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Rationale: ldiopathic pulmonary fibrosis is a progressive disease
with high mortality. Although most patients have a slow, progres-
sive course, some patients will have an acute deterioration in func-
tion or acute exacerbation, which carries a poor prognosis. In some
cases, acute deterioration is associated with infection. Herpesviruses
have been associated with this disease. Fibrocytes have also been
shown to be important in the pathogenesis of pulmonary fibrosis.
Objectives: To develop a murine model for infectious exacerbation of
preexisting fibrosis, and provide mechanistic insight into the role of
herpesviruses in fibrotic disease.

Methods: We used a model of fluorescein isothiocyanate-induced
pulmonary fibrosis in mice. Infection with a murine gammaherpes-
virus was given at time of established lung fibrosis. Measurements
were made at the time of peak lytic viral replication.

Measurements and Main Results: We demonstrate that infection with
gammaherpesvirus can exacerbate established fluorescein isothio-
cyanate-inducedfibrosis evidenced by increased total lung collagen,
histologic changes of acute lung injury, and diminished lung func-
tion. Gammaherpesvirus can exacerbate preexisting fibrosisina Th1
cytokine environment and in the absence of Th2 cytokines. Gamma-
herpesvirus increases fibrocyte recruitment to the lung in wild-type,
but not CCR27/~ mice, in part because viral infection up-regulates
production of CCL2 and CCL12, chemokines important for fibrocyte
recruitment. In contrast, mouse adenovirus infection did not exac-
erbate collagen deposition.

Conclusions: These data provide a new model for gammaherpesvirus
exacerbation of established pulmonary fibrosis. The up-regulation of
chemokines during viral infection and subsequent recruitment of
fibrocytes to the lung likely contribute to augmentation of pulmo-
nary fibrosis.

Keywords: chemokine; fibrocyte; Th1/Th2 cytokines; interstitial lung
disease

Idiopathic pulmonary fibrosis (IPF) is a progressive, fibrotic lung
disease with 3- and 5-year median survival rates of less than 40%
(1). Causes of IPF may relate to epithelial cell injury, abnormal
fibroproliferation, inflammation, and deposition of extracellular
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Herpesviruses have been associated with idiopathic pul-
monary fibrosis and exacerbations of fibrosis are associated
with high morbidity and mortality.

What This Study Adds to the Field

This study describes a new animal model for herpesvirus-
induced exacerbation of established lung fibrosis and
provides a mechanistic description for pathogenesis that
includes fibrocyte recruitment.

matrix components (2, 3). Standard therapies have shown little
benefit and most patients progress to respiratory failure.

Many patients with IPF have a slow progressive disease course
over months to years postdiagnosis (4). However, some patients
experience acute deterioration in pulmonary function (4-8)
without clear cause. This is referred to as acute exacerbation of
IPF. Histology shows diffuse alveolar damage or organizing
pneumonia plus usual interstitial pneumonitis (5-8). Nine differ-
ent studies have reported mortality rates of 78% or greater
(reviewed in Reference 8). High-dose corticosteroids and immu-
nosuppression have shown no treatment efficacy. Infections also
cause rapid deterioration in patients with IPF associated with
high mortality (9-11). In the placebo arm of a recent study, 32
patients succumbed to IPF-related death; 47% were defined as
acute deterioration and 27% of acute deaths were related to
infection (4). Mechanisms whereby infections promote fibro-
genesis are unknown. No animal models exist for acute or in-
fectious exacerbation of established pulmonary fibrosis.

Recent studies have highlighted the importance of extrap-
ulmonary derived fibroblasts in the development of pulmonary
fibrosis (12-14). Fibrocytes are circulating leukocytes that
express collagen 1, CD45, CD34, CD11b, and major histocom-
patibility class IT (15). In culture, fibrocytes have spindle morphol-
ogy and transforming growth factor-g1 can induce a-smooth
muscle actin (14, 16, 17). Fibrocytes are important in dermal
wound healing and asthma remodeling (16, 17). Bone marrow—
derived collagen-producing cells have been demonstrated in
lungs post-bleomycin (18), and adoptive transfer of fibrocytes
augments fluorescein isothiocyanate (FITC)-induced pulmo-
nary fibrosis (13). CCL12, a murine chemokine with homology
to human CCL2, is the ligand primarily responsible for CCR2-
mediated recruitment of fibrocytes and enhancement of FITC
fibrosis in mice (13).

Herpesvirus infections have been associated with IPF. In-
creased incidence of Epstein-Barr virus (EBV), cytomegalovi-
rus, and human herpesviruses (HHV)-7 and -8 are found in
lungs of patients with IPF (19-22). It is possible that some IPF
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acute exacerbations may in reality be attributable to occult or
subclinical viral infection. Murine gammaherpesvirus-68 (yYHV68)
is a murine homolog of human EBV and HHV-8 (23). It pro-
duces mononucleosis-like syndrome in mice and establishes
latency in B lymphocytes (24). Lung epithelial cells can harbor
latent yHV68 (25). Infection with YHV68 1 week before bleomycin
administration increases fibrosis scores and inflammation com-
pared with virus or bleomycin alone (26). Th2-biased mice de-
velop lung, spleen, and lymph node fibrosis post-yHV68 (27,
28). These data support the hypothesis that viral infections can
augment fibrotic responses. Thus, we sought to establish an ani-
mal model to further investigate the pathogenesis of virus-
induced exacerbations of established fibrosis. Some of these
results have previously been reported in abstract form (29).

METHODS
Mice

C57Bl/6 and BALB/c mice were purchased from Jackson Laboratories
(Bar Harbor, ME). Male and female mice were used between the ages
of 6 and 8 weeks. IL-4/137/~ (30) and IL-13~/~ mice (31) on BALB/c
background were the gift of Andrew McKenzie (Medical Research
Council, Cambridge, UK). These mice and CCR2™/~ mice (12) were
bred at the University of Michigan. Animal protocols were approved
by the University Committee on the Use and Care of Animals.

FITC Model of Pulmonary Fibrosis

Intratracheal FITC inoculation (50 wl of a 28-mg/ml solution in saline)
was performed as described (32).

Viral Infection

Mice were anesthetized with ketamine and xylazine. YHV68 (5 X 10*
plaque forming units [pfu]; American Type Culture Collection, Man-
assas, VA) or 1 X 10° pfu mouse adenovirus (MAV-1; a kind gift from
Dr. Kathy Spindler, University of Michigan) (33) was suspended in
20 pl saline and delivered intranasally to each mouse. Mock infections
were 20 pl of saline. YHV68 was inactivated by exposure to ultraviolet
(UV) light using a UV cross-linker set on 120,000 microjoules for four
consecutive cycles as previously described (34).

Lung Collagen Measurements

Total lung collagen measurements were made as previously described
(13) using the Sircol collagen dye binding assay (Accurate Chemical &
Scientific Corp., Westbury, NY) or via hydroxyproline assay (32).

Lung Function Measurements

Lung function was measured as previously described (35) and as
detailed in the online supplement.

Histology

Frozen or paraffin-embedded sections of lung were stained with either
hematoxylin and eosin or Masson’s trichrome stain. In some cases,
yYHV68 infection was detected using a rabbit polyclonal anti-yHV68

serum (36) kindly donated by Dr. Skip Virgin (Washington University
School of Medicine, St. Louis, MO) and CCL2 was detected using
a goat anti-murine CCL2 IgG (no. AB-479-na; R&D Systems, Minne-
apolis, MN). Primary antibodies were detected using appropriate
secondary reagents and were visualized by peroxidase, alkaline phos-
phatase, phycoerythrin, or Cy3.

Virus Plaque Assay

Lytic viral plaques in lung homogenates were determined as described
in the online supplement.

Real-Time Reverse Transcriptase-Polymerase Chain Reaction

Real-time reverse transcriptase—polymerase chain reaction (RT-PCR)
was performed on an ABI Prism 7000 thermocycler (Applied Biosys-
tems, Foster City, CA) using a previously described protocol (37).
Gene-specific primers and probes (Table 1) were designed using
Primer Express software (Applied Biosystems).

ELISA

Cytokine levels were measured in lung homogenates using the Duoset
ELISA Development System kits for mouse IFN-y, tumor necrosis
factor (TNF)-a, and IL-13 from R&D Systems.

Flow Cytometry

Cells obtained by collagenase digestion (38) were stained for CD45 and
intracellular collagen 1 as previously described (13). Cells were ana-
lyzed on a flow cytometer (FACScan; BD Biosciences, Mountain View,
CA).

Statistical Analyses

All calculations were performed using Prism 3.0 software (GraphPad
Software, San Diego, CA). Values expressed are means * SEM.
Student ¢ tests or Mann-Whitney U tests were used for comparisons
of two groups; analysis of variance was used for comparisons of three
or more groups. A P value of less than 0.05 was considered significant.

RESULTS

yHV68 Infection Exacerbates FITC-induced Fibrosis

Mice were given intratracheal saline, YHV68, or FITC at Day 0.
At Day 14, a time of established FITC-induced fibrosis (32),
the FITC-treated mice were then given 5 X 10* pfu YHV68
intranasally or were mock infected. Lungs were harvested on
Day 21 and lung collagen content was measured using the Sircol
assay. Subsequent yHV6S8 infection resulted in significantly
more collagen deposition in the lungs than did FITC treatment
followed by mock infection (100.2 * 1.6 vs. 142.1 = 8.7 pg/ml,
P < 0.001; Figure 1). It should be noted that yHV68 infection
alone did not increase lung collagen content above saline con-
trol levels. Thus, acute YHV68 infection alone does not induce
fibrosis in wild-type mice, but yYHV68 infection exacerbates the
FITC-induced fibrotic response in the lungs.

TABLE 1. PRIMERS AND PROBES FOR REAL-TIME POLYMERASE CHAIN REACTION ANALYSIS

B-Actin forward primer CTGCCTGACGGCCAAGTC

B-Actin reverse primer

B-Actin probe AACGAGCGGTTCCGATGCCCTG
gB (ORF8) forward primer CGCTCATTACGGCCCAAA
gB (ORF8) reverse primer ACCACGCCCTGGACAACTC

gB (ORF8) probe

DNA polymerase (ORF9) forward primer
DNA polymerase (ORF9) reverse primer
DNA polymerase (ORF9) probe

CCL12 forward primer

CCL12 reverse primer

CCL12 probe

ACAGCAGCTGGCCATAAAGG
TCCTGCCCTGGAAAGTGATG

TGGCTGGACCAGATGCG

CAAGAAGGAAGGCTGGAAAAGAG

TTGCCTATGACAAGCTGACCACCA

CCTCTGGAATGTTGCCTTGCCTCCA

GACGTGAATCTTCTGCTTAACAACA
TGAGCACCCCAGTCACGTGCTGTTA

IFN-y forward primer CTGCGGCCTAGCTCTGAGA

IFN-y reverse primer CAGCCAGAAACAGCCATGAG

IFN-y probe CACACTGCATCTTGGCTTTGCAGCTC
TNF-a forward primer CAGCCGATGGGTTGTACCTT

TGTGGGTGAGGAGCACGTAGT
TCCCAGGTTCTCTTCAAGGGACAAGGC
AGCAACATCACACAAGACCAGACT
GGCCAGGTCCACACTCCAT
CCCTGTGCAACGGCAGCATGG

TNF-a reverse primer
TNF-a probe

IL-13 forward primer
IL-13 reverse primer

IL-13 probe
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Figure 1. Murine gammaherpesvirus-68 (yHV68) infection augments
fluorescein isothiocyanate (FITC)-induced pulmonary fibrosis. Wild-
type mice were given FITC or saline or yHV68 intratracheally on
Day 0. On Day 14, FITC-treated mice received yHV68 or mock infection
intranasally. Lungs were harvested for collagen determination on
Day 21. Data represent n = 10-12 mice per group collected in two
independent experiments.

We looked at lung histology to confirm the results of our
biochemical measurements of collagen content. Using the same
protocol as above, lungs were harvested on Day 21, and inflated,
fixed, and embedded in paraffin. Sections were then stained
with hematoxylin and eosin or Masson’s trichrome. Represen-
tative sections shown in Figure 2 (fop panels) demonstrate that
there is increased inflammation and collagen deposition in mice
given YHV68S infection after FITC as opposed to mock-infected
controls. Higher power views of the histology seen with FITC +
YHV68 are shown in the bottom panel of Figure 2. There is
evidence of interstitial edema, intraalveolar hemorrhage, alve-
olar epithelial denudation, and sloughing off of injured/dead
epithelial cells. At the higher power, the mononuclear infiltrate
is also evident. These histologic findings are consistent with evi-
dence of diffuse alveolar damage and are similar to findings
noted in cases of acute exacerbation in human IPF. However,
FITC alone is also capable of producing similar pathologic pat-
terns. As such, whereas these changes are consistent with dif-
fuse alveolar damage and acute lung injury, they likely represent
quantitative changes in response to the viral infection rather
than qualitative changes.

Exacerbation of FITC-induced Fibrosis by yHV68 Is Associated
with Impaired Lung Function

We next wanted to determine whether the increased deposition
of collagen noted in FITC + yHV68-treated mice would trans-
late to impaired lung function. Mice were treated with saline or
FITC on Day 0. On Day 14, FITC-treated mice received 5 X 104
pfu yYHV68 intranasally or were mock infected. On Day 21, total
lung capacity, vital capacity, and lung compliance were mea-
sured. Figure 3 demonstrates that yYHV68 infection results in
significant impairments in total lung capacity (Figure 3A), vital
capacity (Figure 3B), and lung compliance (Figure 3C) when
compared with FITC-treated mice given mock infection. Thus,
vYHV68 exacerbation of FITC-induced fibrosis is associated with
impaired lung function. Despite these changes, however, survival
of the mice was not affected through Day 28.

Increased Fibrosis Is Associated with Increased Lytic Viral
Replication and Increased Viral Load

Our time point for harvest on Day 7 post—=yHV68 infection was
chosen because our initial experiments revealed that peak viral
replication in unmanipulated mice occurs on Day 7 postinfection

Figure 2. Histologic analysis confirms that murine gammaherpesvirus-
68 (yHV68) infection leads to increased fibrotic response to fluorescein
isothiocyanate (FITC). Top panels: Wild-type (WT) mice were given FITC
intratracheally on Day 0. On Day 14, FITC-treated mice received yHV68
(lower panels) or mock infection (upper panels) intranasally. On Day 21,
lungs were harvested for processing. Paraffin-embedded sections of
lung were stained with hemotoxylin and eosin (left panels, X100
original magnification) and Masson'’s trichrome (right panels, X200
original magnification). Bottom panel: Higher power magnifications of
FITC + yHV68-treated lungs (X400 original magnification; inset at
X 1,000 original magnification). The open arrows point to examples of
interstitial edema. Chronic inflammatory cells and intraalveolar hem-
orrhage are also evident. The inset highlights the evidence of alveolar
epithelial denudation as indicated by the solid arrows, due to sloughing
off of injured/dead epithelial cells. Results shown are representative of
n = 3 mice per group.

(data not shown). To determine whether virus replication was
enhanced in FITC-treated mice, animals were given intratra-
cheal FITC or saline at Day 0 and were then infected intranasally
with YHV68 (5 X 10* pfu) at Day 14. Lungs were harvested at
Day 21 (7 d after yHV68 infection) and plaque assays were
performed (Figure 4A). There was lytic virus present at this time
point, and mice that had been pretreated with FITC had
significantly greater viral loads compared with those pretreated
with saline (9,434 = 2,644 vs. 273,600 = 119,200 pfu, P = 0.04).
Virus gene expression was measured using real-time RT-PCR in
both groups of mice. We analyzed expression of the glycoprotein
B (gB) gene, which encodes part of the virus capsid, and the viral
DNA polymerase gene, both of which are expressed during lytic
infection (Figure 4B). There is expression of both of these genes
on Day 21 post-FITC (7 d after viral infection), and there is an
approximately 3.5-fold increase in expression of both genes in
mice that were given FITC and yYHV68 versus those given saline
followed by YHV68 infection.
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Figure 3. Infection with murine gammaherpesvirus-68 (yHV68) after

fluorescein isothiocyanate (FITC) impairs lung function. Mice were
given an injection of FITC on Day 0 or were given saline (control). On
Day 14, FITC-treated mice were given a yHV68 infection or were mock
infected. Total lung capacity (A), vital capacity (B), and compliance (C)
were all measured on Day 21 as described in the online supplement;
n = 5 for control group and n = 10 for FITC + mock or FITC + yHV68.
yHV68 infection resulted in significant impairment of lung function
compared with FITC + mock in each measurement.

Lytic Viral Replication Is Required for Exacerbation of
FITC-induced Fibrosis

We next wanted to know whether or not lytic viral replication
was needed to exacerbate the fibrotic response or whether

[J saline + yHV68
Il FITC +yHV68
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inactive viral antigen would have the same result. To accom-
plish this, we used a protocol to produce UV light-inactivated
yHV68 (UVYHV6S), which has previously been shown to limit
viral replication (34). Mice were again given FITC intratra-
cheally on Day 0. They were then infected intranasally with
either 5 X 10* pfu of yYHV68 or UVYHV68 or were mock in-
fected on Day 14. Lungs were harvested on Day 21 and collagen
content was determined via Sircol assay (Figure 5). Wild-type
vYHV68 was able to exacerbate FITC-induced fibrosis as seen
previously (FITC + mock = 125.7 = 7.5 vs. FITC + yHV68 =
212.0 = 164 pg/ml collagen, P < 0.001). However, the
UVyHV68 was unable to augment fibrosis (FITC + mock =
125.7 = 7.5 vs. FITC + UV+yHV68 125.1 = 52 pg/ml
collagen). Therefore, lytic viral replication, not just viral anti-
gen, is necessary for viral exacerbation of FITC-induced fibrosis.

MAV-1 Infection Does Not Significantly Augment the Fibrotic
Response to FITC

To determine whether the augmentation of fibrosis seen with
vYHV68 infection was virus specific, we treated mice on Day
0 with saline or FITC and on Day 14 gave FITC-treated mice
1 X 10° pfu MAV-1 intranasally or mock infected the mice.
Collagen content was measured on Day 21 by hydroxyproline
assay. Collagen in the lungs of saline-treated mice was mea-
sured at 51 * 2.3 mg/ml (n = 3). FITC + mock infection
resulted in 83.5 * 4.6 mg/ml collagen content (n = 5). Mice
treated with FITC + MAV-1 had collagen contents that were
slightly elevated (95.5 mg/ml, n = 5), but this increase did not
reach statistical significance compared with FITC + mock
infection. Thus, it appears that there is specificity in the ability
of YHV68 to exacerbate fibrosis in this model.

yHV68 Exacerbation of Fibrosis Occurs in the Presence of
a Th1 Immune Response

Because previous models have shown that yYHV68 infection can
lead to fibrosis in a Th2-biased environment (27, 28) and FITC
fibrosis is associated with Th2 cytokine production (39), we
wanted to know if the cytokine milieu in our model was Th2
skewed at the time of viral exacerbation of fibrosis. Mice were
again given FITC on Day 0. On Day 14, they were infected
intranasally with YHV68 (5 X 10* pfu) or were mock infected.
Lungs were harvested on Day 21. Whole lung cytokine levels
were measured by ELISA (Figure 6A) and cytokine gene
expression was measured by real-time RT-PCR (Figure 6B).
After yYHV68 infection, there was an increase in both cytokine
levels and gene expression when compared with mock-infected
mice for all three cytokines analyzed. Notably, the exacerbation
of fibrosis by YHV68 was associated with a strong Th1 response.
Compared with mock-infected mice, IFN-y levels were strongly
induced in the YHV68-infected mice post-FITC (1,669 = 339 vs.

Figure 4. There is active lytic viral replication at Day 7
after murine gammaherpesvirus-68 (yHV68) infection,
and previous fibrotic insult leads to increased viral load.
Wild-type mice were given either saline or fluorescein
isothiocyanate (FITC) intratracheally on Day 0. On Day 14,
they were given yHV68 (5 X 10# pfu) intranasally. Lungs
were harvested on Day 21. (A) Viral plaque assay demon-
strates that there is active viral replication at Day 7
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Figure 5. Lytic viral replication is necessary to augment the fluorescein
isothiocyanate (FITC)-induced fibrotic response. Wild-type mice were
given FITC intratracheally on Day 0. On Day 14, FITC-treated mice
received 5 X 10* pfu murine gammaherpesvirus-68 (yHV68) (solid bar)
or ultraviolet (UV)-inactivated yHV68 (stippled bar) intranasally. Lungs
were harvested for collagen determination on Day 21. Infection with
the UV-inactivated virus does not exacerbate FITC-induced fibrosis.
Data represent n = 5-7 mice per group.

373 = 38 pg/ml, P < 0.05), and mRNA expression was elevated
2.75-fold. TNF-a was produced at even higher levels in YHV68
versus mock-treated mice (2,736 = 192 vs. 1,078 = 176 pg/ml).
IL-13 was also elevated, but the overall amounts of IL-13
produced were much lower than the levels of IFN-y.

To determine whether Th2 cytokines were critical for the
exacerbation of fibrosis, we tested the ability of YHV68 to
exacerbate FITC-induced fibrosis in the Th2-deficient IL-4/137/~
mice. BALB/c and IL-4/13~/~ mice were injected with FITC on
Day 0. The mice were then given 5 X 10* pfu yYHV68 or mock
infection on Day 14, and lungs were harvested on Day 21 for
collagen measurement via Sircol assay. Figure 7 demonstrates
that YHV68 can exacerbate FITC-induced fibrosis in IL-4/13~/~
mice (52.68 * 4.43 vs. 77.73 * 11.67 pg/ml, P = 0.01). We have
seen similar results in IL-137/~ mice with a 40% increase in
collagen after yHV68 infection (data not shown). Therefore, the
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Th2 cytokines IL-4 and IL-13 are not required for acute YHV68
infection to exacerbate already established fibrosis, and YHV68
infection can exacerbate FITC-induced fibrosis despite the
presence of significant increases in IFN-vy levels.

YHV68 Infection Induces Recruitment of Fibrocytes to
the Lung

Because fibrocytes are known to be important mediators of
fibrosis post-FITC, we next determined whether yYHV68 in-
fection could induce fibrocyte recruitment. Mice were infected
intranasally with 5 X 10* pfu YHV68 or were mock infected on
Day 0. On Day 5, lungs were harvested for collagenase di-
gestion to collect lung leukocytes. The leukocytes were then
stained for CD45% col 1+ cells, and analyzed by flow cytometry
to identify fibrocytes. Absolute numbers of fibrocytes were then
calculated. Figure 8 demonstrates that fibrocytes are recruited
to the lung in significantly increased numbers 5 days post—
vyHV68 infection (P = 0.01).

Increased CCL2 and CCL12 Production Post—yHV68 Infection

Having demonstrated that fibrocytes were recruited by yYHV68
infection, we next wanted to assess the production of chemo-
kines in response to yYHV68 infection. Our previous results
demonstrated that yHV68 infection results in CCL2 (monocyte
chemoattractant protein-1) elaboration (40). Although CCL2 is
a chemotactic ligand for CCR2-mediated fibrocyte recruitment
and an inducer of collagen synthesis by fibrocytes (12), we have
previously demonstrated that CCL12 is the preferred ligand for
CCR2-mediated fibrocyte recruitment to the lung in response to
FITC alone (13). Thus, we examined the ability of yYHV68
infection to stimulate CCL12 expression. Mice were infected
intranasally with yHV68 (5 X 10 pfu) and lungs were harvested
at Days 0, 3, 5, 7, and 10 postinfection. Whole lung RNA was
extracted and real-time RT-PCR was performed to quantify
CCL12 gene expression (Figure 9A). Gene expression in
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Figure 6. Murine gammaherpesvirus-68 (yHV68) augments the fibrotic response to fluorescein isothiocyanate (FITC) in the presence of a significant
Th1 immune response. Wild-type mice were given FITC intratracheally on Day 0 and then given either mock (open bars) or yHV68 (5 X 104 pfu; solid
bars) intransally on Day 14. (A) Lungs were homogenized in antiprotease buffer for ELISA or (B) in Trizol for RNA extraction on Day 21 (n = 4-5 per
group), *P < 0.05 compared with FITC + mock infection. TNFa = tumor necrosis factor-a.
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Figure 7. Murine gammaherpesvirus-68 (yHV68) infection exacer-
bates fluorescein isothiocyanate (FITC)-induced fibrosis in 1L-4/13~/~
mice. Wild-type and IL-4/13~/~ mice were given FITC intratracheally
on Day 0. On Day 14, FITC-treated mice received yHV68 (5 X 10* pfu;
solid bar) or mock infection (stipled bar) intranasally. Lungs were
harvested for collagen determination on Day 21. Data represent n =
6 mice per group. NS = not significant.

control, uninfected mice (Day 0) was set to 1, and other time
points are expressed relative to this condition. There is a greater
than 150-fold increase in CCL12 mRNA expression between
Days 3 and 5 postinfection. CCL12 levels then begin to decrease
at Days 7 and 10 postinfection but remain elevated compared
with baseline. Thus, YHV68 infection induces expression of
both CCL2 and CCL12, chemokines known to be critical for
fibrocyte recruitment to the lungs, and the timing of CCL12
production precedes fibrocyte recruitment.

To confirm that yYHV68 infection resulted in CCR2-binding
chemokine release, paraffin sections of FITC + yHV68-infected
lungs were stained with an antiserum to detect YHV68 infection
(brown staining) as well as with an antibody to detect CCL2
expression (red staining). Figure 9B demonstrates evidence of
yHV68 infection in alveolar epithelial cells. CCL2 expression is
noted both in infected epithelial cells as well as in alveolar
macrophages located in the region of infected lung.

To confirm that alveolar epithelial cells could be both
reservoirs of YHV68 replication and CCL2 release, alveolar
epithelial cells were purified on Day 21 from mice that had been
treated with FITC on Day 0 and yYHV68 on Day 14. Epithelial
cells were plated on fibronectin-coated eight-chambered glass
slide (BD Biosciences, Bedford, MA) and immunofluorescent
staining was performed using yHV68-specific and anti-CCL2
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Figure 8. Murine gammaherpesvirus-68 (yHV68) infection induces
fibrocyte recruitment to the lungs. Mice were infected intransally with
5 X 10* pfu yHV68 or saline on Day 0. On Day 5, lungs were digested
with collagenase and DNase, cells were enumerated, and then stained
for CD45 and col 1. Percentage of fibrocytes in each lung was deter-
mined by flow cytometry, n = 6. Absolute numbers were calculated,
P = 0.01.

antisera. Figure 10A demonstrates that yHV68 infection (red
staining) is readily detected in these purified alveolar epithelial
cells. Figures 10B and 10C demonstrate colocalization of
vyHV68 infection (red) and CCL2 production (blue).

yHV68 Can Infect Multiple Cell Types

Figures 9 and 10 demonstrate that yYHV68 infection is detected
in epithelial cells in vivo and ex vivo. To determine whether
other cell types were potential reservoirs for YHV68 replication,
we isolated fibroblasts, fibrocytes, alveolar macrophages, and
interstitial macrophages from untreated mice and infected these
cell types in vitro with 0.01 or 0.1 pfu/cell YHV68 and measured
viral gene expression 72 hours later. In all cases, we could detect
a dose-dependent increase in viral gene expression by real-time
PCR analysis (data not shown), suggesting that each of these
cell types is a potential reservoir for yYHV68 replication in vivo.

Fibrocyte Recruitment in Response to FITC + yHV68 Is
Impaired in CCR2”" Mice

CCL12 is the preferred ligand for the CCR2 chemokine re-
ceptor on fibrocytes (13). To confirm that fibrocytes were being
recruited to the lungs of FITC + yHV68-treated lungs in
a CCR2-dependent manner, we treated wild-type (C57Bl/6) or
CCR27/~ mice with FITC on Day 0. On Day 14, mice were
infected with 5 X 10* pfu yYHV68 and lungs were removed for
collagenase digestion and flow cytometry analysis for CD45+
col 17 cells on Day 21. Figure 11 demonstrates that recruitment
of fibrocytes in response to FITC + yHV6S8 is significantly
inhibited in CCR2/~ mice compared with wild-type mice.

DISCUSSION

Our results demonstrate that infection with yHV68 can cause
rapid exacerbation of established FITC-induced lung fibrosis.
This experimental model demonstrates the ability of a gamma-
herpesvirus to exacerbate disease rapidly despite the presence
of acute Th1 antiviral responses. In addition, our results provide
new mechanistic insight into the pathogenesis of virus-induced
exacerbations by demonstrating that the active viral infection
results in the release of CCL2 and CCL12 and the recruitment
of CCR2-expressing fibrocytes to the lung. Our studies extend
previous observations in several important ways. One previous
report demonstrated the ability of yYHV6S8 infection 7 days
before the administration of bleomycin to augment collagen
deposition within the lungs of wild-type mice (26); however, no
mechanism was reported for these findings. To our knowledge,
our results are the first to demonstrate that fibrocytes are
recruited to any infectious agent and to yYHV68 in particular.
It is likely that the mechanism of increased fibrocyte recruit-
ment that we have identified could also explain the augmenta-
tion of fibrosis when the infection occurs before the fibrotic
stimulus. Adoptive transfer of fibrocytes has previously been
shown by us to augment FITC-induced fibrotic responses (13).
The only other descriptions of YHV68 involvement in lung
fibrosis come from studies of chronic infection (45-180 d) in
IFN-vy receptor—deficient mice (27, 28, 41). These studies sug-
gest that the virus has the potential to be fibrogenic in a Th2-
skewed environment over long periods of time. In contrast, our
results demonstrate that acute yHV68 infection can increase
fibrosis in wild-type mice and that this rapid exacerbation is not
dependent on the presence of IL-4 or IL-13. In fact, the rapid
exacerbation of fibrosis in our model occurs in the face of
a strong antiviral Thl response. Finally, we suggest that this
model system shares many features of a newly described aspect
of IPF disease pathogenesis in humans, namely acute exacer-
bations of IPF. As such, we suggest that viral infections should
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Figure 9. Murine gammaherpesvirus-68 (yHV68) infection induces
increased CCR2 ligand production. (A) Wild-type mice were infected
with 5 X 104 pfu yHV68 intransally on Day 0. Lungs were harvested on
Days 0, 3, 5, 7, and 10. Whole lung RNA was extracted and real-time
polymerase chain reaction was performed for CCL12 expression. Un-
infected controls (Day 0) were set at 1 and all other values are
expressed relative to control (n = 4). (B) Frozen tissue sections taken
from mice on Day 21 post-FITC + yHV68 infection were stained for
expression of yHV68 using a virus-specific antiserum (brown) and
expression of CCL2 (red). yHV68 infection could be detected in
epithelial cells and CCL2 production was noted both in infected
epithelial cells as well as in alveolar macrophages.

be given strong consideration as mediators of rapid deteriora-
tion noted in some patients with IPF.

Our results demonstrate that, when yHV68 is administered
intranasally on Day 14 post-FITC, a time point of established
fibrosis (32), the deposition of collagen is increased when meas-
ured on Day 21 in two different genetic backgrounds (C57Bl/6
and BALB/c). This time point, 7 days postinfection, corresponds
to the period of peak lytic viral replication. Furthermore, be-
cause UV-inactivated yYHV68 infection did not exacerbate dis-
ease, viral replication is required for augmentation of fibrosis,
and fibrotic mice experience enhanced yYHV68 gene expression
and higher viral titers than nonfibrotic mice. Our results further
suggest that MAV-1 infection is unable to exacerbate FITC
fibrosis. Although these results may suggest some specificity for
the ability of gammaherpesviruses to exacerbate fibrosis, cau-
tion should be exercised in this interpretation. It is not yet clear
whether there are overlapping cell tropisms between MAV-1
and yYHV68S; thus, this disparity may reflect differences in sites
of viral replication during acute respiratory infection. Further
experiments will be needed with additional viruses to fully
address this point.

Our results demonstrate that YHV68 infection results in an
approximately 200-fold induction of CCL12 within the first 3-5
days postinfection. We have previously shown that CCL2 gene
expression is also increased after YHV6S infection and peaks

C

Figure 10. Lung epithelial cells are reservoirs for murine gammaher-
pesvirus-68 (yHV68) replication and CCL2 production. Epithelial cells
were purified from mice on Day 21 post-FITC + yHV68 treatment.
Isolated cells were plated on fibronectin-coated eight-chambered glass
slides and fixed, and immunofluorescent staining was performed. (4)
Staining with anti-yHV68 polyclonal antisera detected with a phycoer-
ythrin (PE)-conjugated secondary antibody. (B) Colocalization of yHV68
staining (red, PE) with anti-CCL2 (Cy5, blue) at X200 original magni-
fication and (C) a different section of this slide at X400 original mag-
nification.

between Days 6 and 9 postinfection (40). CCL2 and CCL12 can
be produced by a variety of cells in the lung, including alveolar
epithelial cells, mesenchymal cells, and leukocytes. Alveolar
and interstitial macrophages likely play a role in the recognition
of YHV68 and the subsequent release of chemokines. Histologic
analysis in Figures 9 and 10 suggests that both alveolar macro-
phages and alveolar epithelial cells are sources of chemokine
release in response to YHV68 infection. In vitro infection of the
alveolar macrophage cell line, MH-S, or primary alveolar
macrophages results in the production of both CCL2 and
CCL12 (J.B.W. and B.B.M., unpublished observations). Pro-
duction of both of these chemokines is likely important to the
pathogenesis of the exacerbation. CCR2 appears to be
expressed on all murine fibrocytes (12). We have previously
shown that CCL12 is the preferred CCR2 ligand for fibrocyte
recruitment to FITC alone (13), and our current studies suggest
that CCR2 mediates the recruitment of fibrocytes in response to
FITC + yHV68S infection as well. CCL2, another CCR?2 ligand,
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Figure 11. CCR2~/~ mice have decreased recruitment of fibrocytes in
response to fluorescein isothiocyanate (FITC) and murine gammaher-
pesvirus-68 (yHV68) infection. Wild-type and CCR2~/~ mice were
given FITC intratracheally on Day 0. On Day 14, all mice received
YHV68 (5 X 10% pfu) intranasally. On Day 21, lungs were digested with
collagenase and DNase. The cells were enumerated and stained for
CD45 and col 1. Percentage of fibrocytes were determined by flow
cytometry, n = 5. Actual cell numbers were then calculated, P = 0.03.

is known to up-regulate the production of collagen by fibrocytes
(12). Thus, infection with YHV68 likely results in both increased
recruitment and activation of fibrocytes. These data suggest that
one mechanism by which YHV68 may exacerbate lung fibrosis is
through up-regulation of chemokines (CCL2 and CCL12),
leading to enhanced recruitment of fibrocytes and increased
extracellular matrix deposition by fibrocytes.

Fibrotic responses are often associated with imbalances in
Th1/Th2 cytokines (42). A Th2 pattern of cytokines predom-
inates in the pulmonary interstitium of patients with IPF (43). In
addition, we have previously shown IL-13 to promote fibrosis
post-FITC via direct activation of collagen synthesis in fibro-
blasts (39). Given the requirement of a Th2 bias for chronic
vyHV68 infection to induce fibrosis (27, 28, 41), we anticipated
that IL-13 would be required for yYHV68 to acutely augment
fibrosis between Days 14 and 21 post-FITC, a time period in
which fibroblast proliferation and accumulation is occurring.
Thus, we were surprised to discover that yYHV68 was able to
augment collagen production in FITC-treated IL-137/~ and IL-
4/137/~ mice to a similar extent as in wild-type mice. Thus, in
this model of acute viral exacerbation of fibrosis, these Th2
cytokines are likely not required for the augmented production
of extracellular matrix. In fact, the exacerbation occurs in the
presence of a strong antiviral Thl response associated with
abundant IFN-y production. It should be noted that our results
are consistent with recent findings in experimental silicosis,
which also indicate that Th2 cytokines are not required for the
development of that inflammatory and fibrotic disease (44). Th1l
cytokines may play some role in the pathogenesis of fibrotic
responses in both humans and animals. Patients with sarcoidosis
develop fibrotic responses and these responses are associated
with IFN-y and IL-12 p40 up-regulation (45). Neutralization of
IL-12 was demonstrated to ameliorate apoptosis, inflammation,
and fibrosis in bleomycin-treated mice (46) and IFN-y~/~ mice
have also been reported to be protected from bleomycin-
induced inflammation, weight loss, mortality, and fibrosis (47).
Thus, the presence of Thl cytokines induced by the virus in our
model may in fact augment the fibrotic response.

Other potential mechanisms exist by which yYHV68 could
contribute to the fibrotic response seen in the lung. Alveolar
epithelial cell injury is a consistent finding in IPF. There is
evidence for impaired reepithelialization in the pathogenesis of
pulmonary fibrosis (3). It is possible that herpesviruses may
infect alveolar epithelial cells and that viral infection can induce
cell lysis and/or apoptosis. Figures 9 and 10 clearly demonstrate

the ability of yYHV68 to infect epithelial cells. Furthermore, the
pathology noted in Figure 2 is consistent with findings of
alveolar epithelial cell injury and diffuse alveolar damage.
Virus-induced alterations in inflammatory cell accumulation
or activation may also influence lung fibrogenesis. The initial
host response to virus infection leads to an influx of activated
macrophages, lymphocytes, and neutrophils (48), which could
also contribute to the fibrotic response. Interestingly, neutro-
phils from patients with IPF display a more activated phenotype
than those from normal control subjects (3), and increased
neutrophil activation could increase oxidants and epithelial cell
injury (3). These possibilities will be the subject of future inves-
tigations.

In summary, we have described an animal model for acute
viral exacerbation of established fibrosis. YHV68 can exacerbate
established pulmonary fibrosis and this is due in part to up-
regulation of chemokines (CCL2 and CCL12), leading to
a profibrotic environment with increased fibrocyte recruitment
and collagen deposition. As we are now beginning to recognize
the morbidity and mortality associated with acute exacerbations
of pulmonary fibrosis in our hospitals and intensive care units, it
becomes imperative that we have a better understanding of the
cause and mechanisms involved in these acute deteriorations so
that better treatment strategies can be developed. Our model
represents an attractive experimental method in consideration
of previous data that suggest a possible role for herpesviruses,
including EBV and HHV-8, in the pathogenesis of IPF (19-22).
The current definition of an acute exacerbation of pulmonary
fibrosis excludes infection (6, 7). However, most studies have
only used conventional culture and serologic methods for ruling
out infection. Evidence of herpesvirus infection, particularly
latent infection, can be very difficult to demonstrate, and it is
possible that subclinical infection (latent infection, reactivating
virus, or occult lytic infection) could contribute to the patho-
genesis of at least some cases of acute exacerbation or de-
terioration in IPF. In this regard, it is interesting to note that the
standard therapy for patients with IPF involves immunosup-
pressive therapies and corticosteroids (1). Potentially, these
therapies may predispose patients with IPF to a greater risk
of latent virus reactivation or primary infection. Our new model
system should facilitate studies to unravel the pathogenesis of
acute infectious fibrotic deteriorations.

As with any animal model, however, caution must be exer-
cised when extrapolating these results to human disease. The
virus used in our studies is YHV68, a rodent pathogen. Although
there are extensive similarities between YHV68 pathogenesis in
mice and EBV or HHV-8 pathogenesis in humans, more work is
needed to evaluate whether the cell tropisms and the consequen-
ces of infection in each host are similar. In addition, our model
system does not result in enhanced mortality during the first 14
days postinfection, whereas human acute exacerbations are
associated with significant morbidity. There are likely other
predisposing conditions, such as genetics and coinfections, that
vary between our animal model and the human situation. Thus,
whereas this model system likely does not replicate all of the
cardinal manifestations associated with acute exacerbations in
patients with chronic IPF, it should be instructive for studying
pathologic mechanisms associated with infectious exacerbation
of fibrosis.
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