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The whey acidic protein family member, WFDC1/ps20 is a permissivity factor in HIV infection. Herein we
describe a contrasting role for ps20 in limiting MHV-1 infection. Intranasal MHV-1 infection produces a
respiratory infection in mice. Using ps20 knockout mice we provide evidence that intranasal MHV-1
infection results in increased lung viral titers in ps20�/� compared to ps20+/+ mice. Accompanying
MHV-1 infection we observe an increase in the number of neutrophils infiltrating the BAL and an increase
in the percentage of neutrophils in the lung draining lymph nodes of ps20�/� compared with ps20+/+

mice. Gene expression levels for the neutrophil chemoattractants CXCL1 and CXCL2 are elevated in the
lungs of ps20�/� mice post-MHV-1 infection. Characterization of the immune cell profile in naïve
ps20�/� mice revealed an increase in circulating neutrophils compared to ps20+/+ mice. No notable differ-
ences in other immune cell profiles were observed between the ps20+/+ and ps20�/� mice. Accordingly,
we examined MHV-1 infection of neutrophils and provide evidence that neutrophils isolated from
ps20�/�mice are more susceptible to MHV-1 infection than neutrophils isolated from ps20+/+ mice. These
data suggest roles for ps20 in regulating expression of neutrophil-specific chemotactic factors, thereby
potentially modulating neutrophil migration, and in modulating neutrophil susceptibility to MHV-1
infection.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Whey acidic protein (WAP) domain-containing proteins are
small proteins possessing proteinase inhibitor activity, antimicro-
bial activity, ATPase inhibitor activity and regulatory activity in cell
proliferation (Bingle and Vyakarnam, 2008). Secretory leukocyte
protease inhibitor (SLPI), elafin and WFDC1/ps20 are three mem-
bers of this WAP family, characterized by the presence of a four-
disulfide core (FDC) structure (Bingle and Vyakarnam, 2008; Bou-
chard et al., 2006; Hennighausen and Sippel, 1982a, b; Piletz
et al., 1981; Simpson et al., 2000; Simpson and Nicholas, 2002).
SLPI and elafin exhibit antiviral activity that is not associated with
their anti-protease function (Bingle and Vyakarnam, 2008; Ma
et al., 2004; McNeely et al., 1995): SLPI inhibits human immunode-
ficiency virus (HIV) infection of primary monocytes by binding to
ll rights reserved.
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annexin II (Bingle et al., 2001; Doumas et al., 2005; Ma et al.,
2004) and elafin exerts its antiviral activity by direct binding to
HIV (Ghosh et al., 2009). Unlike elafin and SLPI, ps20 is a permissiv-
ity factor for HIV infection (Alvarez et al., 2007).

ps20, encoded by the WFDC1 gene on human chromosome 16, is
ubiquitously expressed at sites of potential pathogen infection,
including memory CD4+ T cells, likely contributing to HIV adapta-
tion to exploit ps20 as a permissivity factor by upregulating a key
cell-surface adhesion molecule, CD54 (Alvarez et al., 2007; Larsen
et al., 2000). The interaction of CD54 with LFA-1 is known to stabi-
lize HIV-1 fusion to targets cells, thereby promoting HIV entry.
Thus, in contrast to SLPI and elafin, ps20 functions to enhance viral
infectivity, at least for HIV.

Mouse hepatitis virus type 1 (MHV-1) is a member of the Coro-
naviridae family of positive single-stranded RNA viruses. MHV-1
infects a wide variety of species, including humans, rodents, felines
and birds (Gu and Korteweg, 2007; Spaan et al., 1988). MHV-1 is a
mouse-specific coronavirus (Spaan et al., 1988). MHV strains enter
host cells via endocytosis mediated by a virion spike protein bind-
ing to host carcinoembryonic antigen-related cell adhesion mole-
cule 1(CEACAM-1a) (Compton et al., 1992; Perlman and Netland,
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2009). In an earlier report we described a mouse model of respira-
tory MHV-1 infection, wherein A/J mice are more susceptible to
intranasal respiratory MHV-1 infection than C57Bl/6 mice, associ-
ated with differences in the host innate immune response, specif-
ically the interferon (IFN) response (Albuquerque et al., 2006; Baig
and Fish, 2008). Subsequent publications have confirmed that var-
iable sensitivity to MHV-1 infection is a consequence of the innate
and adaptive immune responses (Khanolkar et al., 2009a) and that
MHV infection inhibits IFN production (Zhou and Perlman, 2007).
Notably, MHV-1-specific T and B cell responses exert protective ef-
fects that minimize morbidity in C57Bl/6 mice (Khanolkar et al.,
2009a). Given the contribution of innate and adaptive immune re-
sponses to morbidity in MHV-1 infection of C57Bl/6 mice and the
accumulating data that WAP proteins influence susceptibility to
infection, employing ps20+/+ and ps20�/� C57Bl/6 mice we exam-
ined the effects of ps20 on the immune response to MHV-1 infec-
tion. Our data reveal a hitherto unreported contribution of
neutrophils to MHV-1 infection and describe how ps20 expression
affects both neutrophil migration to MHV-1 infected lungs and
draining lymph nodes (dLNs) and neutrophil susceptibility to
infection, associated with effects on lung virus replication.
2. Materials and methods

2.1. Cells and antibodies

L2 fibroblasts were a gift from Dr. Gary Levy (University Health
Network, Toronto, ON) and were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal calf ser-
um (FCS), 1000 U/mL penicillin, and 100 lg/mL streptomycin. Skin
fibroblast cells were generated from C57Bl/6 ps20+/+ and ps20�/�

mice. Mice were euthanized and sections of hairless skin removed,
minced and seeded in 60 mm plates with 20% FCS DMEM for
7 days. Adherent fibroblasts were passaged.

The generation and characterization of the IG7 IgG1 monoclonal
antibody (mAb) was as previously described (Alvarez et al., 2007).
Specificity was confirmed using an enzyme-linked immunosorbent
assay (ELISA) to recognize the immunizing peptide, full-length
ps20. IG7 anti-ps20 fragmented antibodies (FAbs) and control
IgG1 FAbs were produced by BioservUK Ltd. (Sheffield, UK). Control
FAb was generated from XCIII-1F8-D7 08041723-anti-Leishmania
(L) pifanoi Amastigote IgG1 hybridomas (Sigma). Each hybridoma
was scaled up in roller bottle flasks to 1 L and affinity purified on
standard Protein G Sepharose. Each Ab was concentrated to be-
tween 19–26 mg/ml and digested with immobilized papain
(Pierce; 20341; KG135117) at 37 �C for 7 h with mixing. Samples
were then diluted in 10 mM Tris HCl, pH7.5 and separated from
immobilized papain by centrifugation. The FAb fragment was then
purified by Protein A binding, filter sterilized and stored at 4 �C.
Purity was confirmed by 1-D gel electrophoresis.
2.2. Mice

C57Bl/6. ps20+/- mice were provided by Dr. D. Rowley (Baylor
College of Medicine, Houston, TX). These mice were generated
through replacement of exon 1 of the WFDC1 gene with a LacZ gene
at the WFDC1 ATG start codon. The LacZ-PGK-neo cassette intro-
duced an EcoRV site, which was used for screening by Southern
analysis. To confirm deletion of WFDC1 and insertion of LacZ, geno-
mic DNA was digested with EcoRV and probed with a Spe1-Apa
1.3 kb probe. The ps20�/� allele is 6.5 kb, and the ps20+/+ allele is
9.5 kb. The screened ps20�/� gene constructs were inserted into a
129 mouse blastocyte by electroporation and subsequently im-
planted into a C57Bl/6 ps20+/+ female host. Pups were subse-
quently backcrossed to a C57Bl/6 background using a speed
congenic approach. Briefly, low-density single-nucleotide poly-
morphism (SNP) analysis (The Center for Applied Genomics, Toron-
to, ON) was performed on tail-snip DNA from the pups of each
progeny litter. Mice exhibiting the highest SNP homology to
C57Bl/6 were selected for subsequent breeding. Screening was
completed until mice were >98% homologous to C57Bl/6 mice. A/
J and C57Bl/6 mice, aged 6–8 weeks were purchased from The Jack-
son Laboratory (Bar Harbor, ME). Mice were bred and housed in a
pathogen-free environment and all experiments were approved by
the Animal Care Committee of the Toronto General Research
Institute.

2.3. Cell fractionation

For immune cell analysis of peripheral blood (PB), ps20�/� and
ps20+/+ mice were anesthetized with 300 lL of isoflurane and a
cardiac puncture was performed to collect 700 lL of blood. RBCs
were removed using ACK lysis buffer and peripheral blood mono-
nuclear cells (PBMCs) were isolated by Ficoll gradient centrifuga-
tion at 800 g for 20 min. The spleen and lymph nodes (LNs) were
harvested, mechanically disrupted, followed by enzymatic diges-
tion with 1 lg/mL collagenase in 5% FCS and 30 lg/mL DNase in
PBS, for 30 min. Cell suspensions were filtered through a 70 lm
mesh, then centrifuged at 2000 rpm for 5 min. Bone marrow
(BM) cells were obtained by flushing the marrow from femurs into
PBS. RBCs were removed using ACK lysis buffer.

2.4. Neutrophil isolation

ps20+/+ and ps20�/� mice were euthanized by cervical disloca-
tion and their femurs and tibia harvested. The BM was flushed with
PBS. Cells were resuspended at 1 � 108 cells/mL in the RoboSep
Buffer (Stemcell). Neutrophils were purified using the Mouse Neu-
trophil Enrichment Kit (Stemcell) following the manufacturer’s
instructions. Neutrophils (up to 90% purity) were freshly isolated
and used immediately.

2.5. Virus infections and titration

MHV-1 (provided by Dr. Gary Levy, UHN, Toronto) was propa-
gated in 17CL1 cells. Viral titers were determined in L2 cells by pla-
que assay as previously described (Albuquerque et al., 2006).

ps20+/+ and ps20�/� C57Bl/6 skin fibroblasts were seeded in 24-
well culture plates at 2 � 105 cells/well, in 2 mL of DMEM and
incubated at 37 �C in 5% CO2. 16 h later the medium was removed,
the cells washed with PBS, and 200 lL of DMEM containing MHV-1
at a multiplicity of infection (MOI) of 0.1 or 0.01 was added for one
hour at 37 �C. Cells were washed with PBS and subsequently incu-
bated with 500 lL of 2% FCS DMEM for a further 16 h. Progeny
virus in the medium was titrated in L2 cells.

ps20+/+ and ps20�/� neutrophils were seeded in 24-well culture
plates at 1 � 106 cells/well, in 500 lL of 2% FCS RPMI and infected
with MHV-1 at an MOI of 0.1 or 0.01 for 24 h at 37 �C in 5% CO2.
Progeny virus in the medium was titrated in L2 cells.

Female A/J or C57Bl/6 ps20+/+ and ps20�/� mice, aged 6–
8 weeks were anesthetized by intraperitoneal (ip) injection with
a mixture of ketamine and xylazine and infected by intranasal
instillation with 40 lL PBS containing 5 � 103 PFU of MHV-1. Mice
were monitored daily for symptoms of disease: ruffled fur, tremors
and lack of activity. Post-infection, mice were sacrificed by cervical
dislocation. Lung dLNs were harvested for analysis by flow cytom-
etry, and lung tissues were snap frozen in liquid nitrogen for
immunohistochemistry, viral titration or for RNA extraction. One
milliliter PBS was flushed through the lung to remove the infiltrat-
ing immune cells in a bronchial alveolar lavage (Albuquerque et al.,
2006).
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2.6. IFN treatment and viral cytopathic effect assay

ps20+/+ and ps20�/� skin fibroblasts were seeded in 24-well cul-
ture plates at 2 � 105 cells/well, in 2 mL of 10% FCS DMEM and
incubated at 37 �C in 5% CO2. Prior to MHV-1 infection, cells were
treated with either 103 or 104 U/mL IFN-a4. Medium containing
progeny virus was harvested after 16 h and added to L2 cells in
individual wells of 96-well culture plates. 24 h later virus-induced
cytopathic effects (CPE) were quantitated using a crystal violet col-
orimetric assay as previously described (Fish et al., 1988; Zorzitto
et al., 2006). Data are expressed as percent survival relative to un-
treated L2 cells.

2.7. RNA extraction, cDNA synthesis

Cells were lysed using RLT + b-mercaptoethanol using a Qiagen
RNeasy mini kit (Qiagen), according to the manufacturer’s protocol,
with DNA digestion. RNA concentration was determined by UV
absorbance at 260 nm. cDNAs were synthesized using 0.5 lg
RNA, oligo-dT primers and Superscript III reverse transcriptase,
according to the manufacturer’s protocol (Invitrogen).

RNA was extracted from frozen mouse tissue using 500 lL Tri-
zol (Invitrogen). The extracted RNA pellet was then washed with
1 mL of 75% ethanol and RNA concentration determined. cDNAs
were synthesized using 0.5 lg of RNA as described above.

2.8. qRT–PCR

qRT–PCR was performed using a LightCycler� (Roche) and
LightCycler� FastStart DNA Master SYBR GreenPLUS I kits (Roche).
Reactions were in 20 lL containing 4 lL of LightCycler SYBR Green
PLUS buffer, at a final concentration of 1�, 5 lL 100 lg/mL cDNA,
9 lL PCR-grade water and 1 lL each of 20 lM forward and reverse
primers. PCR reactions were carried out under the following condi-
tions: pre-incubation at 95 �C for 10 min, followed by 45 amplifica-
tion cycles of denaturation at 95 �C for 10 s, annealing for 5 s at the
TM specified below, extension at 72 �C for 10 s, melting curve anal-
ysis at 65 �C for 15 s and continuous acquisition mode of 95 �C with
a temperature transition rate of 0.1 �C/s. PCR products were cloned
into a pCR 2.1-TOPO vector (Invitrogen), as per the manufacturer’s
protocol, to quantitate absolute transcript values. The cloned con-
structs were purified using the GenElute Plasmid Miniprep Kit (Sig-
ma). A standard curve was generated for each construct by PCR
amplification at log-fold dilutions of each product in the Light-
Cycler� at the specified annealing temperature. Forward and re-
verse primer sets:

IFN-a4 (TM 60 �C) F-50-GCCATCCTTGTGCTAAGAG-30,
R-30-TCAAGAGGAGGTTCCTGCATCAC-30;
IFN-b (TM 60 �C): F-50-TGCGTTCCTGCTGTGCTTCT-30,
R-50-TTGGATGGCAAAGGCAGTGT30;
ISG15 (TM 60 �C) F-50-GTGTCAGAACTGAAGAAG-30,
R-50-CGTTCCTCACCAGGATGC-30;
CXCL1(TM 62 �C) F-50-AACCGAAGTCATAGCCACAC-30,
R-50-CAGACGGTGCCATCAGAG-30;
CXCL2 (TM 62 �C) F-50-CAGAAGTCATAGCCACTCTCAAG-30,
R-50-CTCCTTTCCAGGTCAGTTAGC-30;
HPRT (TM 60 �C) F-50-ATCAGTCAACGGGGGACATA-30,
R-50-TTGCAACCTTAACCATTTTGG-30.

2.9. Flow cytometry

Fluorochrome-labeled mAbs used were: FITC anti-CD69
(H1.2F3, eBioscience), PE anti-CD8 (53-6.7, BD), PE-Cy5 (PK136,
eBioscience), APC anti-CD4 (GK1.5, eBioscience), PE-Cy7 anti-
CD45 (30-F11, BD), APC-Cy7 anti-B220 (RA3-6B2, BD), Alexa Fluor�
700 anti-CD3 (17A2, eBioscience), FITC anti-CD11b (M1/70, BD), PE
anti-CD80 (B7.1, eBioscience), PE-Cy5 anti-F4/80 (BM8, BD) APC
anti-MHC-II (M5/114.15.2, eBioscience), PE-Cy7 anti-CD11c
(N418, eBioscience), FITC anti-Ly6G (1A8, BD), PE anti-CD66a/CEA-
CAM-1 (CC1, eBioscience), APC-Cy7, and APC anti-GR1 (RB6-8C5,
BD). Appropriate isotype controls for surface stains were included
(eBioscience & BD). Flow cytometry was performed using an LSR II
or FACSCalibur flow cytometer (BD) and data were analyzed using
FlowJo software (Tree Star, Inc.).

2.10. Immunohistology

Lungs from MHV-1-infected ps20+/+and ps20�/� mice were sec-
tioned at 14 lm in a cryostat (Leica, CM1850) and fixed onto
microscope slides using methanol:acetone (50:50). Tissues were
stained using FITC anti-Ly6G (1A8, BD), 40-6-Diamidino-2-phenyl-
indole (DAPI), or an appropriate isotype control antibody (BD).
Slides were scanned with TISSUEscope (Huron Technologies) and
analyzed using ImageScope (Aperio).

2.11. Neutrophil elastase assay

Human neutrophil elastase activity was measured as described
(Simpson et al., 2001).

2.12. Reactive oxygen species detection assay

Intracellular ROS were detected using the fluorescent dye H2-

DCFDA, dichlorodrhydrofluorescein diacetate (Invitrogen). BM de-
rived neutrophils from ps20+/+ and ps20�/� mice were suspended
in 10 lM H2DCFDA at room temperature for 30 min, washed with
PBS and seeded in individual wells of 24-well culture plates at
1x106 cells/well and infected with MHV-1 at an MOI of 0.01 in a time
course study (0–60 mins). Cells were then washed once in PBS con-
taining 2% FCS and analyzed by FACS using the FL1 detector channel.

3. Results

3.1. ps20�/� mice have high circulating levels of neutrophils

At the outset we undertook to characterize the abundance and
relative proportions of immune cell populations in the peripheral
blood (PB) of ps20+/+ and ps20�/� mice. In contrast to ps20+/+ mice,
we observe a significant increase in the number of GR1+ neutro-
phils circulating in the PB of ps20�/� mice (ps20+/+ = 21%; ps20�/

� = 32%) (Fig. 1A, B). Analysis of other PB leukocyte populations,
including F4/80+ macrophages, CD3+CD4+ and CD3+CD8+ T cells,
B220+ B cells and NK1.1 NK cells, revealed no statistically signifi-
cant differences between ps20+/+ and ps20�/� mice (Fig. 1B).

Next, we examined the spleen, LN and BM compartments in the
ps20�/� and ps20+/+ mice, aged 6–8 weeks. Spleen, LNs, and BM were
processed as described in Section 2.3. The proportion of cells isolated
from each of the compartments examined was indistinguishable be-
tween ps20+/+ and ps20�/� mice (Supplementary Fig. 1). In contrast
to what we observe in the PB, we did not detect any differences in the
percentage of leukocyte/lymphocyte populations between ps20+/+

and ps20�/� mice for spleen, LN or BM (Fig. 1C–E). Similarly, our
analysis of the structural architecture and cellularity in the LN and
the spleen did not reveal any differences in tissue morphology be-
tween the ps20+/+ and ps20�/� mice (Supplementary Fig. 2).

3.2. ps20. protects from MHV-1 infection in vitro

Skin fibroblast cell lines were derived from ps20+/+ and ps20�/�

mice as described in Section 2.1. Skin fibroblasts from ps20+/+ mice
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Fig. 1. Characterization of lineage specific markers for leukocyte populations in
ps20�/� mice. Female C57Bl/6 ps20+/+ and ps20�/� mice aged 6–8 weeks were
euthanized and their LNs, spleen and BM were harvested and processed for FACS
analysis. PB was harvested by cardiac puncture. Cells were isolated as described in
Section 2.3 and stained with appropriate antibodies for specific immune cell
markers. (A) Representative plots of cells stained for GR1 derived from the PB of
ps20+/+ and ps20�/� mice were generated based on isotype matched control
antibodies. Lineage specific markers for different leukocyte populations were
analyzed by FACS analysis, staining with antibodies specific for the indicated
surface markers in the (B) PB, (C) spleen, (D) LN, (E) BM. Data are presented as the
mean for each group (n = 3) ± standard error and are representative of one (BM) or
two (PB, LNs, spleen) independent experiments and were analyzed using a
Student’s t test. ⁄P < 0.05.

Fig. 1. (continued)
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exhibit gene expression for ps20 (data not shown). In a first series
of experiments we provide evidence that fibroblasts derived from
ps20�/� mice are more sensitive to MHV-1 infection than fibro-
blasts from ps20+/+ mice (Fig. 2A). Notably, MHV-1 infection of
both ps20+/+ and ps20�/� fibroblasts does not result in a cytopathic
effect or induce apoptosis by 24 h post-infection, hence viral prog-
eny were measured in culture medium following infection of cells,
using the L2 plaque assay as described (Section 2.5). To confirm
that this outcome was a direct consequence of ps20 expression lev-
els, we next examined the effects of treatment of ps20+/+

fibroblasts with neutralizing antibodies to ps20, namely the anti-
ps20 FAb IG7, on MHV-1 infection. Following a 1 h pre-treatment
with IG7, ps20+/+ fibroblasts were infected with MHV-1 at an
MOI of 0.01 for 16 h. ps20+/+ fibroblasts treated with IG7 exhibited
higher viral titers compared with ps20+/+ fibroblasts treated with
either a control FAb or PBS (PBS mock-treated control
�12.75 PFU/mL; control IgG �16.7 PFU/mL; IG7 �535.4 PFU/mL)
(Fig. 2B).

Given the data that an IFN response is critical in limiting MHV-1
infection, we next examined whether ps20 might affect gene
expression for IFN-a4, IFN-b, and an IFN-inducible gene associated
with an antiviral response, ISG15, thereby influencing sensitivity to
infection. The induced gene expression levels of IFN-a4 and ISG15
are greater in the ps20+/+ fibroblasts compared with the ps20�/�

fibroblasts when infected with MHV-1 at an MOI of 0.1, although
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Fig. 2. ps20 expression limits MHV-1 infection in fibroblasts. Skin fibroblasts were
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error and are representative of two independent experiments. Data were analyzed
using a Student’s t test. ⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001.
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Fig. 3. ps20 expression effects on IFN and chemokine induction and an IFN-induced
antiviral response. (A) ps20�/� and ps20+/+ fibroblast cultures were infected with
MHV-1 at an MOI of 0.1 for 16 h. Cellular RNA was extracted and cDNA was
synthesized for qRT–PCR of the indicated genes. For each test group (n = 3) the copy
number of the reference gene (HPRT) and the target gene (IFN-a4, IFN-b, ISG15,
CXCL1 & CXCL2) were determined. (B) CXCL2 gene expression was further
characterized in ps20�/� and ps20+/+ fibroblast cultures infected with MHV-1 at
an MOI of 0.1 for 8, 16, and 24 h. qRT–PCR data are presented as the copy number of
the target gene relative to 1000 copies of HPRT, plotted as the mean copy number
for each gene ± standard error. (A and B) are representative of three and two
independent experiments respectively, and were analyzed using a Student’s t test.
(C) ps20�/� and ps20+/+ fibroblast cultures were treated with IFN-a4 at the
indicated doses 16 h prior to infection with MHV-1 at an MOI of 0.01. 16 h after
infection with MHV-1, culture medium was harvested overlayed onto L2 cells, as
described in Section 2.6. Data are presented as percent survival compared to control
L2 cells treated with culture from uninfected fibroblasts (100% survival), plotted as
the mean% survival ± standard error and are representative of two independent
experiments and technical replicates (n = 4–8). Data were analyzed using a
Student’s t test. ⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001.
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IFN-b gene expression is induced to comparable levels (Fig. 3A).
Next we examined the gene expression levels for CXCL1 and
CXCL2, chemokines with neutrophil chemoattractant activity.
CXCL1 and CXCL2 gene expression levels are detectable post-infec-
tion in both the ps20�/� and ps20+/+ fibroblasts, with greater CXCL1
and CXCL2 gene expression in the ps20�/� fibroblasts (Fig. 3A). In a
more extensive time course study we observe that following MHV-
1 infection CXCL2 gene expression is downregulated in ps20+/+

fibroblasts (Fig. 3B). Notably, in the absence of ps20, basal levels
of CXCL2 are higher in the ps20�/� fibroblasts and, following
MHV-1 infection, although there is some downregulation in CXCL2
expression, by 24 h levels are elevated again and comparable to
uninfected cells, in stark contrast to the ps20 sufficient fibroblasts
(Fig. 3B). The implications are that ps20 may directly or indirectly
regulate CXCL2 expression.

We next performed a set of in vitro experiments to examine
whether treatment with IFN-a4 would provide protection against
MHV-1 infection in ps20�/� fibroblasts. Specifically, as per our
standard IFN antiviral assay, cells were treated with IFN for 16 h,
then challenged with MHV-1. 16 h post-infection the culture med-
ium was harvested and assayed for viral progeny using the CPE as-
say in L2 cells. Culture medium harvested from ps20�/� fibroblasts
treated with IFN-a4 and then infected with MHV-1 at an MOI of
0.01 for 16 h is less cytopathic in L2 cells compared with medium
from MHV-1 infected and untreated ps20�/� cells (Fig. 3C). These
data suggest that the absence of ps20 does not affect an IFN re-
sponse. As in Fig. 2A, we observe the protective effects of ps20
expression in the ps20+/+ fibroblasts, in the absence of IFN
treatment.
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Fig. 4. ps20�/� mice exhibit increased susceptibility to respiratory MHV-1 infec-
tion. (A) Female ps20+/+ and ps20�/� mice aged 6–8 weeks were infected by
intranasal instillation with 5 � 103 PFU of MHV-1. Mice were sacrificed at the
indicated time points and their lungs harvested for viral titration as described in
Section 2.5. Data are presented as PFU/g of lung tissue for each mouse, with the
mean of each group (n = 5) indicated by the solid black line and are representative
of two independent experiments. Data were analyzed using a Student’s t test. (B)
Female and male ps20+/+ and ps20�/� mice aged 6–8 weeks were infected by
intranasal instillation with 5 � 103 PFU of MHV-1. Mice were sacrificed on days 1
and 2 post-infection and their lungs harvested, RNA extracted and cDNA synthe-
sized. Gene expression levels for IFN-a4, IFN-b, ISG15, CXCL1, and CXCL2 were
determined by qRT–PCR as described in Section 2.8. Data are presented as the copy
number of the target gene relative to 1000 copies of HPRT, plotted as the mean copy
number for each gene ± standard error. IFN-a4, IFN-b, and ISG15 data are
representative of three independent experiments (n = 3–5) and CXCL1, and CXCL2
data are representative of a single experiment (n = 3). Data were analyzed using a
Student’s t test. ⁄P < 0.05.
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3.3. ps20 confers protection from MHV-1 infection in vivo

In subsequent in vivo studies, we compared the susceptibility of
C57Bl/6 ps20+/+ and ps20�/� mice to challenge with MHV-1. ps20+/

+ and ps20�/� mice were infected intranasally with 5 � 103 PFU of
MHV-1, a sub-lethal dose in C57Bl/6 mice, and lung viral titers
were measured in time course studies. Consistent with what we
observed in vitro, ps20�/� mice are more susceptible to MHV-1
infection than ps20+/+ mice (Fig. 4A). Differences in viral burden
in the lungs are evident on days 1 and 2 post-infection (Day 1:
ps20+/+ � 131.5 PFU/g; ps20�/� � 2.14 � 104 PFU/g; Day 2: ps20+/

+ � 1.80 � 103 PFU/g; ps20�/� � 1.06 � 104 PFU/g.). Notably, we
do not observe any weight changes in the mice. By day 4, as mice
begin to clear infection, lung viral titers become indistinguishable
between the ps20+/+and ps20�/� mice. Additionally, we observe
an IFN response to MHV-1 infection in the lungs of infected mice,
with no difference in IFN gene expression levels between ps20+/+

and ps20 �/� mice (Fig. 4B). In the absence of experimental data
that show the effects of different lung viral titers on IFN induction,
we infer that the viral burden in the lungs of both ps20�/� and
ps20+/+ mice is such that IFN induction is comparable. Notably
ps20�/� mice express significantly higher levels of CXCL1 and
CXCL2 mRNA in their lungs in comparison to ps20+/+ mice on day
1 post-infection.

MHV-1 virulence is characterized by the immune response to
the infection (Albuquerque et al., 2006; Khanolkar et al., 2009a,b).
Accordingly, in the next series of experiments we examined the
influence of ps20 expression on the immune cell response in the
lung draining (d) LNs of ps20+/+ and ps20�/� mice at various times
post-intranasal infection with MHV-1. On days 2, 4, 6 and 8 post-
infection we observed no significant differences in the F4/80+, CD3+-

CD4+, CD3+CD8+ or B220+ cell populations between ps20+/+ and
ps20�/� mice (Supplementary Fig. 2). On day 2 post-infection, we
identified an increase in the percentage of GR1+ cells (neutrophils)
in the dLNs of ps20�/� mice compared with ps20+/+ mice (ps20+/

+ � 27.1%; ps20�/� � 47.9) (Fig. 5A). Specifically, the mean absolute
GR1+ cell number in the dLN of ps20�/� mice on day 2 was two
times greater than in ps20+/+ mice (ps20+/+ � 4.06 � 105 GR1+ cells;
ps20�/� � 1.07 � 106 GR1+ cells). By day 4 the GR1+ cell numbers
were indistinguishable between the ps20+/+ and ps20�/� mice
(ps20+/+ � 2.37 � 106 GR1+ cells; ps20�/� � 2.59 � 106 GR1+ cells).

To determine whether this increase in GR1+ neutrophils in the
lung dLNs of ps20�/� mice was reflective of enhanced neutrophil
infiltration into the bronchial alveoli, the BAL was examined for
immune cell infiltrates. An increase in the percentage of GR1+ cells
infiltrating into the lung of ps20�/� mice was observed on day 2
post-infection (ps20+/+ � 27.3%; ps20�/� � 49.7%) (Fig. 5B). Similar
to the dLNs, the mean absolute GR1+ cell number present in the
BAL of ps20�/� mice was likewise two times greater than in
ps20+/+ mice on day 2 (ps20+/+ � 9.70 � 104 GR1+ cells; ps20�/

� � 1.78 � 105 GR1+ cells). We observed no differences in other im-
mune cell populations infiltrating into the lung on either day 1 or
day 2 post-infection (Supplementary Fig. 2).

A/J mice are more susceptible to MHV-1 infection compared to
C57Bl/6 mice (Albuquerque et al., 2006; Khanolkar et al., 2009a).
To assess the role of ps20 in MHV-1 infection of A/J mice, mice were
pre-treated with the anti-ps20 FAb fragmented antibody IG7 at
either 2 or 6 h prior to MHV-1 infection. Treatment with anti-
ps20 IG7 FAb resulted in increased viral titers in the lung tissue
(2 h: PBS � 1.38 � 105 PFU/g; IgG � 8.88 � 104 PFU/g; IG7 � 9.03 �
105 PFU/g. 6 h: PBS 1.45 � 105 PFU/g; IgG � 1.02 � 105 PFU/g;
IG7 � 6.22 � 105 PFU/g) (Fig. 6).

3.4. ps20 does not affect neutrophil elastase activity

Elafin and SLPI inhibit neutrophil elastase activity, mediated by
their WAP domain. (Bouchard et al., 2006; Doumas et al., 2005; Sal-
lenave et al., 1997). Neutrophil elastase activity enables neutro-
phils to permeate the vascular basement membrane and migrate
into sites of inflammation (Wang et al., 2005; Young et al., 2007).
Given that ps20 contains the conserved WAP domain, we under-



(A)

Fig. 5. ps20 affects neutrophil lymph node accumulation accompanying MHV-1 infection. Female ps20+/+ and ps20�/� mice aged 6–8 weeks were infected by intranasal
instillation with 5 � 103 PFU of MHV-1. Mice were sacrificed at the indicated time points and their lungs, dLNs and BAL harvested as described in Section 2.3. Cells were
isolated and stained for lineage specific cell markers. (A) Representative plots of the mean fluorescent intensity of GR1+ (APC-Cy7) cells isolated from the dLN of both ps20+/+

(top left) and ps20�/� (lower left) mice on day 2 post-infection. The histograms represent the mean of the GR1+ population in the dLN at the indicated time points ± standard
error (n = 3 for each group). (B) Representative plots of the mean fluorescent intensity of GR1+ (APC-Cy7) cells isolated from the BAL of a ps20+/+ (top left) or ps20�/� (lower
left) mice on day 2 post-infection. The histogram represents the mean of the GR1+ population in the BAL at the indicated time points (n = 3 for each group). Gates were set
based on isotype-matched antibodies. The data are representative of one (1, and 4–8 days post-infection) or two (2 days post-infection) independent experiments and were
analyzed using a Student’s t test. ⁄P < 0.05.
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took a series of experiments to determine whether ps20 inhibits
neutrophil elastase activity, thereby limiting neutrophil entry into
sites of MHV-1 infection. In dose–response experiments we exam-
ined the ability of recombinant ps20 protein, when incubated with
human neutrophil elastase, to affect the elastase cleavage of the
substrate N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide. Neu-
trophil elastase cleaves the substrate on the carboxyl side of valine
and this cleavage results in the liberation of p-nitroanilide (Hagio
et al., 2001; Simpson et al., 2001). Whereas 10 lg/mL of elafin
effectively inhibited neutrophil elastase activity by greater than
98%, up to 100 lg/mL of ps20 had no effect (Fig. 7A).
3.5. ps20�/� neutrophils are more susceptible to MHV-1 infection

Given the increase in neutrophil infiltrates in the lungs of MHV-
1 infected ps20�/� mice we undertook a series of experiments to
further address their contribution to enhanced infectivity. Neutro-
phils were isolated from the BM of ps20+/+ and ps20�/�mice and
cell surface expression of CEACAM-1, the receptor for MHV-1,
was determined by FACS. The data in Fig. 8A identify cell surface
expression of CEACAM-1 in both ps20+/+ and ps20�/� neutrophils,
at comparable levels. The implications are that MHV-1 will infect
neutrophils. Accordingly, we examined the infectivity of BM de-
rived neutrophils from ps20+/+ and ps20�/� mice and provide evi-
dence that both are susceptible to MHV-1 infection, yet the
absence of ps20 is associated with greater infectivity (Fig. 8B). Neu-
trophils are generally associated with clearance of infectious
pathogens, mediated by their TLR activation and generation of
reactive oxygen species (ROS) and neutrophil extracellular traps
(NETs) (Clark et al., 2007; Gonzalez-Dosal et al., 2011). Notably,
exposure of both ps20+/+ and ps20�/� BM derived neutrophils to
MHV-1 did not result in intracellular ROS generation and neutro-
phils from ps20�/�mice have lower levels of intracellular ROS even
in the absence of infection (Fig. 8C). Immunohistology of lungs
from ps20+/+ and ps20�/� mice infected with MHV-1 did not reveal
NET formation at 48 h post-infection, despite evidence of extensive
neutrophil lung infiltration (Fig. 9).
4. Discussion

At the outset of these studies we established a colony of ps20+/+

and ps20�/�mice, backcrossed to > 98% homogeneity onto a C57Bl/
6 background. Our initial experiments focused on characterizing
the immune compartments of the ps20�/� mice, in the context of
profiling different immune cell populations. We examined the PB,
spleen, LNs, and BM. The neutrophil population circulating in the
PB is increased in the ps20�/� mice compared with ps20+/+ mice.
Examination of other immune cell compartments identified no dif-
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Fig. 6. Antibody targeting of ps20 affects susceptibility to MHV-1 infection. Female
A/J mice aged 6–8 weeks were treated by intranasal instillation with 100 lg of
either a control IgG FAb or the ps20-specific IG7 FAb, at 2 or 6 h before intranasal
infection with MHV-1 (5 � 103 PFU). 24 h post-infection, mice were sacrificed and
their lungs harvested for viral titration as described in Section 2.5. The data are
presented as PFU/g of lung tissue for each mouse, with the mean of each group
(n = 5) indicated by the solid black line and are representative of two independent
experiments. Data were analyzed using a Student’s t test. ⁄P < 0.05; ⁄⁄P < 0.01.
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Fig. 7. ps20 does not inhibit neutrophil elastase activity. Human neutrophil
elastase was incubated with log-fold dilutions of human elafin, or recombinant
human ps20 in individual wells of a 96 well plate, for 30 min. N-methoxysuccinyl-
Ala-Ala-Pro-Val p-nitroanilide was then added for a further 15 min, then absor-
bance measurements recorded at 405 nm. Data are plotted such that the
background absorbance of the negative control (no neutrophil elastase) was
subtracted from the mean absorbance value for each group (n = 4). PBS (no
inhibitor) is considered as the 100% activity level for elastase activity. W indicates
not done. The data are representative of two independent experiments analyzed by
a Student’s t test. ⁄⁄⁄P < 0.001.
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ferences in the abundance of neutrophils. Indeed, the numbers and
proportions of other leukocyte populations, including F4/80+ mac-
rophages, CD3+CD4+ and CD3+CD8+ T cells, B220+ B cells or NK1.1+

NK cells, are indistinguishable between ps20+/+ and ps20�/� mice
for all compartments examined.
Previously published studies describing the role of ps20 in viral
infections have focused on HIV infection, where ps20 has been
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Fig. 8. Neutrophils are susceptible to MHV-1 infection. Neutrophils were harvested
from the BM of ps20+/+ and ps20�/� mice and infected with MHV-1 at MOIs of 0.01
and 0.1 for 24 h, then viral titers determined as described in Section 2.5. (A)
CEACAM-1 expression on ps20+/+ and ps20�/� neutrophils prior to MHV-1 infection.
Data are presented as mean fluorescence intensity (MFI) and are representative of
three independent experiments. (B) Viral titer. Data are presented as PFU/mL for
each group (n = 3) ± standard error and are representative of three independent
experiments. Data were analyzed by using a Student’s t test. ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001.
(C) Neutrophils harvested from the BM of ps20+/+ and ps20�/� mice were incubated
with H2DCFDA for 30 min. prior to infection with MHV-1 at an MOI of 0.01 for the
indicated times. Intracellular ROS was quantitated by FACS analysis. Data are
presented as the MFI ± standard error and are representative of two independent
experiments. Data were analyzed by using a Student’s t test. ⁄P < 0.05; ⁄⁄P < 0.01;
⁄⁄⁄P < 0.001.
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Fig. 9. Evidence of neutrophil infiltrates in MHV-1 infected lungs. Female ps20+/+

(n = 3) and ps20�/� (n = 3) mice aged 6–8 weeks were infected by intranasal
instillation with 5 � 103 PFU of MHV-1. Mice were sacrificed 48 h post-infection
and lungs were harvested for immunohistology: stained with DAPI (blue) and anti-
Ly6G (green) as described in Section 2.10. Images are representative of multiple
lung sections at each time point.
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identified as a HIV dependency factor in in vitro assay systems
(Alvarez et al., 2007; Bingle and Vyakarnam, 2008). An objective
of our studies was to interrogate the effects of ps20 in another
virus infection, namely respiratory MHV-1. In vitro, we provide evi-
dence that ps20�/� fibroblasts are infected to a greater extent than
ps20+/+ fibroblasts and anti-ps20 FAb treatment renders cells more
susceptible to infection. MHV-1 infection of ps20+/+ and ps20�/�

mice confirmed our in vitro findings, providing evidence that the
absence of ps20 expression results in enhanced lung infection.
Moreover, when A/J mice were pre-treated with an anti-ps20 FAb
fragment, IG7, prior to infection with MHV-1, where the IG7 anti-
body targets the C-terminal portion of ps20, we observed enhanced
lung viral infectivity.
A role for ps20 as an antiviral agent against MHV-1 infection is
in agreement with the antiviral properties of elafin and SLPI. SLPI
mediates its antiviral activity against HIV by binding annexin II
and blocking phosphatidylserine binding and entry in macro-
phages (Ma et al., 2004). The antiviral activity of SLPI appears to
be independent of its serine protease activity (McNeely et al.,
1995). Although not shown to be the case in the context of HIV
and elafin, the anti-bacterial and anti-fungal effects of elafin are
also independent of serine protease activity (Baranger et al.,
2008; Ghosh et al., 2009).

In vitro, we provide evidence that MHV-1 infection induces an
IFN response in both ps20+/+ and ps20�/� fibroblasts, albeit to a les-
ser extent in ps20�/� fibroblasts, and that IFN-a4 treatment pro-
tects ps20�/� fibroblasts from MHV-1 infection, suggesting that
IFN-inducible signaling events are unaffected in the absence of
ps20 expression. In vivo, we show that MHV-1 infection likewise
induces an IFN response in lung tissues in both ps20+/+ and
ps20�/� mice. Our data suggest that viral induction of IFN gene
expression is unaffected by ps20, since the direct association of vir-
al load with inducible IFN gene expression is intact.

In vivo, we observe that on day 2 post-infection there is a great-
er influx of neutrophils in the BAL and lung dLNs of ps20�/� com-
pared with ps20+/+ mice. No other differences were observed for
other leukocyte populations, in either the BAL or dLNs. Since neu-
trophils express CEACAM-1 and therefore are potentially suscepti-
ble to infection by MHV-1 (Godfraind et al., 1995), an intriguing
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possibility was that enhanced neutrophil infiltration into the lungs
of the ps20�/� mice results in greater infectivity with MHV-1 asso-
ciated with neutrophil infection. We show that BM derived neutro-
phils from ps20+/+ and ps20�/�mice express cell surface CEACAM-1
to similar levels and are indeed readily infected by MHV-1. We
provide evidence that the ps20 �/� neutrophils are more suscepti-
ble to MHV-1 infection than the ps20+/+ neutrophils. In addition,
we observe that exposure of neutrophils to MHV-1 did not result
in the generation of ROS that are associated with the anti-microbial
activity of neutrophils. Moreover, in contrast to published data that
describe a role for neutrophil extracellular traps (NET) contributing
to acute lung injury in influenza pneumotitis (Narasaraju et al.,
2011), extensive examination of infected lung tissue did not show
NETs (Fig. 9).

The increased number of neutrophils in the circulation of
ps20�/� mice could be the result of a number of factors. Since
neutrophil elastase activity facilitates the migration of neutrophils
into inflamed tissue (Wang et al., 2005; Young et al., 2007), we
speculated that ps20 may inhibit elastase activity, resembling ela-
fin and SLPI, and that this inhibitory activity might decreased
neutrophil migration into the lungs of ps20+/+ mice compared
with ps20�/� mice. However, in vitro examination of ps20 effects
on neutrophil elastase activity revealed no inhibition. Close exam-
ination of the signature amino acid sequence conserved in SLPI
and elafin that is thought to be associated with neutrophil elas-
tase activity, reveals that it is not conserved in ps20 (Bingle and
Vyakarnam, 2008). Accordingly, the difference observed in neu-
trophil migration between ps20+/+ and ps20�/� mice during
MHV-1 infection likely is not a consequence of ps20 effects on
neutrophil elastase activity.

Neutrophil migration is effected by the chemokines CXCL1 and
CXCL2, chemoattractants for neutrophils that express the cognate
receptor, CXCR2 (Bozic et al., 1994). CXCL1 and CXCL2 promote
neutrophil migration and cell adhesion, by invoking the modifica-
tion of several integrins (Seo et al., 2001). Examination of gene
expression levels for these chemokines in the ps20+/+ and
ps20�/� fibroblasts following MHV-1 infection revealed greater
CXCL1 and CXCL2 expression in the ps20�/� fibroblasts. Further-
more, in vivo, we observe elevated gene expression levels of both
CXCL1 and CXCL2 in the lungs of ps20�/� mice in comparison to
ps20+/+ mice on day 1 post-infection with MHV-1. These findings
implicate ps20 as a potential regulatory factor that limits the
expression of neutrophil specific chemotactic factors, CXCL1 and
CXCL2.

Viewed altogether, the data support a role for ps20 as a host fac-
tor that regulates the innate immune response to virus infections.
For HIV, accumulating data suggest that ps20 influences T cell re-
sponses to infection, promoting infection. For MHV-1, our data de-
scribe a role for ps20 in limiting neutrophil accumulation in
affected lungs, thereby providing protection from infection. Given
the profoundly different consequences associated with ps20
expression in HIV and MHV-1 infections, our ongoing studies are
directed towards elaborating the spectrum of activity of ps20 in
the regulation of immune cell activation and trafficking. The intent
is to consider this regulation in the context of specific virus infec-
tions that are regarded as a global health threat, and to develop
strategies that invoke targeting ps20 for therapeutic intervention
where relevant.
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Glossary

BAL: bronchial alveolar lavage
BM: bone marrow
BSA: bovine serum albumin
CEACAM-1: carcinoembryonic antigen-related cell adhesion molecule 1
CPE: cytopathic effect
CXCL1: chemokine (C–X–C motif) ligand 1
CXCL2: chemokine (C–X–C motif) ligand 2
CXCR2: chemokine (C–X–C motif) receptor 2
DAPI: 40-6-Diamidino-2-phenylindole
dLN: draining lymph node
DMEM: Dulbecco’s modified Eagle’s medium
ELISA: enzyme-linked immunosorbent assay
FAb: fragmented antibody
FACS: fluorescence activated cell sorting
FCS: fetal calf serum
FDC: four disulfide core
FSC: forward scatter
HIV: human immunodeficiency virus
HPRT: hypoxanthine phosphoribosyltransferase
IFN: interferon
IFN-a4: interferon alpha-4
IFN-b: interferon beta
ip: intraperitoneal
ISG15: interferon-stimulated gene 15 kDa
LN: lymph node
mAb: monoclonal antibody
MFI: mean fluorescence intensity
MHV-1: mouse hepatitis virus type 1
MOI: multiplicity of infection
NET: neutrophil extracellular trap
PB: peripheral blood
PBMC: peripheral blood mononuclear cell
PFU: plaque forming unit
ROS: reactive oxygen species
SSC: side scatter
SLPI: secretory leukocyte protease inhibitor
WAP: whey acidic protein
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