiment, zZVAD
treatment in a similar dosing regimen was started at four-
and-a-half days and mice were studied on day 6 after
PVM inoculation.

Finally, in separate experiments, caspase-3 inhibition by
zVAD administration was confirmed in a model of
Fas-induced lung injury in mice (Herrero et al. 2013).
For this, C57BL/6 mice received 25 ng/g bodyweight of
rh-sFasL by intratracheal instillation. Briefly, the mice
were anesthetized with inhaled isoflurane and intubated
endotracheally with a 22-gauge InsyteTM angiocath (BD,
Madrid, Spain) as described before (van den Berg et al.
2011). Six hours before and 6 h after intratracheal instil-
lation of rh-sFasL the mice received either 10 mg/kg
zVAD in 5% DMSO or 5% DMSO in PBS (vehicle) sub-
cutaneously. The mice were euthanized 12 h after
rh-sFasL instillation. Mice that received no treatment
served as controls.
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At the end of these experiments, the mice were eutha-
nized with an ip injection containing ketamin, medetomi-
din, and atropin and exsanguinated by carotid artery
ligation. The left lung was removed and flash-frozen in
liquid nitrogen for homogenization. The right lung was
lavaged with PBS containing 0.6 mmol/L EDTA, one 0.6-
mL aliquot, followed by two 0.5-mL aliquots. After the
lavage, the lung was fixed in 10% formalin for histological
studies. In separate experiments, we obtained single-cell
suspensions of the lungs for flow cytometry analysis.

Measurements

Clinical response

Total body weight and a clinical scoring system previously
described in multiple PVM mouse studies were used as
previously described (Bem et al. 2010¢c): 1 = healthy, no
signs of illness, 2 = subtle ruffled fur, 3 = evident ruffled
fur with hunched posture, 4 = evident lethargy with
abnormal breathing pattern, 5 = moribund, 6 = death
[modified from Cook et al. (1998)]. The end point for
sacrifice used in this study was a score of 4 and/or loss of
>20% of starting body weight.

Lung histology

The degree of lung injury was graded in a blinded fashion
on hematoxylin and eosin-stained lung sections, accord-
ing to the histology scoring system of the American Tho-
racic Society workshop on experimental lung injury in
animal models (Matute-Bello et al. 2011). Briefly, 20 ran-
dom high-power fields (400 x total magnification) of
every lung tissue section were examined for the presence
of neutrophils in the alveolar space or in the interstitial
space, hyaline membranes, proteinaceous debris filling the
airspaces, and alveolar septal thickening. To generate the
lung injury score, the sum of each of the five independent
variables was weighted according to relevance of each fea-
ture and normalized to the number of fields that were
counted according to the formula described in (Matute-
Bello et al. 2011).

Lung inflammation

Total cell counts and differentials in broncho-alveolar
lavage fluid (BALF) were performed as described previ-
ously (van den Berg et al. 2011). The concentrations of
IFN-gamma and KC (CXCL1) were measured with im-
munoassays (eBioscience, Hadfield, UK and R&D systems,
Minneapolis, MN). Monocyte chemotactic protein-1
(MCP-1), IL-6, IL-12, IL-13, G-CSF, macrophage inflam-
matory protein-lbeta (MIP-1 beta) and RANTES were
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measured by multiplex fluorescent bead assay using the
BioPlex Pro Mouse Cytokine 23-plex immunoassay (Bio-
Rad Laboratories, Veenendaal, the Netherlands).

Lung permeability

The high-molecular-weight protein IgM was measured in
BALF by enzyme-linked immunosorbent assay (Holter
et al. 1986; Matute-Bello et al. 2011) (Bethyl Laboratories,
Montgomery, TX).

Lung apoptosis

Quantification of the overall lung caspase-3 activity in
lung homogenates and caspase-3 immunohistochemistry
on lung sections was performed as described previously
(Bem et al. 2010c). To quantify lung epithelial cell apop-
tosis by immunohistochemistry, the number of cleaved
caspase-3-positive epithelial cells (airway and alveolar)
was counted in four random high-power fields per lung
tissue section.

To obtain single lung cell suspensions for FACS analy-
sis, lungs were perfused with 20 mL PBS through the
right ventricle, minced using iridectomy scissors, and
digested with collagenase III. Finally, the cells were
passed through a 70-um cell strainer and subjected to
RBC lysis, and kept on ice until labeling. The isolated
cells from the lung and BALF were Fc-blocked with
antimurine CD16/CD32 and labeled with: Annexin
V-APC (A35110; Life-Technologies-Invitrogen, Bleiswijk,
the Netherlands), LIVE/DEAD fixable far red dead cell
stain kit (Life-Technologies-Invitrogen, Bleiswijk and the
Netherlands) and the neutrophil marker Ly-G6 (GRI-
PE; eBioscience, Hatfield, UK). Annexin V-positive and
LIVE/DEAD far red stain-negative cells were considered
apoptotic.
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Lung virus titers

Detection of copies of the PVM SH gene by qPCR was per-
formed as previously described (Bem et al. 2010c). The
PVM SH gene (GenBank No. AY573815) was used to detect
lung viral titers. RNA was isolated from frozen lungs with
the RNeasy Mini Kit (Qiagen, Venlo, the Netherlands) and
treated with DNase I (Qiagen, Venlo, the Netherlands).
Two micrograms of RNA was reverse transcribed to cDNA
using random hexamers (high-capacity cDNA reverse tran-
scription kit; Applied Biosystems, Foster City, CA). Copies
of the PVM SH gene were detected in qPCR reactions con-
taining 1 uL of cDNA, Tagman PCR Master Mix (Applied
Biosystems), 77 nmol/L TAMRA probe (5-6FAM-CGC
TGATAATGGCCTGCAGCA TAMRA-3'), and 200 nmol/L
primers (5-GCCTGCATCAACACAGTGTGT-3' and 5'-
GCCTGATGTGGCAGTGCTT-3'). The GAPDH house-
keeping gene was detected in ¢cDNA samples using rodent
GAPDH primers (100 nmol/L) and VIC probe (200 nmol/
L) (Ambion, Austin, TX; Applied Biosystems). Standard
curves with known concentrations of the full-length SH
gene and GAPDH decatemplate (Applied Biosystems) were
used for quantification. Results are expressed as copies of
PVM SH per 10° copies of GAPDH.

Statistical analysis

The data were analyzed using GraphPad Prism 4.0 soft-
ware (San Diego, CA). Comparisons between two groups
were performed with the unpaired t-test or the Mann—
Whitney U-test depending on data distribution. A P value
of <0.05 was considered statistically significant. Data are
reported as means £ standard error of the mean from
three independent replicate experiments with a total of
nine mice per group (zVAD or vehicle), unless otherwise
specified in the figure legend.

B
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40 - _
20
o -
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Figure 1. zZVAD treatment enhances the neutrophilic response in the lungs during PVM infection. (A) Total BALF neutrophils of vehicle or
zVAD-treated mice on day 7 after PVM inoculation. *P < 0.05. Data are shown as means =+ SE of three independent replicate experiments of
three mice/group each, for a total of 9 mice/group. (B) Percentage of apoptotic neutrophils, as analyzed using flow cytometry, in lung single-
cell suspensions (SCS) and BALF of vehicle (black bars) or zZVAD (white bars)-treated mice on day 7 after PVM inoculation. *P < 0.05. Data are
shown as means + SE of one experiment with a total of five mice/group.
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Figure 2. Treatment with zZVAD augments the lung cytokine response in PVM-infected mice. Concentrations of KC, MCP-1, IFN-gamma, IL-6,
G-CSF, and RANTES in BALF of vehicle or zZVAD-treated mice on day 7 after PVM inoculation. *P < 0.05. Data are shown as means + SE of
three independent replicate experiments of three mice/group each, for a total of nine mice/group.

Results

Treatment with zZVAD increases the total
lung neutrophil count in PVM-infected mice,
in part by inhibiting neutrophil apoptosis

The administration of zVAD in PVM-infected mice led to
a substantial increase in total lung neutrophil counts in
BALF: 9.66 + 1.78 x 10* cells in zVAD-treated mice as
compared to 4.23 + 1.04 x 10* cells in vehicle-treated
mice (P < 0.05) (Fig. 1A). No statistically significant dif-
ferences were found in the number of lymphocytes
(7.41 + 2.52 vs. 4.67 + 1.64 x 10* cells) and macro-
phages (21.22 4 3.48 vs. 15.98 & 4.24 x 10* cells) in the
BALF in PVM-infected mice that received zVAD as com-
pared to mice receiving vehicle alone.

We hypothesized that the increase in neutrophil num-
bers was a result of decreased apoptosis by zVAD. There-
fore, we measured apoptosis of recruited neutrophils,
using flow cytometry. As compared to vehicle, zZVAD

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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treatment significantly decreased the percentage of apop-
totic neutrophils in single-cell suspensions from lung tis-
sue (P <0.05) (Fig.1B). In BALF, no significant
difference was found in the percentage of apoptotic neu-
trophils of the BALF of PVM-infected mice receiving
zVAD or vehicle (Fig. 1B).

Treatment with zVAD increases the lung
cytokine response in PVM-infected mice

As expected from the increased neutrophil numbers in
the lungs, and similar to findings in a Fas-mediated lung
injury model (Herrero et al. 2013), the administration of
zVAD was associated with enhanced release of several
proinflammatory cytokines in the lungs of PVM-infected
mice (Fig. 2). The PVM-infected mice that were treated
with zVAD had statistically significant higher concen-
trations of MCP-1 and IL-6 in BALF as compared with
vehicle-treated mice (P < 0.05) (Fig. 2). No significant
difference was found in the concentrations of KC,
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Figure 3. Lung caspase-3 activity in PVM-infected mice is not affected by zZVAD treatment. (A) Total lung caspase-3 activity (arbitrary
fluorescence units) in vehicle (black bar) or ZVAD (white bar)-treated mice on day 7 after PVM inoculation as compared to healthy control mice
that received no treatment (gray bar). Data are shown as means + SE of three independent replicate experiments of 3 mice/group each, for a
total of nine mice/group. The data of control mice are based on one experiment with six mice/group. (B) Quantification of cleaved caspase-3-
positive epithelial cells (airway and alveolar) per lung tissue section of vehicle (black bar) or zZVAD (white bar)-treated mice on day 7 after PVM
inoculation. Data are shown as means + SE of three mice per group. (C) Representative images of cleaved (active) caspase-3
immunohistochemistry in lung tissue of vehicle or zZVAD-treated mice on day 7 after PVM inoculation. Closed and open arrows point out

cleaved caspase-3-positive airway and alveolar epithelial cells, respectively.

IFN-gamma, and G-CSF in BALF in mice that were trea-
ted with zVAD as compared to vehicle. The concentra-
tions of IL-12 and IL-13 in BALF were under the
detection limit of the assay.

Treatment with zZVAD does not decrease
lung caspase-3 activity in PVM-infected mice

Pneumonia virus of mice infection in mice is associated
with a marked increase in total lung caspase-3 activity
starting just before and at peak disease severity (Bem
et al. 2010c). Both bronchial and alveolar epithelial cells
become apoptotic in the late and severe phase of PVM
disease (van den Berg et al. 2011). Unexpectedly, zVAD
treatment starting at day 5 after inoculation, when early
caspase activation is observed, did not affect the overall
lung caspase-3 activity on day 7 after PVM infection
(Fig. 3A). Similarly, no difference in immunohistochemi-
cal staining of caspase-3-positive bronchial and alveolar
epithelial cells was found between zVAD and vehicle-trea-
ted PVM-infected mice (Fig. 3B and C).

The dose (10 mg/kg) and route (subcutaneous) of
administration of zVAD used in this work were based on
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recent studies that showed decreased lung epithelial apop-
tosis and/or lung permeability in two separate models of
lung injury (Lipke et al. 2010; Herrero et al. 2013). To
exclude potential technical problems with zVAD treat-
ment in our hands, we performed an experiment in which
recombinant human soluble Fas ligand (rh-sFasL) was
used to induce apoptosis in the lungs. Our zVAD dosing

3.0x10% -
*k

2.0%10%

1.0%10% 1

Caspase-3 activity

Control rh-sFasL + vehicle rh-sFasL +zVAD
Figure 4. Effect of ZVAD on rh-sFasL-induced caspase-3 activity in
the lung. Total lung caspase-3 activity (arbitrary fluorescence units)
in vehicle (black bar) or zZVAD (white bar)-treated mice with rh-
sFasL-induced lung caspase-3 activity as compared to control mice
that received no treatment (gray bar). **P < 0.01. Data are shown
as means =+ SE of one experiment with six mice/group.
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Figure 5. Effect of different doses of ZVAD on apoptotic response
during PVM disease. Total lung caspase-3 activity (arbitrary
fluorescence units) on day 6 in PVM-infected mice (9.6 x 103
copies) that were treated with three different doses of zZVAD (2, 10
of 20 mg/kg) or vehicle starting on day 5.5 after infection. Data are
shown as means =+ SE of 1-3 independent replicate experiments
with a total of 3-9 mice/group.

regime was sufficient to induce significant inhibition of
caspase-3 activity in rh-sFasL-treated mice (Fig. 4).
Because of concern that zVAD in the 10 mg/kg dose
tested might not be efficient enough to inhibit caspases in
the context of a relatively high proapoptotic stimulus as
PVM infection, we tested zZVAD in a very high dose of
20 mg/kg. Similarly, zVAD in this experiment also failed
to modify the lung caspase-3 activity in PVM-infected
mice (Fig. 5). Furthermore, we studied PVM-infected
mice at earlier time-points (3—6 h) after the last zZVAD

6.0%10%5 o

4.0x10% -+ -|_

2.0%1095

Caspase-3 activity

Vehicle zVAD

Figure 6. Effect of zZVAD on apoptotic response during more
severe PVM disease, using a higher inoculum (9.6 x 10* copies)
with zZVAD treatment on day 4-6. This experiment was performed
to confirm the lack of response of zZVAD in severe PVM disease.
Total lung caspase-3 activity (arbitrary fluorescence units) in vehicle
or zZVAD-treated mice on day 6 after inoculation with 9.6 x 10%
copies of PVM. Data are shown as means + SE of two
independent replicate experiments with a total of 8-9 mice/group.
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Figure 7. Treatment with zZVAD is not associated with changes in
viral load or lung permeability in PVM infection. (A) Lung viral load
in PVM-infected mice. Total lung viral titers expressed as number of
PVM SH copies per 10° GAPDH copies in lung homogenate of
vehicle or zZVAD-treated mice on day 7 after PVM inoculation. (B)
Lung permeability response in PVM-infected mice. Concentrations
of IgM in BALF of vehicle or zZVAD-treated mice on day 7 after PVM
inoculation. Data are shown as means SE of three independent
replicate experiments of three mice/group each, for a total of

nine mice/group.

injection and found no differences between the zVAD
and vehicle-treated animals (data not shown). Finally, we
performed experiments during a more severe course of
PVM disease, induced by increasing by one order of mag-
nitude the dose of PVM (9.6 x 10* PVM copies). Again,
we found no difference in lung caspase-3 activity in
zVAD-treated mice, as compared to mice receiving vehicle
alone (Fig. 6).

Treatment with zVAD is not associated with
changes in lung viral load, lung
permeability, or lung histology

In agreement with the observation that zVAD treatment
failed to attenuate bronchial or alveolar epithelial cell
apoptosis, zVAD treatment had no effect on the lung viral
load (Fig. 7A), or on lung permeability, as determined by
the leakage of the high-molecular weight protein IgM into
the alveolar spaces (Cook et al. 1998) (900.6 + 157.0 ng/
mL in zVAD-treated mice versus 640.8 £ 129.7 ng/mL in
vehicle-treated mice, P = 0.22, Fig. 7B). Similar to previ-
ous observations (Bem et al. 2010c, 2011), all PVM-
infected mice showed marked peri-bronchiolar and alveo-
lar cellular infiltration (Fig. 8A). However, no difference
was found in the histological lung injury score between
the zZVAD and vehicle-treated groups (Fig. 8B).

Treatment with zVAD is associated with
mild increase in clinical PVM disease

While no statistical significant difference was observed in
the clinical scores between PVM-infected mice that were
treated with zZVAD or vehicle, the weight loss, as a purely
objective measure of disease severity, on day 7 after PVM

2015 | Vol. 3 | Iss. 3 | e12332
Page 7



The Effect of ZVAD in Pneumovirus Infection in Mice

E. van den Berg et al.

0.25 1

0.20 1

0.15 4

0.10 1

Lung injury score

0.05 1

0.00 -

L)
zVAD

Vehicle

Figure 8. zZVAD treatment does not affect lung histopathology during PVM infection. Representative hematoxylin and eosin-stained lung tissue
sections (magnification 200x) (A) and lung injury histology scores (B) from vehicle or zZVAD-treated mice on day 7 after PVM inoculation. Data
are shown as means + SE of three independent replicate experiments of three mice/group each, for a total of nine mice/group.
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Figure 9. zZVAD treatment causes a mild increase in PVM disease severity. (A) Clinical scores of vehicle or zZVAD-treated mice assessed daily
after PVM inoculation. Data are shown as means + SE of nine mice/group. (B) Percentage of original body weight of vehicle or zZVAD-treated
mice assessed daily after PVM inoculation. *P < 0.05. Data are shown as means SE of three independent replicate experiments of three mice/

group each, for a total of nine mice/group.

inoculation was increased in zVAD-treated mice as com-
pared to the vehicle-treated mice (Fig. 9).

Discussion

The primary goal of this study was to investigate the
effect of the caspase inhibitor zVAD on lung inflamma-
tion and injury in mice with severe pneumovirus infec-
tion. We found that the administration of zVAD resulted
in decreased neutrophil apoptosis in the lungs of PVM-
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infected mice, and this was associated with increased neu-
trophil counts and release of proinflammatory cytokines.
In contrast, zZVAD did not reduce lung epithelial cell
apoptosis, and did not affect viral load and lung perme-
ability.

Numerous studies in humans with ARDS and animal
ARDS models (Bachofen and Weibel 1982; Matute-Bello
et al. 1999; Martin et al. 2005; Bem et al. 2007, 2010b;
Herold et al. 2008; Perl et al. 2008) have implicated
apoptosis of lung epithelial cells as a major pathogenic
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event in the development of lung injury. Epithelial cell
apoptosis contributes to the loss of the alveolar capillary
barrier, which increases lung permeability, resulting in the
formation of lung edema. The interesting findings of
extensive expression of apoptosis markers in the lung epi-
thelium of children with fatal RSV-LRTD by Welliver and
coworkers (Welliver et al. 2007, 2008; Reed et al. 2008),
together with similar observations in calves with severe
bovine RSV disease and mice with PVM-induced lung
injury (Viuff et al. 2002; Bem et al. 2010c), suggest that
this type of cell death is also important in severe pneu-
movirus disease (van den Berg et al. 2013). Importantly,
pharmacological interventions aimed at inhibiting proa-
poptotic signaling pathways in the lungs in animal models
of ARDS have been quite successful in protecting against
lung histopathological injury, alveolar permeability, and
clinical disease (Kawasaki et al. 2000; Matute-Bello et al.
2001, 2005; Le Berre et al. 2004; Perl et al. 2005; Lipke
et al. 2010; Herrero et al. 2013; Messer et al. 2013). Our
study adds to the body of literature on this topic, how-
ever, by showing inefficient and even wunfavorable
responses to treatment with the caspase inhibitor zVAD
in severe pneumovirus-induced lung injury.

In our study, zVAD treatment did not affect lung epi-
thelial caspase-3 activation (classical apoptosis), but
instead inhibited apoptosis of recruited neutrophils, lead-
ing to increased local neutrophil numbers. The finding of
decreased neutrophil apoptosis by zVAD in vivo is in
agreement with two animal studies of pleural inflamma-
tion (Rossi et al. 2006; D’Avila et al. 2008), and multiple
in vitro studies showing that zVAD is able to inhibit
apoptosis of neutrophils under various cell culture condi-
tions (Maianski et al. 2002; Luo and Loison 2008; Wardle
et al. 2011). However, our observations are in contrast
with three studies investigating the effects of zZVAD in dif-
ferent animal models of ARDS (Kawasaki et al. 2000; Le
Berre et al. 2004; Herrero et al. 2013), including our own
control experiment, in which zVAD effectively reduced
caspase-3 activity in an independent mouse model of lung
injury based on the administration of rh-sFasL. For exam-
ple, Kawasaki et al. (2000) found decreased apoptosis of
structural lung cells, including epithelial cells, in mice
with systemic LPS-induced lung injury following exposure
to zVAD, and this was associated with better survival. In
a rat model of Pseudomonas aeruginosa pneumonia, Le
Berre et al. (2004) showed reduced apoptosis of lung epi-
thelial cells, and less lung histopathological injury and
permeability following treatment with zVAD. Finally,
zVAD led to effective inhibition of lung epithelial cell
apoptosis, associated with a decrease in lung permeability
in Fas-induced lung injury in a recent study by Herrero
and coworkers (Herrero et al. 2013). The same group
previously showed that zZVAD also reduces lung perme-
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ability in a mouse model of intratracheal LPS-induced
lung injury, presumably by blocking apoptosis of lung
epithelial cells (Lipke et al. 2010). Interestingly, in these
latter two studies the neutrophil numbers in the lungs
were unaffected by zVAD treatment.

From the above studies and our own findings it
appears that the antiapoptotic effect of zZVAD in the lungs
is cell specific and depends on the animal model of injury
used. This highlights the complexity of apoptosis-based
pharmacological treatments in lung injury (Albertine
et al. 2002; van den Berg et al. 2013). Importantly, we
used a broad range of doses similar to and higher than
the doses used in previous studies (Kawasaki et al. 2000;
Le Berre et al. 2004; Lipke et al. 2010; Herrero et al.
2013), and studied the mice at earlier times after zVAD
treatment, suggesting that the cause of this differential
effect of zZVAD in our study was independent of dosing
and timing. In addition, we used the same route of zVAD
administration as previous studies (Lipke et al. 2010; Her-
rero et al. 2013), and confirmed the inhibitory effect of
zVAD in an independent mouse model of lung injury
using rh-sFasL. Likely, the extent, cellular distribution
and dynamics of caspase activation in the lungs differ
among the various models of lung injury, causing the
observed cell-specific effect of zZVAD. However, the exact
underlying mechanisms of the differential effects of zZVAD
remain to be elucidated.

In our model of severe pneumovirus disease, the treat-
ment with zVAD led to enhanced lung neutrophil and
cytokine inflammation. This is important as it is well rec-
ognized that uncontrolled and prolonged lung neutrophil
inflammation contributes to ARDS pathophysiology
(Ware and Matthay 2000; Martin 2002). Indeed, our find-
ings of moderate exaggeration of weight loss in zVAD-
treated PVM-infected mice may be an early reflection of
enhanced disease severity as a result of the increased pul-
monary inflammation by zVAD. The exaggeration of the
release of proinflammatory cytokines, including IL-6, may
be the result of prolonged neutrophil lifespan by zZVAD in
our model. Auto- or paracrine IL-6 signaling of neu-
trophils may further promote their own survival (Linde-
mans et al. 2006), thereby creating a spiral toward
extensive neutrophilic inflammation. However, in the
study of Herrero et al. (2013) zVAD increased the release
of pro-inflammatory cytokines, including IL-6 and KC, in
Fas-induced lung injury, without causing a change in the
lung neutrophil numbers. This suggests that caspase inhi-
bition by zZVAD may also promote inflammation uncou-
pled from its antiapoptotic effect, such as has been found
in vitro in Fas stimulated lymphocytes (Scheller et al.
2002).

The most important limitation of our study is that we
were unable to investigate the role of lung epithelial cell
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apoptosis in the disease pathogenesis of severe pneumovi-
rus disease, as zZVAD was not effective in inhibiting lung
epithelial caspase activity in our model. Therefore, other,
more lung epithelial cell-specific, anti-apoptotic treatment
strategies need to be exploited in our model in future
studies.

In conclusion, zVAD has a primarily proinflammatory
effect in PVM-induced lung injury in mice, by enhancing
the pulmonary neutrophil and cytokine response, at least
in part by inhibiting neutrophil apoptosis. In contrast,
zVAD at the doses and times tested is not effective in
protecting the lung epithelium from apoptosis in severe
PVM disease. We consider zVAD treatment to be poten-
tially harmful in severe pneumovirus disease.

Acknowledgments

We thank Tamara Dekker, Barbara Dierdorp, Lydia Wol-
terman, Niels Kamp, Michael van der Sanden, and Bert
van Urk for expert technical assistance.

Conflicts of Interest

The authors declare no conflict of interest.

References

Albertine, K. H., M. F. Soulier, Z. Wang, A. Ishizaka, S.
Hashimoto, G. A. Zimmerman, et al. 2002. Fas and fas
ligand are up-regulated in pulmonary edema fluid and lung
tissue of patients with acute lung injury and the acute
respiratory distress syndrome. Am. J. Pathol. 161:1783-1796.

Bachmann, D. C, and J. Pfenninger. 1994. Respiratory
syncytial virus triggered adult respiratory distress syndrome
in infants: a report of two cases. Intensive Care Med. 20:61—
63.

Bachofen, M., and E. R. Weibel. 1982. Structural alterations of
lung parenchyma in the adult respiratory distress syndrome.
Clin. Chest Med. 3:35-56.

Bem, R. A., A. P. Bos, G. Matute-Bello, M. van Tuyl, and J. B.
van Woensel. 2007. Lung epithelial cell apoptosis during
acute lung injury in infancy. Pediatr. Crit. Care Med. 8:132—
137.

Bem, R. A., A. P. Bos, M. Bots, A. M. Wolbink, S. M. van
Ham, J. P. Medema, et al. 2008. Activation of the granzyme
pathway in children with severe respiratory syncytial virus
infection. Pediatr. Res. 63:650—655.

Bem, R. A., A. P. Bos, R. M. Wosten-van Asperen, M. Bruijn,
R. Lutter, M. R. Sprick, et al. 2010a. Potential Role of
Soluble TRAIL in Epithelial Injury in Children with Severe
RSV Infection. Am. J. Respir. Cell Mol. Biol. 42:697—705.

Bem, R. A., C. M. van der Loos, J. B. van Woensel, and A. P.
Bos. 2010b. Cleaved caspase-3 in lung epithelium of

2015 | Vol. 3 | Iss. 3 | e12332
Page 10

E. van den Berg et al.

children who died with acute respiratory distress syndrome.
Pediatr. Crit. Care Med. 11:556-560.

Bem, R. A., J. B. van Woensel, R. Lutter, J. B. Domachowske,
J. P. Medema, H. F. Rosenberg, et al. 2010c. Granzyme
A- and B-cluster deficiency delays acute lung injury in
pneumovirus-infected mice. J. Immunol. 184:931-938.

Bem, R. A,, J. B. Domachowske, and H. F. Rosenberg. 2011.
Animal models of human respiratory syncytial virus disease.
Am. J. Physiol. Lung Cell. Mol. Physiol. 301:L148-L156.

van den Berg, E., J. B. van Woensel, A. P. Bos, R. A. Bem, W.
A. Altemeier, S. E. Gill, et al. 2011. Role of the Fas/FasL
system in a model of RSV infection in mechanically
ventilated mice. Am. J. Physiol. Lung Cell. Mol. Physiol.
301:1L451-L460.

van den Berg, E., J. B. van Woensel, and R. A. Bem. 2013.
Apoptosis in pneumovirus infection. Viruses 5:406—422.

Cook, P. M., R. P. Eglin, and A. J. Easton. 1998. Pathogenesis
of pneumovirus infections in mice: detection of pneumonia
virus of mice and human respiratory syncytial virus mRNA
in lungs of infected mice by in situ hybridization. J. Gen.
Virol. 79(Pt 10):2411-2417.

Dahlem, P., W. M. van Aalderen, M. E. Hamaker, M. G.
Dijkgraaf, and A. P. Bos. 2003. Incidence and short-term
outcome of acute lung injury in mechanically ventilated
children. Eur. Respir. J. 22:980-985.

D’Avila, H., N. R. Roque, R. M. Cardoso, H. C. Castro-Faria-
Neto, R. C. Melo, and P. T. Bozza. 2008. Neutrophils
recruited to the site of Mycobacterium bovis BCG infection
undergo apoptosis and modulate lipid body biogenesis and
prostaglandin E production by macrophages. Cell.
Microbiol. 10:2589-2604.

Domachowske, J. B., C. A. Bonville, J. L. Gao, P. M. Murphy,
A.J. Easton, and H. F. Rosenberg. 2000. MIP-1alpha is
produced but it does not control pulmonary inflammation
in response to respiratory syncytial virus infection in mice.
Cell. Immunol. 206:1-6.

Hall, C. B., G. A. Weinberg, M. K. Iwane, A. K. Blumkin, K.
M. Edwards, M. A. Staat, et al. 2009. The burden of
respiratory syncytial virus infection in young children. N.
Engl. J. Med. 360:588—-598.

Herold, S., M. Steinmueller, W. von Wulffen, L. Cakarova, R.
Pinto, S. Pleschka, et al. 2008. Lung epithelial apoptosis in
influenza virus pneumonia: the role of macrophage-
expressed TNF-related apoptosis-inducing ligand. J. Exp.
Med. 205:3065-3077.

Herrero, R., M. Tanino, L. S. Smith, O. Kajikawa, V. A. Wong,
S. Mongovin, et al. 2013. The Fas/FasL pathway impairs the
alveolar fluid clearance in mouse lungs. Am. J. Physiol.
Lung Cell Mol. Physiol. 305:L377-L388.

Holter, J. F., J. E. Weiland, E. R. Pacht, J. E. Gadek, and W. B.
Davis. 1986. Protein permeability in the adult respiratory
distress syndrome. Loss of size selectivity of the alveolar
epithelium. J. Clin. Invest. 78:1513-1522.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



E. van den Berg et al.

Johnson, J. E., R. A. Gonzales, S. J. Olson, P. F. Wright, and
B. S. Graham. 2007. The histopathology of fatal untreated
human respiratory syncytial virus infection. Mod. Pathol.
20:108-119.

Kawasaki, M., K. Kuwano, N. Hagimoto, T. Matsuba, R.
Kunitake, T. Tanaka, et al. 2000. Protection from lethal
apoptosis in lipopolysaccharide-induced acute lung injury in
mice by a caspase inhibitor. Am. J. Pathol. 157:597-603.

Kotelkin, A., E. A. Prikhod’ko, J. I. Cohen, P. L. Collins, and
A. Bukreyev. 2003. Respiratory syncytial virus infection
sensitizes cells to apoptosis mediated by tumor necrosis
factor-related apoptosis-inducing ligand. J. Virol. 77:9156—
9172.

Le Berre, R., K. Faure, H. Fauvel, N. B. Viget, F. Ader, T.
Prangere, et al. 2004. Apoptosis inhibition in P. aeruginosa-
induced lung injury influences lung fluid balance. Intensive
Care Med. 30:1204-1211.

Lindemans, C. A., P. J. Coffer, I. M. Schellens, P. M. de
Graaff, J. L. Kimpen, and L. Koenderman. 2006. Respiratory
syncytial virus inhibits granulocyte apoptosis through a
phosphatidylinositol 3-kinase and NF-kappaB-dependent
mechanism. J. Immunol. 176:5529-5537.

Lipke, A. B., G. Matute-Bello, R. Herrero, K. Kurahashi, V. A.
Wong, S. M. Mongovin, et al. 2010. Febrile-range
hyperthermia augments lipopolysaccharide-induced lung
injury by a mechanism of enhanced alveolar epithelial
apoptosis. J. Immunol. 184:3801-3813.

Luo, H. R,, and F. Loison. 2008. Constitutive neutrophil
apoptosis: mechanisms and regulation. Am. J. Hematol.
83:288-295.

Maianski, N. A., F. P. Mul, J. D. van Buul, D. Roos, and T.
W. Kuijpers. 2002. Granulocyte colony-stimulating factor
inhibits the mitochondria-dependent activation of caspase-3
in neutrophils. Blood 99:672—679.

Martin, T. R. 2002. Neutrophils and lung injury: getting it
right. J. Clin. Invest. 110:1603-1605.

Martin, T. R., N. Hagimoto, M. Nakamura, and G. Matute-
Bello. 2005. Apoptosis and epithelial injury in the lungs.
Proc. Am. Thorac. Soc. 2:214-220.

Matthay, M. A,, L. B. Ware, and G. A. Zimmerman. 2012. The
acute respiratory distress syndrome. J. Clin. Invest.
122:2731-2740.

Matute-Bello, G., W. C. Liles, K. P. Steinberg, P. A. Kiener, S.
Mongovin, E. Y. Chi, et al. 1999. Soluble Fas ligand induces
epithelial cell apoptosis in humans with acute lung injury
(ARDS). J. Immunol. 163:2217-2225.

Matute-Bello, G., W. C. Liles, F. 2nd Radella, K. P. Steinberg,
J. T. Ruzinski, L. D. Hudson, et al. 2000. Modulation of
neutrophil apoptosis by granulocyte colony-stimulating
factor and granulocyte/macrophage colony-stimulating
factor during the course of acute respiratory distress
syndrome. Crit. Care Med. 28:1-7.

Matute-Bello, G., W. C. Liles, C. W. Frevert, M. Nakamura, K.
Ballman, C. Vathanaprida, et al. 2001. Recombinant human

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

The Effect of ZVAD in Pneumovirus Infection in Mice

Fas ligand induces alveolar epithelial cell apoptosis and lung
injury in rabbits. Am. J. Physiol. Lung Cell. Mol. Physiol.
281:1328-L335.

Matute-Bello, G., W. C. Liles, C. W. Frevert, S. Dhanireddy, K.
Ballman, V. Wong, et al. 2005. Blockade of the Fas/FasL
system improves pneumococcal clearance from the lungs
without preventing dissemination of bacteria to the spleen.
J. Infect. Dis. 191:596-606.

Matute-Bello, G., G. Downey, B. B. Moore, S. D. Groshong,
M. A. Matthay, A. S. Slutsky, et al. 2011. An official
American Thoracic Society workshop report: features and
measurements of experimental acute lung injury in animals.
Am. J. Respir. Cell Mol. Biol. 44:725-738.

McNamara, P. S., P. Ritson, A. Selby, C. A. Hart, and R. L.
Smyth. 2003. Bronchoalveolar lavage cellularity in infants
with severe respiratory syncytial virus bronchiolitis. Arch.
Dis. Child. 88:922-926.

Messer, M. P., P. Kellermann, S. J. Weber, C. Hohmann, S.
Denk, B. Klohs, et al. 2013. Silencing of fas, fas-associated
via death domain, or caspase 3 differentially affects lung
inflammation, apoptosis, and development of trauma-
induced septic acute lung injury. Shock 39:19-27.

Nair, H., D. J. Nokes, B. D. Gessner, M. Dherani, S. A. Madhi,
R. J. Singleton, et al. 2010. 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.

O’Donnell, D. R, L. Milligan, and J. M. Stark. 1999. Induction
of CD95 (Fas) and apoptosis in respiratory epithelial cell
cultures following respiratory syncytial virus infection.
Virology 257:198-207.

Perl, M., C. S. Chung, J. Lomas-Neira, T. M. Rachel, W. L.
Biffl, W. G. Cioffi, et al. 2005. Silencing of Fas, but not
caspase-8, in lung epithelial cells ameliorates pulmonary
apoptosis, inflammation, and neutrophil influx after
hemorrhagic shock and sepsis. Am. J. Pathol. 167:1545—
1559.

Perl, M., J. Lomas-Neira, C. S. Chung, and A. Ayala. 2008.
Epithelial cell apoptosis and neutrophil recruitment in acute
lung injury-a unifying hypothesis? What we have learned
from small interfering RNAs. Mol. Med. 14:465—475.

Ranieri, V. M., G. D. Rubenfeld, B. T. Thompson, N. D.
Ferguson, E. Caldwell, E. Fan, et al. 2012. Acute respiratory
distress syndrome: the Berlin definition. JAMA 307:2526—
2533.

Reed, J. L., Y. A. Brewah, T. Delaney, T. Welliver, T. Burwell,
E. Benjamin, et al. 2008. Macrophage impairment underlies
airway occlusion in primary respiratory syncytial virus
bronchiolitis. J. Infect. Dis. 198:1783-1793.

Rossi, A. G., D. A. Sawatzky, A. Walker, C. Ward, T. A.
Sheldrake, N. A. Riley, et al. 2006. Cyclin-dependent kinase
inhibitors enhance the resolution of inflammation by
promoting inflammatory cell apoptosis. Nat. Med. 12:1056—
1064.

2015 | Vol. 3 | Iss. 3 | e12332
Page 11



The Effect of zZVAD in Pneumovirus Infection in Mice

Scheller, C., S. Sopper, C. Ehrhardt, E. Flory, P. Chen, E.
Koutsilieri, et al. 2002. Caspase inhibitors induce a switch
from apoptotic to proinflammatory signaling in CD95-
stimulated T lymphocytes. Eur. J. Immunol. 32:2471-2480.

Viuft, B., K. Tjornehoj, L. E. Larsen, C. M. Rontved, A. Uttenthal,
L. Ronsholt, et al. 2002. Replication and clearance of
respiratory syncytial virus: apoptosis is an important pathway
of virus clearance after experimental infection with bovine
respiratory syncytial virus. Am. J. Pathol. 161:2195-2207.

Wardle, D. J., J. Burgon, I. Sabroe, C. D. Bingle, M. K. Whyte,
and S. A. Renshaw. 2011. Effective caspase inhibition blocks
neutrophil apoptosis and reveals Mcl-1 as both a regulator
and a target of neutrophil caspase activation. PLoS ONE 6:
e15768.

2015 | Vol. 3 | Iss. 3 | e12332
Page 12

E. van den Berg et al.

Ware, L. B,, and M. A. Matthay. 2000. The acute respiratory
distress syndrome. N. Engl. J. Med. 342:1334-1349.

Welliver, T. P., R. P. Garofalo, Y. Hosakote, K. H. Hintz, L.
Avendano, K. Sanchez, et al. 2007. Severe human lower
respiratory tract illness caused by respiratory syncytial virus
and influenza virus is characterized by the absence of
pulmonary cytotoxic lymphocyte responses. J. Infect. Dis.
195:1126-1136.

Welliver, T. P., J. L. Reed, and R. C. Sr Welliver. 2008.
Respiratory syncytial virus and influenza virus infections:
observations from tissues of fatal infant cases. Pediatr.
Infect. Dis. J. 27:592-596.

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



