L] amean | Journal of

SOCIETY FOR

microsioLocy | V| rology®

Overactive Epidermal Growth Factor
Receptor Signaling Leads to Increased
Fibrosis after Severe Acute Respiratory
Syndrome Coronavirus Infection

Thiagarajan Venkataraman, Christopher M. Coleman, Matthew B. Frieman
Department of Microbiology and Immunology, The University of Maryland at Baltimore, Baltimore, Maryland, USA

ABSTRACT Severe acute respiratory syndrome coronavirus (SARS-CoV) is a highly
pathogenic respiratory virus that causes morbidity and mortality in humans. After in-
fection with SARS-CoV, the acute lung injury caused by the virus must be repaired
to regain lung function. A dysregulation in this wound healing process leads to fi-
brosis. Many survivors of SARS-CoV infection develop pulmonary fibrosis (PF), with
higher prevalence in older patients. Using mouse models of SARS-CoV pathogenesis,
we have identified that the wound repair pathway, controlled by the epidermal
growth factor receptor (EGFR), is critical to recovery from SARS-CoV-induced tissue
damage. In mice with constitutively active EGFR [EGFR(DSK5) mice], we find that
SARS-CoV infection causes enhanced lung disease. Importantly, we show that during
infection, the EGFR ligands amphiregulin and heparin-binding EGF-like growth factor
(HB-EGF) are upregulated, and exogenous addition of these ligands during infection
leads to enhanced lung disease and altered wound healing dynamics. Our data
demonstrate a key role of EGFR in the host response to SARS-CoV and how it may
be implicated in lung disease induced by other highly pathogenic respiratory vi-
ruses.

IMPORTANCE PF has many causative triggers, including severe respiratory viruses
such as SARS-CoV. Currently there are no treatments to prevent the onset or limit
the progression of PF, and the molecular pathways underlying the development of
PF are not well understood. In this study, we identified a role for the balanced con-
trol of EGFR signaling as a key factor in progression to PF. These data demonstrate
that therapeutic treatment modulating EGFR activation could protect against PF de-
velopment caused by severe respiratory virus infection.
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evere acute respiratory syndrome coronavirus (SARS-CoV) is a highly pathogenic

respiratory virus that infected over 8,000 people, with a ~10% case fatality rate,
from 2003 to 2004. In the early stages, SARS-CoV infection in the human lung causes
acute lung injury (ALl) leading to diffuse alveolar damage (DAD), hyaline membrane
formation, and interstitial thickening. In the intermediate and later stages of the disease
(2 to 8 weeks after infection), signs of fibrosis begin to emerge in the lungs (1). Survivors
of SARS-CoV infection have no detectable SARS-CoV virus in nasopharyngeal fluid by
~20 days postinfection (2). In follow-up studies of survivors, radiographic abnormalities
in lungs are commonly found, the most notable being a “ground glass” appearance, a
hallmark of pulmonary fibrosis (PF) (3). In a 1-year follow-up study, pulmonary fibrosis
was observed in the lungs of 27.5% of SARS survivors (n = 97) (4). Importantly, a major
comorbidity associated with an increased risk of developing pulmonary fibrosis after
SARS-CoV infection was advanced age (5). It is currently not understood why advanced
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age is associated with an increased progression from lung infection to pulmonary
fibrosis.

The repair of lung tissue after infection or mechanical trauma normally occurs in a
controlled series of events beginning with damage signals sent from infected cells,
which recruit inflammatory cells, which then induce secretion of growth factors, which
activates basement membrane repair and finally leads to the replacement of injured
tissue (6, 7). Under normal circumstances, the wound healing response is downregu-
lated once the injury is repaired. However, when either the infectious burden over-
whelms the system (e.g., with SARS-CoV) or there is persistent damage (e.g., with
hepatitis C virus infection), the wound healing response can become dysregulated,
resulting in scarring and fibrosis (8-10). When fibrosis occurs, it leads to reduced lung
function, resulting in a low quality of life and often death (11).

There are limited treatment options for pulmonary fibrosis. Traditionally, corticoste-
roids are used for the treatment of acute respiratory distress syndrome (ARDS) and
pulmonary fibrosis (PF). However, during a viral infection, these interventions dampen
the immune response and often result in worsened disease (11, 12). Due to this lack of
therapeutic options, there is a critical need to understand the molecular pathways
involved in the development of fibrosis, thus helping to identify novel targets for
therapy.

We have used mouse infections with SARS-CoV as a model system to aid in
identifying pathways that lead to virus-induced fibrosis. We have reported previously
that STAT1~/~ mice on the C57BL/6J background were able to clear SARS-CoV from
their lungs at 9 days postinfection but showed severe fibrotic lesions (13) compared to
those in wild-type (WT) mice. Additionally, this induction of fibrosis by SARS-CoV was
independent of the role of type |, type II, and type Il interferon receptors, indicating a
novel role for STAT1 in fibrosis development (14). In our current study, we demon-
strated that wound healing- and fibrosis-related genes are highly upregulated in
STAT1~/~ mice infected with SARS-CoV. Many studies have identified the epidermal
growth factor receptor (EGFR) pathway as a key pathway controlling the wound healing
response (15, 16) and fibrosis (17-20). Interestingly, STAT1 is activated upon ligand
binding to EGFR and negatively regulates the proliferative effects of EGFR signaling (21,
22). We hypothesized that EGFR signaling was overactive in STAT1~/~ mice, resulting
in a dysregulated wound healing and proliferative response resulting in fibrosis. Mice
containing a constitutively active EGFR were infected with SARS-CoV, which results in
increased lung pathology and an increase in fibrosis gene induction. The key driver of
this pathway in wild-type mice is the ligands that are released from damaged cells to
bind EGFR and activate the wound healing response. There are seven canonical ligands
that bind and activate EGFR: epidermal growth factor (EGF), heparin-binding EGF-like
growth factor (HB-EGF), amphiregulin (AREG), epiregulin (EREG), betacellulin (BTC),
epigen (EGN), and transforming growth factor « (TGF-a). We find that AREG and HB-EGF
are highly upregulated during SARS-CoV infection, and in combination with SARS-CoV
infection they are able to induce severe lung pathology when added exogenously to
mice, demonstrating the role of EGFR activation in controlling lung repair. Taken
together, our results demonstrate that EGFR signaling is a key regulator of SARS-CoV-
induced lung damage and that targeting this response could protect against the
development of pulmonary fibrosis caused by respiratory viruses such as SARS-CoV.

RESULTS

Wound healing and fibrosis genes are upregulated in STAT1~/— mice. We have
previously demonstrated that SARS-CoV infection of STAT1~/~ mice induced severe
lung pathology and fibrotic lesions throughout the lungs (23). We sought to further
evaluate the role of STAT1 in wound healing and fibrosis by infecting 10- to 12-week-
old STAT1~/~ mice with either phosphate-buffered saline (PBS) or 1 X 10> PFU/mouse
of SARS-CoV(MA15) to analyze mRNA transcripts induced during infection. Microarray
and transcriptome analyses were performed on total RNA isolated from mouse lungs at
days 2, 5, and 9 postinfection (23). Analysis of the transcriptome of lungs postinfection
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FIG 1 STAT1~/~ mice show sustained expression of wound healing and fibrosis genes. (A and B)
Transcriptome analysis was performed on RNA extracted from SARS-CoV(MA15)-infected wild-type and
STAT1 mouse lungs at 2 and 9 days postinfection. Expression values were normalized to values from
PBS-infected mice to obtain fold induction. Heat maps of fold induction of wound healing-associated
genes (A) and fibrosis-associated genes (B) were generated. The color gradient on right corresponds
shows the level of induction. (C) Western blot analysis of protein lysates from the livers of wild-type and
B6/STAT1~/~ mice probed with anti-EGFR and anti-B-tubulin antibodies. (D) Western blot analysis of
protein lysate prepared from NIH 3T3(7d) cells constitutively overexpressing EGFR (NIH 3T3-HERT) that
have been transfected with either scrambled siRNA (siScr) or STAT1-targeted siRNAs (siSTAT1) and
probed using anti-EGFR and anti-B-tubulin (as a loading control) antibodies.

identified that a subset of wound healing pathway genes were induced in the lungs of
mice after infection with SARS-CoV(MA15) (Fig. 1A and Table 1). During infection, a
number of genes associated with the wound healing response (e.g., CCL11, CCL3, CXCL1,
IL-6, and IFNa) are upregulated in both WT and STAT1~/~ lungs at day 2 postinfection.
In wild-type mice, the expression levels of most of these genes return to baseline by
day 9 postinfection. However, in SARS-CoV-infected STAT1~/~ mice, most wound
healing-associated genes remain at elevated levels through 9 days postinfection. A
similar trend is observed in STAT1~/~ mice for genes associated with pulmonary
fibrosis (Fig. 1B and Table 2). This suggests that a dysregulation of the wound healing
and fibrosis pathways in these mice may be leading to the enhanced pathology
previously noted.

The EGFR pathway is upregulated in STAT1—/~ mice. Previous studies on repair
of damaged tissue, regulation of wound healing, and development of fibrosis have
identified EGFR signaling as being a key modulator of this response (15-20). Our
transcriptomic pathway analysis identified epidermal growth factor receptor (EGFR)
as being a key regulator of many of the wound healing genes identified after
SARS-CoV infection. We hypothesized that the increased wound healing response in
STAT1~/~ mice may be due to differences in basal EGFR protein levels between
mouse strains. To test this, we performed Western blotting on protein isolated from
the liver tissue of wild-type and STAT1~/~ mice and found that there are signifi-
cantly elevated levels of EGFR in STAT1~/~ mice compared to wild-type mice,
suggesting that the lack of STAT1 may affect basal EGFR protein levels (Fig. 1C).
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TABLE 1 Wound healing gene expression in STAT1~/~ mice®

Relative expression in:

WT mice STAT1—/~ mice
Gene symbol Day 2 Day 9 Day 2 Day 9
Mucl 1.29986 1.04614 —1.51015 —2.55651
Serpinf2 1.01115 —1.63573 —1.38256 —2.18101
Ppara 1.00125 —1.08087 —1.29986 —2.19736
Pdgfd 1.06518 —1.06871 1.1381 —2.70099
Vegfa 1.23618 —1.21831 1.04422 —2.43374
Cer7 1.08586 1.18972 1.16655 1.04476
Irf1 4.04691 1.52281 1.26393 —1.01238
Muc5b 1.3183 1.6797 2.70855 4.56796
Muc5ac 1.35509 1.21457 117111 5.33632
Egr1 1.60686 —1.04595 245153 2.09479
Egr2 1.92212 1.19719 1.93977 3.80375
Mmp9 1.37307 —2.14111 3.74189 11.27213
Gbp2 12.69319 2.0167 1.93066 1.3219
Ccl11 3.92026 1.05249 22.86222 5.56046
Ccl3 7.76705 1.87718 8.31221 20.41055
Socs3 446954 1.50706 7.46821 6.87737
Cer2 2.24554 2.15301 2.75011 3.85156
Ccrs 4.60715 4,08151 472431 8.34201
Tnf 13.19841 2.92891 5.64845 16.35162
Cxcll 10.83663 1.41553 25.88305 78.11474
6 100 1.92978 100 100
Ccl2 94.86786 5.16725 75.92502 98.44142
Ifng 29.23737 9.98188 37.89887 100

9The gene expression values were used to create the heat maps in Fig. 1A.

There is known interplay between EGFR and STAT1, with activated EGFR recruiting
and subsequently activating STAT1 (22). STAT1 in turn suppresses the proliferative
effects of EGFR signaling (21). However, the details of how STAT1 regulates EGFR are
not well understood.

TABLE 2 Fibrosis gene expression in STAT1™/~ mice?

Relative expression in:

WT mice STAT1~/~ mice
Gene symbol Day 2 Day 9 Day 2 Day 9
Ilcam1 1.69378 1.1068 1.47573 —1.00647
Ia 3.10717 1.05043 2.35623 5.0465
Lbp 1.9229 1.53939 2.04328 2.43989
Tnfrsf1b 1.55513 1.53192 1.94174 4.41983
Csf1 2.91465 1.25105 2.24403 4.06079
Nfkb2 1.86125 140111 1.79161 3.39869
Pgf 1.21993 1.11856 1.33818 445127
Igf1 1.36038 1.19207 2.30448 5.70829
Cd14 1.96933 1.13208 5.9869 15.69982
Vcam1 2.59025 1.29817 1.87524 1.98274
I110ra 2.75582 1.74685 1.45605 3.15495
Fni 1.51984 1.64266 1.75948 456116
111b 4.1476 —1.09942 10.4967 12.77579
Mmp13 4.82245 1.46204 3.69105 14.36081
Tnf 13.19841 2.92891 5.64845 16.35162
Ccl5 7.0727 7.4746 1.14224 3.57468
Cer5 460715 4.08151 4.72431 8.34201
Hr2 6.41685 1.37701 21.24623 93.87097
Cxcl3 3.16254 1.08293 39.21717 93.56942
Col3a1 1.22402 1.06237 1.63512 5.99945
Timp1 8.65571 —1.12833 37.49491 89.14169
Ccl2 94.86786 5.16725 75.92502 98.44142
Il6 100 1.92978 100 100
Ifng 29.23737 9.98188 37.89887 100

aThe gene expression values were used to create the heat maps in Fig. 1B.
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FIG 2 EGFR(DSK5) mice express similar levels of RNA but show lower levels of protein in lung fibroblasts
and the liver. (A) RNA from lungs of 10- to 12-week-old wild-type EGFR(DSK5) mice infected with PBS or
SARS-CoV(MAT15) for 2, 5, and 9 days postinfection were analyzed for relative EGFR mRNA by qRT-PCR.
(B) Protein lysates from the livers of 12-week-old wild-type and EGFR(DSK5) mice were analyzed by
Western blotting using anti-EGFR and anti-B-tubulin antibodies. (C) Lung fibroblasts isolated from
12-week-old wild-type and EGFR(DSK5) mice were treated with an 2.5 ng/ml of HB-EGF and AREG each,
and Western blot analysis was performed on protein lysates using anti-EGFR, anti-phopho-ERK1/2, and
anti-total ERK1/2 antibodies. (D) Quantitation of bands from panel C, showing EGFR band intensities
normalized to total ERK1/2 intensity.

In an attempt to further investigate the role of STAT1 in regulating EGFR protein
expression in a simpler system, we obtained NIH 3T3 cells constitutively expressing
EGFR (called NIH 3T3-HER1 cells) (24). We hypothesized that STAT1 protein levels may
regulate EGFR signaling and/or expression. To investigate this, STATT mRNA was
knocked down in NIH 3T3-HER1 cells using small interfering RNA (siRNA), and the
expression of EGFR was compared to that in cells treated with scrambled siRNA by
Western blotting (Fig. 1D). STAT1 knockdown resulted in significantly higher levels of
EGFR protein than in control cells. This result is consistent with higher EGFR protein
levels found in STAT1~/~ mouse liver, suggesting that STAT1 deficiency leads to higher
levels of EGFR protein. The upregulation of EGFR could produce increased but an
uncontrolled wound healing, leading to fibroblast proliferation and fibrosis.

EGFR expression in EGFR(DSK5) mice. To investigate the effects of EGFR overac-
tivation during SARS-CoV infection, we utilized a strain of mice that have a mutated
EGFR gene leading to constitutive activation of EGFR, called EGFR(DSK5) mice (25). The
EGFR encoded by the DSK5 allele carries a point mutation in the kinase domain
resulting in a constitutively active EGFR. We characterized the mRNA levels of Egfr in the
lungs of wild-type and EGFR(DSK5) mice with and without SARS-CoV infection and
found that gene expression of Egfr remained relatively unchanged in both wild-type
and EGFR(DSK5) mice during a SARS-CoV(MA15) infection (Fig. 2A). Once EGFR is
activated, it is internalized and undergoes lysosomal degradation (25-29). This recy-
cling is continuous in EGFR(DSK5) mice, reducing total EGFR(DSK5) cellular protein. In
agreement with previously published work, we also observed decreased levels of
EGFR(DSKS5) in the livers of 10- to 12-week-old EGFR(DSK5) mice (Fig. 2B). We were
unable to detect EGFR in the lungs of any mice due to technical difficulties. To
circumvent this technical issue, we isolated fibroblasts from lungs of wild-type and
EGFR(DSK5) mice and looked for EGFR protein levels by Western blotting in the
presence and absence of EGFR ligands (Fig. 2C and D). Fibroblasts isolated from
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EGFR(DSK5) mice showed lower levels of EGFR than wild-type fibroblasts (Fig. 2C, upper
panel). Adding EGFR ligands (a combination of HB-EGF and AREG) resulted in a further
reduction of EGFR in EGFR(DSK5) fibroblasts, whereas wild-type fibroblasts maintained
their levels. An increase in phospho-ERK1/2 levels was seen after ligand addition,
demonstrating that the EGFR pathway was activated in both wild-type and EGFR(DSK5)
fibroblasts (Fig. 2C, middle and lower panels). These data suggest that there is a novel
positive and negative feedback loop in activation and expression levels of both
proteins.

SARS-CoV infection of EGFR(DSK5) mice leads to enhanced lung damage. The
in vitro analysis with EGFR(DSKS5) fibroblasts suggests that the constitutively active
EGFR(DSKS5) allele could lead to EGFR signaling dysregulation which may alter patho-
genesis of SARS-CoV in these mice compared to wild-type mice. To determine if an
overactive EGFR signaling pathway could lead to increased pathogenesis of SARS-CoV,
we infected 10- to 12-week-old wild-type and EGFR(DSK5) mice intranasally with
SARS-CoV(MAT15) or PBS and monitored them for 9 days. Mice were weighed daily, and
groups were euthanized for analysis at days 2, 5, and 9 postinfection. Mice that received
PBS showed minimal weight loss during the experiment (Fig. 3A). Wild-type 12951 and
EGFR(DSK5) mice infected with SARS-CoV(MA15) lost ~12% of their body weight
through 4 days postinfection and then recovered to their starting weight by 9 days
postinfection (Fig. 3A). Other than weight loss, there were no obvious clinical presen-
tations of disease in either mouse strain. Lungs were harvested at days 2, 5, and 9
postinfection for analysis of virus titer. Wild-type and EGFR(DSK5) mouse lungs had
similar virus titers at days 2 and 5 postinfection, and both showed clearance by day 9
postinfection (Fig. 3B).

Lungs were fixed in 4% paraformaldehyde (PFA) at each time point, sectioned, and
stained with hematoxylin and eosin (H&E) for histopathological analysis. At day 2
postinfection, both wild-type and EGFR(DSK5) mice showed infection of ciliated epi-
thelial cells, noted by denudation of bronchiolar epithelial cells and mild perivascular
cuffing (Fig. 3C). At day 9 postinfection, wild-type mice infected with SARS-CoV(MA15)
resolved the infection with repair of the airway structure and minimal inflammation.
While no significant effect was seen in weight loss or viral titer, the EGFR(DSK5) mice
infected with SARS-CoV(MA15) exhibited severe pathology in their lungs (Fig. 3C, lower
right panel). There was increased perivascular inflammation with interstitial edema, and
the alveolar and interstitial spaces were filled with proteinaceous fluid and inflamma-
tory cells. These data suggest that constitutive activation of EGFR results in more severe
lung pathology, independent of virus titers and clinical signs, during SARS-CoV infec-
tion.

EGFR(DSK5) mouse lungs display cellular overproliferation after SARS-
CoV(MA15) infection. One of the key events in the wound healing process is the
proliferation of fibroblasts followed by the secretion of fresh extracellular matrix (ECM)
components on which new tissue is built (6, 30, 31). This is followed by a contraction
of the fibroblast population by apoptosis and is an important step in effective resolu-
tion of wound healing (32). A failure to initiate the contraction of fibroblasts can result
in fibrosis, and overproliferation of fibroblasts near the airways is often seen during
pulmonary fibrosis (6). Since the activation of EGFR is a key signal for fibroblasts to
proliferate (33-35), we reasoned that the effect of constitutively active EGFR on wound
healing may result in exaggerated proliferation of cells in response to lung damage
after SARS-CoV infection. To determine if an overactive EGFR is driving an exaggerated
proliferative response during infection, we performed immunohistochemical (IHC)
staining for proliferating cell nuclear antigen (PCNA), which is a marker of actively
proliferating cells. Lung sections from wild-type and EGFR(DSK5) mice infected with
SARS-CoV(MA15) or PBS at day 9 postinfection were stained with anti-PCNA antibody
(Fig. 3D). PCNA is localized to the nucleus in proliferating cells and can be seen as darkly
staining nuclei in positive cells. Airways from PBS-inoculated wild-type and EGFR(DSK5)
mice had few if any PCNA-positive cells. At day 9 postinfection with SARS-CoV(MA15),
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FIG 3 SARS-CoV(MA15)-infected EGFR(DSK5) mice show increased lung pathology at day 9 postinfection. (A) Ten-
to 12-week-old wild-type and EGFR(DSK5) mice were intranasally inoculated with either PBS or 105 PFU of
SARS-CoV(MA15) per mouse. Weight loss is expressed as percentage of starting weight, and error bars indicate
standard deviations (n = 3). (B) Viral titer of SARS-CoV(MA15) in the lungs of infected wild-type and EGFR(DSKS5)
mice. (C) H&E-stained section of 4% PFA-fixed lungs from PBS- and SARS-CoV(MA15)-infected wild-type and
EGFR(DSK5) mice at 2 and 9 days postinfection (10X magnification). The experiment was performed with n = 3 per
group, and images are representative of each group. (D) Immunohistochemistry was performed on 5-um-thick
sections of lungs from PBS- and SARS-CoV(MA15)-infected wild-type and EGFR(DSK5) mice with an anti-PCNA
antibody. The chromogenic reaction was performed using a DAB/HRP kit and shows a brown stain for PCNA. (E)
Western blot analysis of lung lysates from PBS- and SARS-CoV(MA15)-infected wild-type and EGFR(DSK5) mice
probed with anti-PCNA and anti-B-tubulin antibodies. A representative blot is shown. (F) Quantitation of PCNA
expression from Western blots (n = 3). Values for PCNA levels were normalized to B-tubulin, and all values are
expressed relative to PCNA levels in PBS-treated wild-type mice.
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wild-type lungs showed only disparate cells positive for PCNA, signifying the resolution
of the wound healing response. In contrast, lungs from SARS-CoV(MA15)-infected
EGFR(DSK5) mice displayed high levels of PCNA-positive nuclei in cells surrounding the
airways, demonstrating that these lungs had sustained cellular proliferation implying
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antibodies. Representative blots are shown. (E) Quantitation of PCNA expression from Western blots, normalized to B-tubulin
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unresolved wound healing activity. We compared the amounts of PCNA in total lung
homogenates of wild-type or EGFR(DSK5) mice inoculated with either PBS or SARS-CoV
during a time course of infection by Western blotting (Fig. 3E and F). At days 2 and 5
postinfection similar amounts of PCNA were observed in both wild-type and
EGFR(DSK5) mice. By day 9 postinfection, the level of PCNA had decreased in the
wild-type mice. However, in EGFR(DSK5) mice, the level of PCNA remained significantly
elevated (P = 0.036), corroborating the IHC staining (Fig. 3E and F).

Increased pathogenesis in aged EGFR(DSK5) mice compared to aged wild-type
mice. Although we observed striking differences in lung pathology between wild-type
and EGFR(DSKS5) mice, we did not see a difference in the clinical outcome. All 10- to
12-week-old wild-type and EGFR(DSK5) mice survived the SARS-CoV(MA15) infection
and followed similar trajectories of recovery. The adverse sequelae associated with
SARS-CoV in human patients were observed primarily in the elderly (1, 36). It has also
been reported that in some rodent models EGFR expression increases with age and
show dysregulated activation (37, 38). We reasoned that older EGFR(DSK5) mice may
show a more marked difference in lung pathology than older wild-type mice. Typically,
aged mouse models are >18 months old; however, these mice are immunoscenescent,
which would confound our results on wound healing and fibrosis. We chose 20- to
24-week-old mice as an aged model such that they have markers of wound healing
dysfunction on a background of immune competence. To determine the effects of
constitutively activated EGFR signaling in the context of age, we infected 20- to
24-week-old wild-type and EGFR(DSK5) mice with 1 X 10% 1 X 104 and 1 X 103
PFU/mouse of SARS-CoV(MA15) by intranasal inoculation and followed pathogenesis
for 9 days. The doses of 1 X 105 and 1 X 10* PFU/mouse were 30% lethal in older
wild-type mice (n = 10) and 80% lethal in older EGFR(DSK5) mice (n = 10) by 5 days
postinfection (Fig. 4A). The dose of 1 X 103 PFU/mouse was not lethal in older wild-type
or EGFR(DSK5) mice, and both groups showed similar weight loss and recovery profiles
over 9 days postinfection (Fig. 4B). Lung sections from both wild-type and EGFR(DSK5)
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mice infected at 1 X 103 PFU/mouse at day 9 postinfection were stained with H&E, and
their pathologies were compared to that of PBS-inoculated mice (Fig. 4C). Histological
analysis found that in PBS-inoculated 20-week-old wild-type or EGFR(DSK5) mice, there
was no damage or inflammation. SARS-CoV-infected older EGFR(DSK5) mice had higher
levels of lung damage than older wild-type mice. We observed increased edema,
perivascular cuffing, interstitial inflammation, and cuffing around airways. PCNA levels
were elevated in EGFR(DSK5) mouse lungs compared to those of the wild type,
indicating actively proliferating cells (Fig. 4D and E).

Overactivation of fibrosis genes in EGFR(DSK5) mice after SARS-CoV infection.
Since we found that EGFR(DSK5) mice infected with SARS-CoV have increased lung
pathology at day 9 postinfection (Fig. 3), we wanted to determine if genes were
similarly upregulated in SARS-CoV infection of STAT1/~ mice and EGFR(DSK5)
mice, with a focus on wound healing- and fibrosis-associated genes. To determine
if wound healing- and fibrosis-associated genes are overactivated in SARS-CoV-
infected EGFR(DSK5) mice, we performed transcriptomic analysis on RNA isolated from
the lungs of wild-type and EGFR(DSK5) mice infected with either PBS or SARS-CoV at
1 X 10> PFU/mouse at days 2 and 9 postinfection. Genes associated with wound
healing and fibrosis are shown in a heat map comparing wild-type and EGFR(DSKS5)
mice after infection (Fig. 5A and B and Tables 3 and 4). We found that at day 2
postinfection in both wild-type and EGFR(DSK5) mice, there was an increase in expres-
sion of genes associated with wound healing, including those seen upregulated in
STAT1~/~ mice (Fig. 1). Interestingly, in comparison to the STAT1~/~ transcriptome
analysis, most wound healing-associated gene transcript levels were not significantly
altered between wild-type and EGFR(DSK5) mice at day 9 (Fig. 5A). Expression of fibrosis
genes also showed a similar trend at day 2 postinfection, where wild-type and
EGFR(DSK5) mice both expressed higher levels of most fibrosis genes (Fig. 5B). At day
9 postinfection, fibrosis gene expression in wild-type mice had returned to baseline,
whereas EGFR(DSK5) mice showed elevated expression of three fibrosis related genes,
Ccl2, Col3al, and Timp]1, in their lungs (Fig. 5B).

To validate the transcriptome data, the expression of Ccl2, Col3al, and Timp1 was
analyzed by quantitative reverse transcriptase PCR (QRT-PCR) analysis of lung samples at
days 2, 5, and 9 postinfection of wild-type and EGFR(DSK5) mice (Fig. 5C). Ccl2 was
upregulated 4.8-fold in wild-type mice and 35.7-fold in EGFR(DSK5) mice. Col3al was
upregulated 1.7-fold in wild-type mice and 3.8-fold in EGFR(DSK5) mice. Timp1 was up-
regulated 2.0-fold in wild-type mice and 18.5-fold in EGFR(DSK5) mice (Fig. 5C). In
STAT1-/~ mice, gRT-PCR analysis showed that Cc/2 was upregulated 9.4-fold, versus
2.6-fold for the wild type, and Timp1 expression levels were upregulated 6.2-fold,
compared to 1.1-fold for wild-type mice (Fig. 5D, top and bottom panels). Col3a7 levels
were elevated in STAT1™/~ mice at day 9 postinfection but not to a statistically
significant level (Fig. 5D, middle panel). The expression levels of Ccl2 and Timp1 in the
lungs of older EGFR(DSK5) mice infected at 1 X 103 PFU/mouse were elevated
compared to those in wild-type mice, but no difference was seen in the expression of
Col3al between wild-type and EGFR(DSK5) mice (Fig. 5E). These data suggest that while
there was no elevation in wound healing genes as a whole in EGFR(DSK5) mice, a
subset of fibrosis genes were overactivated in the EGFR(DSK5) mice after SARS-CoV
infection.

The EGFR ligands amphiregulin and HB-EGF are upregulated during SARS-CoV
infection. Our data support the hypothesis that EGFR is a key regulator of lung disease
after SARS-CoV infection. EGFR is activated after the binding of specific ligands to its
extracellular ligand-binding domain (39). We next hypothesized that there may be a
specific subset of EGFR ligands induced during SARS-CoV(MA15) infection in mice that
are responsible for the activation of EGFR during SARS-CoV infection in mice. Expres-
sion of the seven canonical EGFR ligand genes areg, egf, ereg, tgfa, epgn, hbegf, and btc
were quantified by microarray analysis (Fig. 6A). To validate and quantify the findings
on a separate cohort, we performed quantitative RT-PCR to measure transcript levels in
SARS-CoV(MAT15)-infected lungs of wild-type and EGFR(DSK5) mice. We found no gene
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FIG 5 EGFR(DSK5) mice show upregulation of the fibrosis genes Ccl2, Col3al, and Timpl. (A and B)
Transcriptome analysis was performed on RNA extracted from SARS-CoV(MA15)-infected wild-type and
EGFR(DSK5) mouse lungs at 2 and 9 days postinfection. Expression values were normalized to values
from PBS-infected mice to obtain fold induction. Heat maps of fold induction of wound healing-
associated genes (A) and fibrosis-associated genes (B) were generated. (C to E) RNAs from the lungs of
PBS- and SARS-CoV(MAT15)-infected mice were analyzed by qRT-PCR to estimate Ccl2, Col3al, and Timp1
expression in 10- to 12-week-old WT and EGFR(DSK5) mice (C), 10- to 12-week-old WT and STAT1-/~
mice infected at 10° PFU/mouse (D), and 20- to 24-week-old WT and EGFR(DSK5) mice infected at 103
PFU/mouse (E).

induction of egf, btc, tgfa, ereg, and epgn in SARS-CoV-infected wild-type or EGFR(DSKS5)
mice compared to PBS control-inoculated mice (data not shown). However, two genes,
hbegf and areg, were induced during infection, which corroborates the trends seen in
the microarray data. In wild-type mice, the levels of hbegf and areg peaked by day 2
postinfection, decreasing at day 5 and returning to baseline by day 9 postinfection (Fig.
6B, left panels). Interestingly, the expression pattern for areg and hbegf in wild-type
mice follows that of virus titers (Fig. 3B). In EGFR(DSK5) mice, hbegf levels continued to
rise through 9 days postinfection, but areg decreased at day 5 and returned to levels
that, while higher, did not increase over baseline through day 9 postinfection (Fig. 6B,
right panels). These data suggest that AREG and HB-EGF are expressed during SARS-
CoV infection and may be the ligands responsible for initiating EGFR activation.
Intranasal administration of AREG and HB-EGF to mice during SARS-CoV in-
fection exacerbates disease in wild-type mice. We showed that lung injury caused by
SARS-CoV(MA15) infection activates gene expression of areg and hbegf. This appears to
be a normal part of disease progression where the ligands bind to EGFR and activate
the wound healing process. Our data also show that after a successful resolution of
wound healing, gene expression of areg and hbegf normally returns to basal levels. If
EGFR ligand expression remains persistent, it may lead to fibrosis. This idea is supported
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TABLE 3 Wound healing gene expression in EGFR(DSK5) mice®

Relative expression in:

WT mice EGFR(DSK5) mice

Gene symbol Day 2 Day 9 Day 2 Day 9

Muc1 1.24958472 1.059318398 1.237576321 1.148746031
Serpinf2 1.005275039 1.076343995 1.296937894 0.973959931
Ppara 0.963372045 1.024514844 1.085309629 0.943750413
Pdgfd 0.828721779 0.82046192 0.790101376 0.913608219
Vegfa 0.993267708 0.897096776 1.059201306 0.986298634
Cer7 0.700600751 0.959284087 0.755442443 0.557370151
Irf1 3.217282227 1.287565169 4585635657 1.798946617
Muc5b 2.315258479 1.205862028 2.581860544 2.648811986
Muc5ac 0.979148208 0.947593371 1.06899625 1.252384293
Egr1 1.420986631 0.807842801 1.571599337 0.630374865
Egr2 1.16188651 1.100819603 1.303659654 1.11804732
Mmp9 0.815740435 0.661425844 1.138275813 0.657387816
Gbp2 8.568837904 229627115 10.9306369 3.227642748
Ccl11 1.741165116 1.033461871 1.914661024 0.954395463
Ccl3 7.374959894 2.209217831 8.531527869 2.015877993
Socs3 2.345988438 1.344297965 3.175192396 1.657704406
Cer2 1.898114964 2.56370902 1.972274106 2.335924319
Cer5 2.396554655 2.530801276 3.197457529 2.551879222
Tnf 3.893191375 1.903284029 491475242 2.02484063
Cxcll 2.721699771 1.301744615 3.299285797 1.44789156
6 23.77820489 1.885805582 30.85256895 2.526872922
Ccl2 22.06441303 2.780114177 24.08748908 4.780781876
Ifng 1.312446528 1.17875933 1.763109244 1.316881769

9The gene expression values were used to create the heat maps in Fig. 5A.

by observations in transgenic mouse models where constitutive expression of various
EGFR ligands resulted in fibrosis (40-43). We reasoned that exogenous administration
of EGFR ligands in older wild-type mice could reproduce the exacerbated lung pathol-
ogy seen in the EGFR(DSK5) mice, as they would induce constitutive EGFR activation. To

TABLE 4 Fibrosis gene expression in EGFR(DSK5) mice?

Relative expression in:

WT mice EGFR(DSK5) mice

Gene symbol Day 2 Day 9 Day 2 Day 9

lcam1 1.5488509 1.149609225 1.855424964 1.596337223
iMa 3.288089931 1.360019535 3.733819792 1.268028953
Lbp 2.114673337 1.354119802 2.465446331 1.651924068
Tnfrsf1b 2.141017245 1.571891356 2.567532492 1.604735456
Csf1 2.614548822 1.074479563 3.017590801 1.192906217
Nfkb2 2.23092147 1.477704937 2.553398864 1.689226187
Pgf 1.297801029 0.922719994 1.559461165 1.21046921
Igf1 1.729322597 1.466890553 1.183183704 1.79667449
Cd14 2.273261608 1.63241027 2.797950968 2.300910993
Vcam1 3.872032809 2.275403928 3.813511014 2.692949764
I110ra 2.636166587 1.738759567 3.434222512 1.570842461
Fni 0.965818404 1.042014427 0.876528132 1.518873118
b 2.976961766 1.462845702 3.944742834 1.255383575
Mmp13 1.446779091 0.858945741 1.421877303 1.09470478
Tnf 3.893191375 1.903284029 491475242 2.02484063
Ccl5 5.896558456 4.5596542 7.093102609 4.125477387
Cer5 2.396554655 2.530801276 3.197457529 2.551879222
1r2 4.379792999 0.976313838 6.631179804 1.364979541
Cxcl3 2.090822527 1.715251649 2.235176947 1.41874425
Col3al 2.153502052 1.984695884 1.9827388 3.452700619
Timp1 10.10057928 2.157322024 13.36329825 7.326072203
Ccl2 22.06441303 2.780114177 24.08748908 4.780781876
16 23.77820489 1.885805582 30.85256895 2.526872922
Ifng 1.312446528 1.17875933 1.763109244 1.316881769

aThe gene expression values were used to create the heat maps in Fig. 5B.
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FIG 6 Expression of HB-EGF and AREG is induced during SARS-CoV infection, and their exogenous overexpression
can induce fibrosis. (A) Transcriptomic analysis showing expression values of the seven canonical EGFR ligands. The
ligands HB-EGF and AREG are highlighted with red boxes. (B) RNA was extracted from 10- to 12-week-old wild-type
and EGFR(DSK5) mice inoculated with either PBS or SARS-CoV(MAT15). Levels of HB-EGF and AREG mRNAs were
estimated by qRT-PCR. Expression values were normalized to those for PBS-treated wild-type mice. Error bars
indicate standard deviations (n = 3). (C) Twenty-week-old wild-type mice were intranasally inoculated with PBS or
SARS-CoV(MA15) at 10* PFU/mouse. Mice were injected every day with either PBS or EGFR ligands (AREG plus
HB-EGF at 2.5 ng each/mouse/day) beginning on the day of infection until day 9 postinfection. Mice were
monitored for weight loss every day. (D) H&E-stained section of 4% PFA-fixed lungs from either PBS- or
SARS-CoV(MA15)-inoculated 20-week-old wild-type mice that received either PBS or EGFR ligands at day 9
postinfection (10X magnification). The experiment was performed with n = 5 per group, and images are
representative of each group.

test this, 20-week-old wild-type mice were intraperitoneally (i.p.) administered AREG
and HB-EGF protein at the time of SARS-CoV(MA15) infection and every day until 9 days
postinfection. Mice were monitored daily for survival and weight loss. There were no
differences in weight loss between groups during the 9 days (Fig. 6C). However, in the
ligand-treated mice, we found enhanced perivascular cuffing, edema, and thickening of
the alveolar septa compared to those in the PBS-treated group (Fig. 6D). These data
further support the idea that overactivation of the EGFR results in more severe lung
pathology and limited resolution of SARS-CoV-induced tissue damage.

DISCUSSION

SARS-CoV is a recently emerged viral pathogen that causes severe respiratory
infection, leading to death in ~10% of infected individuals and disproportionately
affecting the elderly (44). Long-term follow-up studies have shown that many survivors
of severe SARS-CoV infection show signs of fibrosis in their lungs (45-47), again
disproportionately affecting older patients. The molecular pathways that are involved
in the development of fibrosis are not well understood, making it challenging to
identify novel targets for therapy. In this study, we used a mouse model of SARS-CoV
infection to show that a dysregulated EGFR pathway is associated with the develop-
ment of PF-like disease.

Infection with SARS-CoV in mice and humans causes severe damage to epithelial
cells lining the airways. This damage is repaired by a complex wound healing process
involving several different cell types. A dysregulation of the wound healing process
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results in fibrosis (30). We previously demonstrated that in STAT1~/~ mice infected with
a mouse-adapted strain of SARS-CoV, called SARS-CoV(MA15), there was increased lung
damage and the induction of fibrotic lesions (13, 14). STAT1~/~ mice are also more
susceptible to fibrosis induction by bleomycin administration (48), making this a
suitable model to study the development of fibrosis. Subsequent analysis of the
transcriptome of lungs from SARS-CoV(MAT15)-infected STAT1~/~ mice identified the
upregulation of genes involved in wound healing. The major node at the head of this
pathway is EGFR, which controls many downstream cascades that lead to cell prolif-
eration, mucus secretion, inflammatory response, and tissue repair. Our data suggest
that EGFR signaling remains active in STAT1~/~ mice after SARS-CoV virus clearance,
ultimately resulting in fibrosis.

To investigate the role of overactive EGFR signaling, we used a strain of mice,
EGFR(DSKS5), that carries a point mutation that renders EGFR constitutively active. These
mice display an easily recognizable skin phenotype due to overproliferation of skin
keratinocytes that express this mutant EGFR (25). The constitutive activation of EGFR in
this mouse strain leads to recycling of EGFR from the plasma membrane in various
tissues, much like what is seen with wild-type EGFR that has been activated by ligand
binding (25, 49). Consequently, they show lower levels of EGFR on the surface of cells
and display consequences of EGFR activation (such as the overproliferation of some cell
types). The lungs of EGFR(DSK5) mice infected with SARS-CoV(MA15) have increased
expression of markers of fibrosis (Timp1, Col3al, and CCL2) and show a sustained
proliferative response in fibroblasts surrounding the airways even after clearance of
virus from the lungs (Fig. 3), suggesting that overactive EGFR signaling contributes to
fibrosis.

Advanced age is a major comorbidity in pulmonary fibrosis caused by SARS-CoV or
by other respiratory viruses (50) and in idiopathic pulmonary fibrosis (IPF), where the
trigger for the disease is unknown (51). This is usually attributed to the lack of a robust
immune response in the elderly (52). However, the molecular pathways driving the
development of fibrosis in an older population are not well understood due to the lack
of a suitable animal model. In our study, 10- to 12-week-old EGFR(DSK5) mice displayed
increased lung pathology without any increase in mortality or morbidity. In stark
contrast, older mice showed increased mortality and lung pathology compared to
younger mice (Fig. 4), making it a suitable model to study how SARS-CoV induces
fibrosis in the elderly. We also showed that administration of the EGFR ligands HB-EGF
and AREG to older wild-type mice can increase lung pathology (Fig. 6). Taken together,
our data show that EGFR signaling is a key regulator of SARS-CoV-induced lung damage
leading to fibrosis.

Current therapeutics such as tyrosine kinase inhibitors (Erlotinib, Gefitinib, etc.) and
TGF-B inhibitors have potential for the treatment of fibrosis. However, the total
inhibition of EGFR signaling can also be detrimental to lung health (53, 54). Non-small-
cell lung cancer (NSCLC) patients treated with Erlotinib and Gefitinib carried an
increased risk of developing interstitial lung disease (ILD) with PF. However, animal
models of fibrosis paint a mixed picture. Mouse models of fibrosis using bleomycin
have shown that tyrosine kinase inhibitors can prevent the development of lung
fibrosis (55). Conversely, transgenic mice constitutively overexpressing some of the
EGFR ligands tend to spontaneously develop fibrosis (56, 57), and the deficiency of
some EGFR ligands is beneficial in reducing PF in a bleomycin model (58). Taken
together, these studies indicate that activation of EGFR contributes to fibrosis and that
inhibition of EGFR signaling can protect against fibrosis. Studies on influenza A virus
show that amphiregulin protects against virus-induced lung pathology in female mice,
further complicating the picture (59). Other studies have also shown that tyrosine
kinase inhibitors exacerbate PF (60) and that conditional loss of the EGFR ligand HB-EGF
contributes to liver fibrosis (61), demonstrating the complex nature of EGFR signaling
pathway integration.

The wound healing process involves a series of well coordinated events, and EGFR
signaling is one of the key regulators of this process (62). Our data show that EGFR
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ligands are expressed at the onset of wound healing (day 2 postinfection) and return
to baseline after the resolution of injury (day 9 postinfection) (Fig. 6B). This coincides
with the expression of wound healing genes at day 2 and downregulation of these
genes by day 9 (Fig. 1A and 5A). Dysregulation in either the initial activation or the
eventual downregulation of this pathway would disrupt the wound healing process,
resulting in fibrosis. Thus, an appropriate timing for therapeutic intervention needs to
determined. Our work suggests that future development and testing of therapeutics for
fibrosis should focus on preserving the kinetics of the wound healing response.

MATERIALS AND METHODS

Ethics statement. This study was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals (63). All mice in this study were treated following
Institutional Animal Care and Use Committee (IACUC) guidelines, and procedures were approved by the
University of Maryland School of Medicine IACUC.

Viruses, cells, and antibodies. The construction of SARS-CoV(MA15) has been previously described
(64). SARS-CoV(MA15) stocks were prepared, their titers were determined, and they were stored at
—80°C. Vero E6 cells (catalog no. CRL-1586; ATCC, Manassas, VA) were grown in minimal essential
medium (MEM) (catalog no. 10-010-CV; Corning/CellGro, Manassas, VA) supplemented with 10% fetal
bovine serum (FBS) (catalog no. F4135; Sigma, St. Louis, MO), 2 mM L-glutamine (catalog no. 25030081;
ThermoFisher, NY), and 1% penicillin-streptomycin (Gemini Bioproducts, West Sacramento, CA). NIH
3T3(7d)-HER1 stable cells were a gift from Anne Hamburger (Department of Pathology, University of
Maryland, Baltimore) and were grown in Dulbecco’s modified Eagle’s medium (DMEM) (catalog no.
11965118; ThermoFisher, NY) supplemented with 10% heat-inactivated fetal bovine serum and 500
ng/ml Geneticin (catalog no. 10131-035; ThermoFisher, NY) at 37°C in a 5% CO, incubator. Construction
of NIH 3T3(7d)-HER1 cells has been described by Cohen et al. (24). Antibodies used were against EGFR
(clone D3881 [catalog no. 4267]; Cell Signaling Technologies [CSTI), P-ERK1/2 (catalog no. 9101; CST),
ERK1/2 (catalog no. 9102; CST), B-tubulin (catalog no. T5201; Sigma, St. Louis, MO), and proliferating cell
nuclear antigen (PCNA) (clone PC10 [catalog no. 2586]; CST).

siRNA knockdown of genes. NIH 3T3(7d)-HER1 cells were seeded at a density of 75,000 cells per well
of a 12-well plate and allowed to adhere overnight. siRNA for STAT1 (catalog no. L-058881-00-0005;
Dharmacon/GE Healthcare) or a nontargeting control (catalog no. D-001810-10-50) were transfected
using the Lipofectamine RNAIMAX transfection reagent (catalog no. 13778150; ThermoFisher, NY)
according to the manufacturer’s instructions. At 48 h posttransfection, cells were harvested for gel
electrophoresis by lysing the cells directly in 1X Laemmli sample buffer or for RNA extraction in TRIzol
(catalog no. 15596026; ThermoFisher, NY).

Mouse breeding. 12951/SvimJ (WT mice) and C57/BI6 mice were purchased from Jackson Labora-
tories (Bar Harbor, ME). STAT1~/~ mice were a gift from David Levy (New York University [NYU]), and
EGFR(DSK5) mice (25) were a gift from David Threadgill (Texas A&M University). Mice were bred and
housed in the animal facilities at the University of Maryland, Baltimore, MD (UMB). Since the EGFR(DSKS5)
mutation is a dominant mutation, EGFR(DSK5) heterozygotic males were bred with wild-type 12951
females.

In vivo mouse infections. All SARS-CoV infections of mice were performed in an animal biosafety
level 3 (ABSL3) facility at the University of Maryland, Baltimore, MD, using appropriate practices as
described previously (13). Mice were euthanized at various time points, and lung tissue was harvested for
further analysis.

i.p. administration of EGFR ligands. Recombinant soluble HB-EGF (catalog no. 259-HE/CF; R&D
Systems) and amphiregulin (catalog no. 989-AR/CF; R&D Systems) were reconstituted in sterile 1X
phosphate-buffered saline at a concentration of 200 wg/ml, aliquoted, and stored at —20°C until use.
Each ligand (12.5 ul) was further diluted in 25 ul of sterile PBS for each mouse to obtain a combined
concentration of 5 ug ligand per mouse. Mice were injected intraperitoneally (i.p.) on day 0 with the
ligand and concurrently infected intranasally with PBS or SARS-CoV(MA15) at 10° PFU/mouse. Ligands
were administered i.p. every day for the next 9 days. Mice were weighed every day and monitored for
clinical symptoms.

Viral titers. Fifty percent tissue culture infectious dose (TCID,,) values from SARS-CoV(MA15)-
infected lungs were calculated by infecting multiple replicates of Vero E6 cells plated on 96-well plates.
Serial dilutions (1:5) were performed for the virus-containing lung lysates in Vero E6 culture medium
(complete MEM) such that at least the last two dilutions had no detectable virus in any of the replicates.
The infection proceeded for 3 days before cells were fixed with 4% PFA and stained with 0.05% crystal
violet in 20% methanol. The TCID,, was calculated using the formula log,, TCID,, = Xp + (0.5 X D) —
(D X Sp), where Xp is the last sample where all sample replicates are positive, D is the serial dilution log,
and Sp is the sum of the proportion of replicates at all dilutions where positive values are seen (starting
with the Xp dilution).

Histological analysis. The largest lung lobes were fixed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) for a minimum of 24 h, after which they were sent to the Histology Core
at the University of Maryland, Baltimore, for paraffin embedding and sectioning. Sections were prepared
at five-micrometer thickness and stained using hematoxylin and eosin (H&E) by the Histology Core
Services (University of Maryland). Slides were imaged using a Carl Zeiss Axioskop 2 microscope equipped
with the accompanying Axioset software program.
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Immunohistochemistry. Five-micrometer sections of mouse lungs affixed on slides were provided
by the Histology Core at the University of Maryland, Baltimore. The slides were deparaffinized using two
changes of xylene for 5 min per wash. A series of ethanol washes with progressively increasing amounts
of water was used to rehydrate the sections. Antigen retrieval was performed by boiling slides in sodium
citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for 5 min and incubating for 15 min,
followed by washes in double-distilled water (ddH,0). Endogenous peroxide was blocked in 0.3%
(vol/vol) H,0, in methanol for 30 min, followed by washes in ddH,O. Sections were blocked using 5%
bovine serum albumin (BSA) in PBS. Primary antibody was diluted in PBS-1% BSA-0.05% NP-40-2%
normal goat serum. Anti-PCNA antibody was used at a 1:1,000 dilution and probed overnight at 4°C.
Slides were washed again and probed with a horseradish peroxidase-conjugated anti-mouse secondary
antibody for 2 h. The color reaction was performed using the diaminobenzidine (DAB) kit (Vector
Laboratories, Burlingame, CA) as per the manufacturer’s instructions.

Isolation of mouse lung fibroblasts. Mouse lung fibroblasts were isolated by the procedure
described by Seluanov et al. (65), with some modifications. In brief, mouse lungs were dissected and
rinsed in PBS to remove as much blood as possible. Lungs were processed using a lung dissociation kit
(catalog no. 130-095-927; Miltenyi Biotech, San Diego, CA) as per the manufacturer’s instructions. After
the second disruption step using the GentleMACS dissociator, all the cells along with any unprocessed
chunks of lung tissue were washed once in sterile PBS. After this wash, cells were resuspended in
DMEM-F12 (50/50) medium with 15% FBS and 1X antibiotic/antimycotic and plated on a T175 flask. The
flask was monitored daily to look for fibroblasts adhering to the surface. After 3 to 4 days, the medium
with unadhered cells was spun down and cells resuspended in fresh medium and transferred to a new
flask to obtain more fibroblasts. Any adhered fibroblasts in the first flask were allowed to grow for around
10 to 14 days and pooled with fibroblasts obtained from the second flask. When the cells attain
confluence, they can be frozen down in freezing medium (DMEM-F12 medium with 50% FBS, antibiotics,
and 10% dimethyl sulfoxide [DMSO]) for long-term storage in liquid nitrogen.

cDNA synthesis and real-time PCR. RNA was quantitated when possible, and about 100 to 500 ng
of RNA was used per reaction. If RNA extraction was performed under BSL3 conditions, quantitation was
not possible and 5 ul of RNA was used per cDNA synthesis reaction. cDNA synthesis was performed using
the RevertAid kit (ThermoFisher, NY). The manufacturer’s instructions were followed, with a total reaction
volume of 20 ul per sample. After cDNA synthesis, the volume of the reaction mixture was brought up
to a 100 ul with ultrapure water, and the mixture was further diluted 10-fold for PCR using TagMan gene
expression assay primers (ABlI/ThermoFisher, NY). 18S rRNA levels were used to normalize RNA levels for
real-time PCR.

Microarray analysis. RNA extraction and cDNA synthesis were performed under BSL3 conditions.
RNA was extracted by the TRIzol method with an RNeasy minikit (catalog no. 74104; Qiagen). First-strand
cDNA synthesis was performed using the WT expression kit (catalog no. 4411974; Ambion/Thermo-
Fisher). For RNA extraction and cDNA synthesis, the instructions included with the kit were followed
without modification. Array hybridization and data acquisition were performed at the microarray core
facility at the University of Maryland, Baltimore, on the GeneChip mouse gene 2.0 ST Array. Analysis of
the Affymetrix mouse gene 2.0 ST microarrays was performed using Microsoft Excel and R (66). Data were
loaded and normalized via the robust multiarray average (RMA) method (67, 68) using the Affy software
package (69). Data sets from three replicates per condition were generated from EGFR(DSK5) lungs: PBS-
and SARS-CoV(MA15)-infected mice at 2 days and 9 days postinfection and corresponding littermate WT
controls. Heat maps of selected gene lists were made with GraphPad Prism software (GraphPad Software,
Inc., La Jolla, CA). The heat maps in Fig. 1 were from reanalyzed data from wild-type and STAT1~/~ mice
whose initial data sets were published by Zornetzer et al. (23). Briefly, for the Zornetzer data set, genes
were selected based on textbook analysis of variance (ANOVA) of microarray intensity scores, with a
significance criterion of a P value of <0.05. In each group (n = 3), comparisons were made between WT
and STAT1~/~ mice. These gene lists were reduced by requiring a change of at least 1.5-fold between
the group averages. Data from the data set of Zornetzer et al. were reanalyzed for the genes
displayed in Fig. 1.

Western blots. Protein samples were prepared in 1X lysis buffer (50 mM Tris-HCI [pH 7.4], 1% Triton
X-100, 150 mM NacCl, 2 mM EDTA, 1% NP-40) containing protease and phosphatase inhibitors. For lung
lysates from SARS-CoV(MA15)-infected mice, after mixing with the above lysis buffer, a secondary lysis
was performed using an SDS-containing lysis buffer (final concentrations, 20 mM Tris-HCI [pH 7.6], 150
mM NaCl, 1% NP-40, 0.5% SDS, and 5 mM EDTA). Protein amounts were estimated by using the Bradford
assay (catalog no. B6916; Sigma, St. Louis, MO) to normalize amounts before loading. Samples were
resolved by SDS-PAGE on 4 to 20% gradient TGX gels (catalog no. 456-1093 or 456-1096; Bio-Rad,
Hercules, CA) and transferred to polyvinylidene fluoride (PVDF) membranes (catalog no. IPFL00010; EMD
Millipore, Billerica, MA) by the wet transfer method (XCell SureLock minicell transfer system; Bio-Rad/
ThermoFisher, NY). Transferred membranes were blocked in 5% milk and probed with primary and
horseradish peroxidase (HRP)-conjugated secondary antibodies as per the manufacturer’'s recommen-
dations. Blots were developed using ECL Prime Western blotting reagent (catalog no. GERPN 2232;
Sigma, St. Louis, MO) as per the manufacturer’s instructions. Image acquisition was performed using a
ChemiDoc (Bio-Rad, Hercules, CA). Image analysis and quantitation were performed using the ImagelLab
software (Bio-Rad, Hercules, CA). Densitometry values were obtained from bands of images that were not
overexposed using volume tools. Background was adjusted for each band locally. Values were normal-
ized against those for a housekeeping protein (B-tubulin), and relative expression values were calculated
using one control condition (PBS treated or untreated) as a reference point.
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