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Ana L. Mora1,2,3, Edilson Torres-González1,2, Mauricio Rojas1,2,3, Jianguo Xu1,2, Jeffrey Ritzenthaler2,
Samuel H. Speck4, Jesse Roman2,5, Kenneth Brigham1,2,3, and Arlene Stecenko1,2,3,6

1Center for Translational Research of the Lung, 2Division of Pulmonary, Allergy, and Critical Care, Department of Medicine, 3McKelvey Lung
Transplantation Center, and 4Department of Microbiology and Immunology, Emory University, Atlanta, Georgia; 5Atlanta VA Medical
Center, Atlanta, Georgia; and 6Division of Pediatric Pulmonology, Allergy, Cystic Fibrosis, and Sleep Medicine, Department of Pediatrics,
Emory University, Atlanta, Georgia

Rationale: Idiopathic pulmonary fibrosis (IPF) is a chronic progres-
sive fibrotic lung disorder of unknown cause. Several studies suggest
an association between Epstein-Barr virus pulmonary infection and
the development of IPF.
Objectives: To determine whether reduction of �-herpesvirus reacti-
vation from latency would alter progressive lung fibrogenesis in an
animal model of virus-induced pulmonary fibrosis.
Methods: IFN-� receptor–deficient (IFN-�R�/�) mice infected intrana-
sally with murine �-herpesvirus 68 (MHV68) develop lung fibrosis
that progresses for up to at least 180 days after initial infection. Viral
replication during the chronic phase of infection was controlled by
two methods: the administration of cidofovir, an antiviral drug
effective at clearing lytic but not latent virus, and by using a mutant
�-herpesvirus defective in virus reactivation from latency.
Measurements and Main Results: Ten percent of the asymptomatic
MHV68-infected animals that received antiviral treatment begin-
ning on Day 45 postinfection had severe pulmonary fibrosis com-
pared with 40% of the control saline-treated animals. Absence of
severe fibrosis was also observed in IFN-�R�/� mice infected with
the defective reactivation mutant MHV68 v-cyclin stop. Decreased
fibrosis was associated with lower levels of transforming growth
factor-�, vascular endothelial growth factor, and markers of macro-
phage alternative activation. When antiviral treatment was adminis-
tered on Day 60 in symptomatic animals, survival improved from
20 to 80% compared with untreated symptomatic animals, but lung
fibrosis persisted in 60% of the mice.
Conclusions: MHV68-induced fibrosis is a result of viral lytic replica-
tion during chronic lung herpesvirus infection in mice. We speculate
that antiviral therapy might help to control lung fibrosis in humans
with IPF and associated herpesvirus infection.

Keywords: lung; fibrosis; herpesvirus; antiviral

Idiopathic pulmonary fibrosis (IPF) is a progressive, lethal, inter-
stitial lung disease with no proven effective therapy other than
lung transplantation (1). Although the cellular and molecular
pathways that drive the pathogenesis of IPF are complex and
not fully delineated, increasing evidence suggests that a key
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive
disease without a proven treatment. Several studies suggest
an association between herpesvirus infection in the lung
and IPF.

What This Study Adds to the Field

Using a murine herpesvirus–induced lung fibrosis model,
we show that antiviral therapy controls virus replication
during chronic infection and prevents lung fibrosis. Patients
with IPF with associated herpesvirus infection might benefit
from antiviral therapy.

event in its pathogenesis is ongoing alveolar epithelial injury in
association with an abnormal host repair response. Alveolar
epithelial injury induces the proliferation of fibroblasts and their
differentiation into myofibroblasts and increased deposition of
extracellular matrix that results in distortion of alveolar capillary
units, fibrosis, and loss of lung function (2, 3).

Several studies have implicated viral infection as a cause of
ongoing epithelial injury in IPF and therefore an important fac-
tor in pathogenesis. Specifically, Epstein-Barr virus (EBV) pro-
tein and DNA have been detected in 40–70% of lung tissue
from patients with IPF compared with 10–17% of lung tissue
from control subjects (4–7). Using polymerase chain reaction to
detect viral DNA in lung specimens, we detected cytomegalovi-
rus, EBV, and human herpesvirus-8 (HHV-8) at a significantly
higher frequency in patients with IPF compared with patients
with non-IPF lung diseases (5). Using immunohistochemistry
analysis for detection of viral protein, we could detect HHV-8
and EBV viral antigen in epithelial cells of patients with IPF,
confirming infection of lung tissue rather than amplification by
polymerase chain reaction of infected lymphocytes traversing
the lung. Finally, treatment of a patient shedding EBV in the
respiratory tract, using an agent that controls lytic EBV infection,
resulted in decreased viral load in the lung and concomitant
stabilization of lung function (5).

We have developed a model of chronic herpesvirus-induced
pulmonary fibrosis infection using the herpesvirus MHV68, a
natural pathogen of rodents that is closely related to the human
�-herpesviruses, HHV-8 and EBV (8–10). Because IFN-� plays
an important role in controlling chronic MHV68 infection in
rodents and has antifibrotic functions, we studied MHV68 pul-
monary infection in IFN-� receptor (IFN-�R)-deficient mice
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(IFN-�R�/�) (11–13). Acute replication of the virus in lung epi-
thelial cells resulted in a lymphocytic pneumonia followed by
establishment of virus latency in B cells, dendritic cells, macro-
phages, and lung epithelial cells. We found that chronic infection
in IFN-�R�/� mice causes moderately severe, progressive pulmo-
nary fibrosis with histologic features reminiscent of IPF (14). In
addition, there is increased expression of the profibrotic cyto-
kines transforming growth factor (TGF)-� and IL-13 in these
mice. Finally, derangement of alveolar type II cells and surfactant
proteins is found in infected animals, similar to what has been
reported in some families with familial IPF (15).

MHV68 reactivation from latency to lytic replication could
cause repetitive lung injury and generation of dysregulated re-
parative responses. In this article, we use this unique model to
determine whether control of virus replication, using an antiviral
agent during the chronic phase of the infection, would prevent
progression of lung fibrosis. The antiviral agent chosen, cidofovir,
is a nucleoside analog that has been shown to be more efficacious
in blocking MHV68 replication than other antiviral nucleosides
(16). We found that prevention of viral reactivation from latency
arrested the fibrogenic process induced by the virus.

METHODS

Animals and Animal Treatment

IFN-�R�/� mice were inoculated intranasally on Days 0, 15, and 30
with 1 � 105 plaque-forming units of MHV68 mixed with Dulbecco’s
modified Eagle’s medium–10% fetal calf serum to a total volume of
40 �l. Inoculation of supernatant of homogenated uninfected NIH3T12
cells was used as a mock-infection control. Virus-infected and mock-
infected mice were each divided into two groups: phosphate-buffered
saline (PBS) or cidofovir (Gilead Sciences, Foster City, CA). Cidofovir
was given at 7.5 or 15 mg/kg of body weight, and was mixed in saline
solution and administered subcutaneously in the scruff of the neck.
Mice received cidofovir daily for 2 days, or an equivalent volume of
saline, and then every third day until the time of sacrifice. Similarly,
mock-infected mice received cidofovir or saline according to the same
schedule (16). Additional details on the methods are provided in the
online supplement.

Histology and Immunofluorescence

Five or six mice were used per group for histopathology analysis. After
inflation and fixation with 4% paraformaldehyde for 24 hours, lung
tissue was paraffin embedded, sectioned, and stained with hematoxylin
and eosin for routine histologic examination and Masson trichrome
staining to delineate collagen. Indirect immunofluorescence was per-
formed in sections from frozen blocks. Slides were fixed with 4% para-
formaldehyde for 20 minutes at room temperature. Anti-MHV68 was
used as described previously and anti-vascular endothelial growth factor
(VEGF; Calbiochem/EMD Chemicals, San Diego, CA) antibody was
used according to the recommendations of the manufacturer (17).

Morphometric Analysis: Pathology Score

Lung pathology was evaluated by an independent blinded veterinary
pathologist, who scored Masson trichrome–stained lung sections on the
basis of a scale from 0 to 4. Additional details on the method are
included in the online supplement.

Hydroxyproline Assay

Hydroxyproline content in whole mouse lung was used to quantify
lung collagen content and was measured colorimetrically by a method
described previously, with modifications (18). Additional detail on the
method for making these measurements is provided in the online
supplement.

Determination of Cytokine Levels

Mouse tumor necrosis factor-�, IL-5, IL-6, IL-13, IFN-�, macrophage
inflammatory protein-1�, and monocyte chemotactic protein (MCP)-1
levels were measured in bronchoalveolar lavage (BAL) fluid and serum,

using a multiplex bead immunoassay (Linco/Millipore, St. Charles, MO)
according to the manufacturer’s recommendations. Additional detail
on the method for making these measurements is provided in the online
supplement.

Western Blot

Whole cell extracts from lung tissue samples were prepared (0.15%
Nonidet P-40, 50 mM N-2-hydroxyethylpiperazine-N�-ethanesulfonic
acid [pH 7.0], 250 mM NaCl, 5 mM ethylenediaminetetraacetic acid
[pH 8.0]). Aliquots of lung lysates (40 �g) and BAL fluid (12 �l) were
resolved in 4–20% sodium dodecyl sulfate–polyacrylamide gels, and
transferred onto nitrocellulose membranes. Western blotting for TGF-�
(BD Biosciences Immunocytometry Systems, San Jose, CA), VEGF
(Calbiochem/EMD Chemicals), and fibronectin (Sigma, St. Louis, MO)
was performed according to the manufacturer’s recommendations.
Antibody against Ym1/2 (kindly provided by T. Iwanaga, Hokkaido
University, Japan) was used at a 1:2,000 dilution. Filters were stripped and
reprobed with an antiserum against �-actin (Santa Cruz Biotechnology,
Santa Cruz, CA) and against surfactant A (Chemicon International/
Millipore, Temecula, CA) as a loading control for lung homogenates
and BAL lavage samples, respectively. Films were scanned with a
FluorChem MultiImage apparatus and analyzed with AlphaEase-FC
software (Alpha Innotech, San Leandro, CA).

Fibronectin Gene Transcription

We determined fibronectin transcription as previously described
(19, 20). Additional detail on the method is provided in the online
supplement.

Gelatin Zymography

Gelatin zymography was performed with a 9% sodium dodecyl sulfate–
polyacrylamide gel saturated with gelatin (300 bloom; Sigma) at 1 mg/ml
as described previously (21). Additional detail on the method for mak-
ing these measurements is provided in the online supplement.

Arginase Activity
Arginase activity was measured in lung lysates as previously described
(19). Additional detail on the method is provided in the online
supplement.

Figure 1. Viral antigen clearance after cidofovir treatment in murine
�-herpesvirus 68 (MHV68)-infected IFN-� receptor–deficient (IFN-�R�/�)
mice. (A–D ) Immunostained frozen lung sections from MHV68-infected
IFN-�R�/� mice, taken on Day 120 postinfection: (A and B ) Mice that
received saline solution beginning on Day 45; (C and D ) mice that
received antiviral treatment beginning on Day 45 (AV-45). Each panel
represents a different animal. Original magnification: (A–D ) �10.
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MHV68 Glycoprotein B, Fizz1, and Ym1/2 Expression
in the Lung

Total RNA was extracted from lung tissue with an RNeasy mini kit
according to the manufacturer’s recommendations (Qiagen, Valencia,
CA). cDNA was generated from 0.5 to 5 �g of total RNA, using
random hexamers and ThermoScript reverse transcriptase (Invitrogen,

Figure 2. Prevention of lung fi-
brosis and persistent lympho-
cytic infiltrates in virus-infected
mice treated with cidofovir. (A )
Hematoxylin and eosin (H&E)
staining of MHV68-infected
lung on Day 120. Notice the
thickening of the pleura and al-
veolar walls. (B ) H&E-stained
section from MHV68-infected
mouse receiving antiviral treat-
ment from Day 45 of infection.
Lymphocytic infiltrates are ob-
served in the subpleural, peri-
vascular, and peribronchial ar-
eas, but there is no thickening
of the pleura or alveolar walls.
(C and D ) Masson trichrome
staining of lung section from
MHV68-infected mice on Day
120; mice were treated with sa-
line solution. Collagen deposi-
tion is demonstrated by blue
staining. (E and F ) Masson tri-
chrome staining of lung section
from MHV68-infected lung re-
ceiving antiviral treatment. No-
tice the absence of fibrosis. Each
panel represents a different ani-
mal. Original magnification:
(A–C and E ), �10; (D and F)
�20. (G ) Immunohistochemical
analysis of lung from antiviral-
treated mice, using anti-B220–
specific antibody. (H )Semiquan-
titative morphometric analysis of
lung histopathology in virus-
infected mice with (Virus AV) or
without (Virus SS) antiviral ther-
apy; analyzed on Day 120 of in-
fection. Infected mice showed
higher pathology scores corre-
sponding to thickening of the in-
teralveolar septa and thickening
of the pleura. In contrast, mice
receiving antiviral treatment had
lymphocytic infiltrates. (n 	 18
for Virus SS and n 	 12 for Virus
AV). AV 	 antiviral agent; SS 	

saline solution. (I ) Hydroxypro-
line determination in lung ly-
sates from mock and infected
mice shows that the antiviral
treatment decreases collagen
content compared with virus-
infected lungs of saline-treated
animals.

Carlsbad, CA). Additional detail on the method is provided in the
online supplement.

Bleomycin Instillation and Cidofovir Treatment

Mice were given a single intratracheal instillation of bleomycin or PBS
and then killed 21 days post-treatment as we previously described (22).
Beginning 1 day after intratracheal instillation of bleomycin or PBS,
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mice received cidofovir (15 mg/kg) or the equivalent volume of saline
solution subcutaneously. Treatment was given every third day until the
time of sacrifice. An average of five mice was allocated per group in
two independent experiments. Additional details on the method are
provided in the online supplement.

Statistical Analyses

Data were plotted and statistically analyzed with InStat 3 and GraphPad
Prism 4 (GraphPad Software, San Diego, CA). Nonparametric analysis
of variance and Dunn’s multiple comparison tests were performed for
cytokine concentrations. Tidal volume, arginase activity, number of cells,
and fibronectin transcription results were analyzed by unpaired t test.

RESULTS

Treatment with Cidofovir Is Associated with Clearance of
Viral Antigen and Decreased Fibrosis

We have shown previously that MHV68 infection in IFN-�R�/�

mice causes severe pneumonia during the acute phase of the
infection (
 15 d) and persistent lymphocytic perivascular, peri-
bronchial, and subpleural infiltrates during the early chronic
phase of the infection. Interstitial inflammation is followed by
progressive pulmonary fibrosis that is evident by Day 120–180
of infection (17). To study the effect of antiviral treatment on
virus-induced fibrosis, we initiated antiviral treatment in mock-
and virus-infected animals on Day 45 after infection, a time
point before fibrosis is seen. Mock- and virus-infected mice were
treated subcutaneously with cidofovir (or saline) biweekly for
4 months and compared with mock- and virus-infected animals
receiving saline solution. Mice were killed 120 days after initial
infection. Viral antigen clearance by the antiviral treatment was
confirmed by immunofluorescence analysis with an anti-MHV68
polyclonal antibody. Frozen lung sections from infected mice
without antiviral treatment showed abundant positive signals
corresponding to viral proteins. In contrast, lung preparations
from animals receiving antiviral treatment resulted in a marked
decrease in detection of viral antigens (Figures 1A–1D).

Figure 3. Decreased levels of cyto-
kines after treatment in MHV68-
infected IFN-�R�/� mice. (A) IFN-�,
IL-6, and tumor necrosis factor
(TNF)-� levels were measured in
bronchoalveolar lavage (BAL) fluid
from mock and MHV68-infected
IFN-�R�/� mice after treatment
with saline solution (SS) or the
antiviral agent (AV), which was
begun on Day 45 postinfection.
Levels of cytokines were deter-
mined in a multiplex bead immu-
noassay on Day 120. (B ) IL-5 and
IL-13 levels were measured in BAL
fluid 120 days postinfection in
mock and MHV68-infected IFN-
�R�/� mice treated with saline so-
lution or antiviral agent. Shown are
means and SEM (n 	 4–10 mice
in each group).

Histopathologic analysis of lungs from chronic virus-infected
mice shows that a high percentage of the mice have subpleural
and perivascular lymphocytic infiltrates associated with intersti-
tial and subpleural fibrosis (Figures 2A, 2C, and D); and a lower
percentage showed predominantly inflammatory infiltrates with
minimal collagen deposition. In sharp contrast, 90% of the mice
that received antiviral treatment lacked alveolar remodeling and
fibrosis despite the presence of lymphocytic infiltrates in subpleu-
ral and perivascular areas (Figures 2B, 2E, and 2F). The majority
of cells in the lymphocytic infiltrates were B cells, as demon-
strated by immunohistochemical analysis with an antibody that
detects the B-cell marker B220 (Figure 2G). As can be seen in
Figure 2H, morphometric analysis of lung sections of infected
mice indicates that fibrosis was greater in mice infected without
antiviral treatment. The significant reduction of pulmonary fi-
brosis in antiviral agent-treated animals was supported by deter-
mination of hydroxyproline levels in lung samples. By this mea-
surement, mice that received cidofovir have less accumulation
of collagen than do infected mice receiving saline solution
(Figure 2I). After 8 weeks of treatment lung function was mea-
sured with a whole body plethysmograph. As we have reported
previously and consistent with a restrictive pulmonary defect,
lung function showed significant reduction in tidal volume in
infected IFN-�R�/� animals. Antiviral treatment improved the
pulmonary function of virus-infected animals in parallel with the
diminution of lung fibrosis (data not shown).

Decreased Inflammatory Responses in MHV68-infected
IFN-�R�/� Mice Treated with Cidofovir

We also determined whether control of viral replication dimin-
ished immune responses such as macrophage recruitment and
helper T-cell type 2 (Th2) differentiation, two processes that
have been correlated directly with the virus-induced fibrogenic
process. Analysis of cytokine levels in BAL fluid on Day 120
postinfection demonstrated that antiviral drug-treated animals
had lower levels of IFN-� (p 	 0.001), IL-6, and tumor necrosis
factor-�, as well as the Th2 cytokines IL-5 (p 	 0.031) and
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IL-13 (0.005), than did MHV68-infected mice without antiviral
treatment and were similar to levels in mock-infected animals
treated with either saline or cidofovir (Figure 3). BAL fluid
levels of the monocyte chemokines macrophage inflammatory
protein-1� (p 	 0.0042) and MCP-1 were also decreased by
antiviral treatment (Figure 4A). The total number of cells in
BAL fluid was lower in antiviral-treated animals compared with
infected mice receiving saline solution (Figure 4B).

Lower Arginase Activity in MHV68 IFN-�R�/� Mice Treated
with Antiviral

Macrophages involved in healing and repair are activated by an
alternative pathway associated with up-regulation of arginase, an
enzyme that promotes cell proliferation and collagen synthesis
through the production of l-proline (23, 24). We have established
that macrophage recruitment and high levels of arginase I activ-
ity in the lung are associated with chronic MHV68 infection and
the development of lung fibrosis (19). We extended these studies
to antiviral-treated animals and we found that arginase activity
was significantly decreased after cidofovir treatment (Figure 4C).
Antiviral treatment also diminished the expression of other
virus-induced markers of alternative activation in macrophages
such as the chitinase-like secretory lectins Ym1 and Ym2 (25,
26) (Figure 4D).

Alternatively, activated macrophages contribute to wound
repair releasing extracellular components such as fibronectin,

Figure 4. Antiviral treatment decreases
recruitment and activation via the alterna-
tive pathway of macrophages in MHV68-
infected IFN-�R�/� mice. (A ) Macrophage
inflammatory protein (MIP)-1� and
monocyte chemotactic protein (MCP)-1
levels were measured in bronchoalveolar
lavage (BAL) fluid from mock and
MHV68-infected IFN-�R�/� mice on Day
120 after chronic treatment with saline
solution (SS) or antiviral agent (AV) begun
on Day 45. Levels of cytokines were deter-
mined in a multiplex bead immunoassay.
Shown are means and SEM (n 	 4–10
per group). (B ) BAL was performed in
mock and virus-infected animals after
4 months of saline solution or antiviral
therapy (n 	 4–8 mice in each group).
Cell counts show a significant diminution
in the numbers of cells after antiviral ther-
apy. (C ) Measurement of arginase I activ-
ity in lung samples of mock and infected
animals on Day 120 after treatment with
saline solution or antiviral begun on Day
45. Arginase activity significantly dimin-
ished after antiviral treatment. Shown are
means and SEM (n 	 3–7 per group). (D )
Lung homogenate from mock and virus-
infected mice treated with saline solution
or antiviral were subjected to Western
blot analysis for Ym1/2 proteins. Antiviral
treatment in infected mice was associated
with lower levels of Ym proteins in the
lungs. Blots were stripped and reprobed
with an anti–�-actin antibody to normal-
ize expression of Ym1/2.

metalloproteinases, and profibrotic growth factors (27, 28). We
analyzed induction by BAL of fibronectin transcription in
NIH3T3 cells transfected with a luciferase reporter under the
control of the fibronectin promoter. We found higher induction
of fibronectin gene transcription with BAL fluid samples from
MHV68-infected mice compared with samples from mock-
treated mice and a significant reduction in samples from animals
treated with cidofovir begun on Day 45 (Figure 5A). We have
also shown that virus-induced lung fibrosis is linked with high
levels of TGF-�1, one of the most potent regulators of connective
tissue synthesis. Analysis of TGF-�1 levels in BAL fluid from
infected mice receiving saline solution or antiviral treatment
demonstrated that cidofovir treatment begun on Day 45 reduced
the expression of latent and active TGF-�1 in the lungs of infected
animals (Figure 5B). Activation of TGF-�1 is induced by high
levels of IL-13 using a plasmin/serine protease and matrix metal-
loproteinase (MMP)-9–dependent mechanism. IL-13 also is a
potent stimulator of other MMPs such as MMP-2, -12, -13, and
-14 (29, 30). We determined MMP-2 and MMP-9 gelatinolytic
activity in BAL samples from MHV68-infected IFN-�R�/� mice
during the chronic phase of infection. BAL fluid samples from
infected animals showed high gelatinolytic activity, compared
with mock-treated animals, that corresponded with MMP-9 and
MMP-2 activity (Figure 5C). The use of an antiviral agent in
infected animals markedly diminished this gelatinolytic activity
in BAL samples (Figure 5C).
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Figure 5. Control of virus repli-
cation diminished fibrogenesis
in MHV68 IFN-�R�/� infected
mice. (A ) NIH3T3 cells stably
transfected with a fibronectin
reporter were cultured for 24
hours in the presence of bron-
choalveolar lavage (BAL) fluid
from mock and virus-infected
animals treated with saline so-
lution (SS) or antiviral (AV).
Afterward, the cells were har-
vested and fibronectin gene
transcription was measured
by luminescence (n 	 4 per
group). MHV68 infection stim-
ulates gene transcription of a
reporter under control of the
fibronectin promoter. AV treat-
ment significantly diminished
fibronectin transcription. (B )
Western blot analysis for the la-
tent and active forms of trans-
forming growth factor (TGF)-�
in BAL fluid samples collected
on Day 120. The blot was
stripped and reprobed with an
anti-surfactant A (SP-A) anti-

body to normalize expression of latent (open columns) and active (solid columns) TGF-�. Decreased levels of active TGF-� were found in infected
mice treated with the antiviral agent. (C ) Gelatin zymography of BAL fluid samples from mock and MHV68-infected animals at the indicated times
points after infection. High gelatinolytic activity was observed in samples from infected mice compared with mock animals and infected animals
treated with antiviral agent. Purified matrix metalloproteinase (MMP)–2 and MMP-9 were used to identify zymography bands in the samples from
virus-infected animals treated with SS.

Antiviral Treatment in Symptomatic Animals Improved
Clinical Disease and Severity of Lung Fibrosis

MHV68 infection of IFN-�R�/� mice resulted in substantial de-
cline in body weight after Day 45 postinfection. This weight loss
was associated with progressive clinical deterioration assessed
by observation of ruffled fur and lethargy. Antiviral treatment
begun on Day 45 to asymptomatic mice prevented progression
of fibrosis, loss of weight, and mortality (Figures 6A and 6B).
To determine whether antiviral treatment was effective in im-
proving clinical disease and fibrosis in symptomatic mice, we
administrated cidofovir on Day 60 postinfection in a group of
infected mice, who were showing clinical signs of disease. This
therapeutic regimen prevented the weight loss and diminished
the mortality compared with symptomatic mice receiving saline
solution (Figures 6A and 6B).

Histopathology analysis of the lungs of mice with antiviral
treatment begun on Day 60 postinfection showed lung fibrosis
limited to perivascular and peribronchial areas in 30% of the
mice (Figure 6C), and some degree of interstitial fibrosis with
or without pleural thickening in 70% of them (Figures 6D and
6E). Conversely, 70% of the symptomatic mice without antiviral
treatment had lung fibrosis with pleura thickening (Figure 6F).
The severity of the fibrosis correlated with detectable virus in
the spleen and higher number of copies of transcripts of the
viral lytic gene glycoprotein B (gB) in the lungs, suggesting virus
reactivation from latency. Antiviral treatment begun on Day 45
and 60 diminished the number of gB transcripts by eight- and
fourfold, respectively, compared with saline solution–treated an-
imals (Figure 6G).

The reduction in the severity of the fibrosis and virus replica-
tion in symptomatic mice receiving antiviral was associated with

reduced levels of active TGF-� and lower levels of IFN-� in
BAL fluid (Figures 7A and 7B). The antiviral treatment begun
on Day 60 was ineffective in diminishing levels of monocytic
chemokines such as MCP-1 (Figure 7B). Lungs of infected mice
receiving antiviral beginning on Day 60 had high levels of the
chitinase-like protein Ym1/2, indicating the presence of macro-
phages activated by the alternative pathway (Figure 7C).

IFN-�R�/� Mice Infected with Reactivation-deficient Virus
(Mutant v-Cyclin Stop MHV68) Failed to Develop
Lung Fibrosis

�-Herpesviruses encode a homolog of mammalian D-type
cyclins. The v-cyclin encoded by MHV68 induces cell cycle pro-
gression and is an oncogene (31). MHV68 containing a transla-
tion stop codon within the v-cyclin gene has been generated and
this mutant virus (mutant v-cyclin stop MHV68) has been shown
to be significantly compromised in its capacity to reactivate from
latency (32). v-Cyclin stop virus has been reported to replicate
normally in fibroblasts in vitro and during acute infection in the
spleen, liver, and lungs in vivo (32). Thus, v-cyclin stop has the
normal progression of acute infection followed by latent infection,
like wild-type virus, but does not reactivate from latency and
undergo replication. To confirm that lung fibrosis is associated
with virus reactivation and lytic replication, we infected IFN-
�R�/� mice with the v-cyclin stop MHV68. In concordance, histo-
pathology analysis of lungs of mice infected with v-cyclin stop
virus showed, during the acute phase of infection, lymphocytic
pneumonia characterized by the presence of peribronchial and
perivascular lymphocytic infiltrates, macrophages, and fibrotic
areas (Figures 8A–8C). On Day 150 lungs from IFN-�R�/� mice
infected with v-cyclin stop virus had predominantly lymphocytic
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Figure 6. Antiviral treatment in symptomatic mice improved clinical disease and survival. (A ) Body weight was tracked for mock (open circles) and
MHV68-infected mice treated with saline solution (Virus SS; solid circles) or antiviral from Day 45 (AV-45; solid triangles) or from Day 60 (AV-60;
open squares). Data are presented as the difference in body weight from Day 0 of infection. More severe illness was observed in SS-treated mice.
A beneficial effect was observed with the antiviral treatment. Number of mice: mock (n 	 10), SS (n 	 9), AV-45 (n 	 5), AV-60 (n 	 6). Data
are representative of three different experiments. (B ) Survival is plotted versus time postinfection for mock (open circles), MHV68-infected mice
treated with saline solution (Virus SS; solid circles), MHV68-infected mice treated with antiviral begun on Day 45 (AV-45; solid triangles), and
symptomatic MHV68-infected mice treated with antiviral (AV-60; open squares) or saline solution begun on Day 60 (virus symptomatic; open
triangles). Number of mice: mock (n 	 20), SS (n 	 26), AV-45 (n 	 19), AV-60 (n 	 8), virus symptomatic (n 	 8). Data represent three pooled
different experiments. The Kaplan-Meier survival curves were significantly different as follows: mock versus SS (p 	 0.0087), SS versus AV-45
(p 	 0.03), virus symptomatic versus AV-60 (p 	 0.03). Arrows indicate the time points when AV treatment was begun on Day 45 and Day 60.
(C–E ) Masson trichrome staining of lung sections from MHV68-infected mice receiving antiviral treatment from Day 60 postinfection. Each panel
represents a different animal. Notice the perivascular fibrosis in (C ), mild interstitial fibrosis in (D ), and the severe interstitial and subpleural
deposition of collagen in (E ). Original magnification: �10. (F ) Semiquantitative morphometric analysis of lung histopathology in symptomatic
virus-infected mice with or without antiviral therapy analyzed on Day 120 of infection. Virus-infected symptomatic mice showed a high proportion
of multiple fibrotic foci with thickness of the pleura (score, 4). A reduction in the severity of the fibrosis was found in symptomatic mice receiving
antiviral treatment. Number of mice: virus symptomatic (n 	 8); AV-60 (n 	 8). (G ) Real-time reverse transcription-polymerase chain reaction
(RT-PCR) quantifying viral transcripts for the late lytic gene gB in the lungs of mock and virus-infected mice treated with SS or AV (n 	 3). Negative
amplification was obtained in mock-infected mice. A lower number of copies was observed in MHV68-infected mice treated with cidofovir.

infiltrates and vasculitis with mild fibrosis limited to perivascular,
peribronchial, and paraseptal areas (Figures 8D–8F). Similar to
antiviral-treated wild-type virus–infected mice, immunohisto-
chemical analysis in infected lungs with the v-cyclin mutant virus
showed lymphocytic infiltrates containing predominantly B220-
positive cells (Figure 8G). Accumulation of alveolar macro-
phages in the lung was not evident and low expression of alterna-
tive activation markers was found (Figure 8H). Thus, infection
with a virus that does not reactivate from latency resulted in
limited fibrosis and failure to activate alveolar macrophages by
the alternative pathway.

Cidofovir Fails to Control VEGF Expression and Lung Fibrosis
in Bleomycin Model

Stimulation of VEGF has been shown to be associated with Th2
inflammatory responses and lung remodeling in animal models
and human patients (33–35). Western blot analysis of lung lysates
from chronic MHV68-infected IFN-�R�/� mice showed high
levels of expression of VEGF. Antiviral therapy begun on Day
45 in asymptomatic animals prevented up-regulation of VEGF
but was ineffective when the antiviral was administrated to symp-
tomatic animals (AV-60) (Figure 9A). Levels of VEGF were
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Figure 7. Antiviral treat-
ment in symptomatic mice
fails to control alternative
activation of macrophages.
(A ) Western blot analysis
for the latent and active
forms of TGF-� in bronchoal-
veolar lavage (BAL) fluid
samples collected on Day
120. Blot was stripped and
reprobed with an anti-
surfactant A (SP-A) antibody
to normalize expression of
latent (open columns) and
active (solid columns) TGF-�.
Decreased levels of active
TGF-� were found in symp-
tomatic infected mice treated
with the antiviral agent. (B)
IFN-� and monocyte chemo-
tactic protein (MCP)–1 lev-
els were measured in BAL
fluid from mock and
MHV68-infected IFN-�R�/�

mice after treatment with
saline solution (SS) or anti-
viral, which was begun on
Day 45 or 60 postinfection
(AV-45 and AV-60, respec-
tively). Levels of cytokines
were determined in a multi-
plex bead immunoassay on
Day 120. Shown are means
and SEM. Number of mice:
mock (n 	 5); AV-45 (n 	

5); virus SS (n 	 6); AV-60
(n 	 6). (C ) Lung homoge-
nate from mock and virus-
infected mice treated with
saline solution or antiviral
were subjected to Western
blot analysis for Ym1/2 pro-
teins. Antiviral begun on
Day 60 postinfection failed
to lower levels of Ym pro-
teins in the lungs. Blot was
stripped and reprobed with
an anti–�-actin antibody to
normalize expression of
Ym1/2.

also diminished in IFN-�R�/� mice infected with the mutant
v-cyclin stop MHV68. To determine the source of VEGF in
infected mice, we performed an immunofluorescence assay. We
found high expression of VEGF in hyperplastic alveolar epithe-
lial cells and macrophages of infected animals. In contrast, low
signal was obtained in lung samples from mice treated with
antiviral from Day 45 postinfection (Figures 9B and 9C). Cido-
fovir treatment has been associated with inhibition of VEGF in
human papillomavirus-18 (HPV-18) cervical carcinoma cell
lines. To determine whether cidofovir inhibited VEGF expres-
sion and fibrosis in another lung fibrosis model, we administered
cidofovir to IFN-�R�/� mice after bleomycin instillation. Cido-
fovir was initiated at 15 mg/kg of body weight on Day 1 after
bleomycin instillation and continued every third day until sacri-
fice. VEGF expression was determined in lung lysates on Day
21 after bleomycin instillation. High levels of VEGF were ob-

tained in bleomycin-treated animals with or without antiviral
treatment (Figure 9D). Furthermore, cidofovir treatment failed
to decrease fibrogenesis in bleomycin-treated animals as ana-
lyzed by the expression of the extracellular matrix component
fibronectin and by histopathology analysis of the lungs, using
Masson trichrome staining (Figures 9D–9H).

DISCUSSION

The pathogenesis of IPF is not fully delineated, but a critical
event may be ongoing injury of the lung epithelium. Chronic
herpesvirus infection is a potential cause of epithelial cell dys-
function, either by causing direct epithelial injury via virus lytic
replication or by altering cell phenotype via a latent infection
that induces immune responses that promote abnormal repair
and fibrosis. We found that chronic herpesvirus lung infection
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Figure 8. Infection with the reactivation-deficient v-cyclin stop MHV68 failed to produce lung fibrosis and alternative activation of macrophages.
(A–C ) Hematoxylin-and-eosin staining of v-cyclin stop MHV68–infected lung on Day 20. v-Cyclin stop MHV68 has an acute replication similar to
that of wild-type virus. Notice the lymphocytic infiltrates around blood vessels and airways, and the accumulation of alveolar macrophages and
fibroblasts. (D–F ) Masson trichrome staining of lung sections from v-cyclin stop MHV68–infected mice on Day 150. Collagen deposition is
demonstrated by blue staining. Notice the absence of interstitial fibrosis. Each panel represents a different animal. Original magnification: (A and
D–F ) �10; (B and C ) �20. (G ) Immunohistochemical analysis of v-cyclin stop virus–infected lung, using an anti-B220 antibody. (H and I ) Quantitative
reverse transcription–polymerase chain reaction was used to determine the levels of Ym and Fizz1, respectively, in lungs of mock, wild-type
(WT)–infected, and v-cyclin stop MHV68–infected IFN-�R�/� mice on Day 120 postinfection. Data are normalized against �-actin.

in a mouse biased toward a Th2-type response resulted in pro-
gressive pulmonary fibrosis. Using this animal model, we demon-
strate that active MHV68 replication during the chronic phase
of infection is required for the development of virus-induced
lung fibrosis. This finding has significant implications when devel-
oping an antiviral strategy in patients with IPF and infected with
herpesvirus, as current antiherpesvirus treatments control only
viruses undergoing lytic but not latent infection.

Prevention of viral replication with the antiviral cidofovir in
chronically infected mice, beginning on Day 45 postinfection,
mediated virus clearance, decreased lung levels of proinflamma-
tory and profibrotic cytokines, and had a dramatic effect of
lung fibrosis. These findings were associated with prevention of
mortality and improvement of the clinical disease. Histopatho-
logic analyses of the lungs of MHV68-infected mice treated with
cidofovir showed persistence of lymphocytic infiltrates that in
the past we have shown to be B cells (17). Although antiviral
treatment is effective only against lytic forms of the virus, ongo-

ing productive replication is essential for maintaining high levels
of latently infected cells. Thus, we found that mice treated with
cidofovir had a reduction in the number of copies of transcripts of
the viral latent genes M2 and M11, as expected (data not shown).
Studies showed that mice infected intranasally with MHV68 and
treated with cidofovir from Day 2 postinfection established long-
term infection in lung B cells but were unable to establish latency
in the spleen. Similar results were obtained when mice were
infected intranasally with a gene 50 stop. MHV68 gene 50 en-
codes Rta, the major trans-activator of the lytic program (36,
37). The role of the persistently latent infected B cells in lung
fibrosis is unclear. B cells have been found to confer a protective
role against silica-induced lung fibrosis by the production of
prostaglandin E2 (38). On the other hand, B-cell–deficient mice
have markedly reduced collagen deposition in a model of liver
fibrosis produced by chronic treatment with CCl4 (39).

It is known that some viral proteins expressed during latency
can modify the virus-mediated pathology. For instance, mice
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Figure 9. Cidofovir treatment in a bleomycin fibrosis model is ineffective in controlling vascular endothelial growth factor (VEGF) expression and
fibrosis. (A ) Western blot analysis, using an anti-VEGF antibody in lung homogenates collected on Day 120–150. High levels of VEGF were found
in wild-type MHV68–infected IFN-�R�/� mice receiving saline solution (Virus SS) and symptomatic infected mice treated with the antiviral agent
from Day 60 of infection (AV-60). Low VEGF levels were obtained in infected mice treated with antiviral from Day 45 of infection (AV-45) and
also in mice infected with the v-cyclin stop mutant MHV68. The blot was stripped and reprobed with an anti–�-actin antibody to normalize expression
of reduced VEGF. (B ) VEGF expression was detected in hyperplastic alveolar epithelial cells and alveolar macrophages by immunofluorescence analysis
of lung of MHV68-infected mice on Day 120 (red). Slides were counterstained with 4�,6-diamidino-2-phenyindole, which stains nuclei blue. (C )
Frozen section from a mouse treated with antiviral from Day 45 and stained with anti-VEGF antibody (red) shows decreased VEGF expression. (D )
VEGF and fibronectin expression were determined in lung lysates from mock and bleomycin-treated mice receiving saline solution (SS) or antiviral
(AV). Comparable VEGF and fibronectin up-regulation was observed after bleomycin treatment in mice with or without antiviral treatment. The
blot was stripped and reprobed with an anti–�-actin antibody to normalize expression of reduced VEGF and fibronectin. (E–H ) Masson trichrome
staining of lungs of IFN-�R�/� mice on Day 21 after intratracheal inoculation of phosphate-buffered saline or bleomycin and after receiving
subcutaneously cidofovir (antiviral, AV) or saline solution (SS) every 3 days. Collagen deposition is denoted in blue.

infected with MHV76, a virus that is deficient in expression of
the unique set of latent viral proteins M1 to M4, or mice infected
with an MHV68 virus that does not express the M1 latent protein,
do not develop splenomegalia or chronic pathology (40, 41).
Preliminary studies with the M1 mutant MHV68 show that IFN-
�R�/� mice infected with this virus have acute pneumonitis but
no lung and spleen fibrosis on Day 180 postinfection. Analyses

to discern the mechanism of M1-mediated virus pathology are
in progress. Expression of M2 viral latent protein down-regulates
Stat1 and Stat2, resulting in inhibition of interferon-mediated
transcriptional activation that might enhance the Th2 profibrotic
responses (42). M3 is a chemokine-binding protein that can
regulate the chemotaxis of neutrophils, lymphocytes, and mono-
cytes (43–45). T-cell responses and macrophages have been
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implicated in the development of virus-mediated pathology. Fi-
nally, the absence of chronic arteritis is also observed in IFN-
�R�/� mice infected with an MHV68 deficient in the M11 viral
gene. M11 is a bcl-2 homolog with antiapoptotic activity required
for efficient reactivation from latency (46). M11 prevents apopto-
sis induced either by expression of viral genes critical for ex vivo
reactivation or by proapoptotic host genes that come into play
during ex vivo reactivation.

Persistent lymphocytic infiltrates without fibrosis were also
found in lungs of mice infected with the mutant MHV68,
v-cyclin stop. This virus has the capacity to establish latency,
but it is defective in reactivation from latency. Taken together,
these results suggest that active lytic replication in the chronic
phase of infection is a driving mechanism for the fibrogenic
process. A common finding in animals treated with antiviral
agent beginning on Day 45 and in v-cyclin stop MHV68–infected
animals is the lack of macrophage recruitment and lack of expres-
sion of alternative activation markers. Studies show expression
of markers of alternative macrophage activation in the lungs of
patients with IPF (47). Our experimental model shows a similar
pattern of activation for alveolar macrophages in chronically
infected animals (19). Macrophages activated by the alternative
pathway have been implicated in wound repair (24, 27). These
macrophages have up-regulated arginase activity and high ex-
pression of chitinase-like lectins Ym1/2 as well as of TGF-� and
extracellular matrix proteins including fibronectin. We demon-
strate here that by controlling lung injury by antiviral treatment
or diminution of virus reactivation from latency, Th2-mediated
activation of macrophages is prevented, and pulmonary fibrosis
as well. These data suggest that alternatively activated macro-
phages have an active role in the exaggerated reparative response
to lung injury associated with fibrosis.

Another mediator of collagen deposition that is associated
with Th2 responses is VEGF. A longitudinal study evaluating
VEGF levels in the plasma of patients with IPF showed a direct
correlation between VEGF levels and clinical and radiologic
deterioration (33). In our model of pulmonary fibrosis, we dem-
onstrated that chronic �-herpesvirus infection is associated with
high levels of VEGF in the lung that diminished with control
of lytic infection by antiviral treatment or by infection with the
v-cyclin stop mutant virus. These results support the concept
that lytic infection mediates up-regulation of VEGF expression.
Similarly, enhancement of VEGF expression has been reported
during EBV reactivation (48). On the other hand, the mainte-
nance of high levels of VEGF in mice receiving antiviral from
Day 60 postinfection and the studies with the bleomycin lung
fibrosis model eliminate a direct effect of cidofovir on VEGF
expression regulation.

Finally, we analyzed the effectiveness of antiviral treatment
in symptomatic mice undergoing viral replication as demon-
strated by high copy numbers of gB transcripts, a product of
lytic replication. This group of mice had high mortality that
improved with the antiviral treatment. The control of viral repli-
cation was incomplete in these symptomatic animals, as well as
in the asymptomatic animals, probably because a low dose of
antiviral agent was used to avoid the nephrotoxicity of this com-
pound. Pilot experiments conducted with 25 mg/kg of body
weight resulted in 50% mortality after the first week of treat-
ment. Antiviral treatment failed to reverse lung fibrosis and
alternative activation of macrophages, although there was a sig-
nificant reduction in the severity of the fibrosis. It is possible
that increasing the dose of antiviral or adding IFN-� in the
therapeutic regimen could result in better control of virus
replication.

No current therapies for IPF have been proven to alter lung
fibrosis or survival. Corticosteroids, and immunosuppressive or

cytotoxic agents, have not proven to be of benefit and have
potentially serious toxicities (49). Our data in the animal model
demonstrate that antiviral therapy aimed at replicating virus can
prevent disrepair and fibrosis in a susceptible host. We also show
that antiviral treatment in herpesvirus-infected mice improves
clinical disease and survival. It is possible that treatment of
�-herpesvirus infection in patients with IPF with associated viral
infection might help to control the progression of the fibrotic
process. Future studies in this mouse model will be required to
determine the impact of combination therapies in ameliorating
pulmonary fibrosis.

In summary, using agents that stop replication of the virus
and a replication-defective virus, we show that lytic infection is
an important mechanism for virus-induced fibrosis. Further-
more, our data support the notion that activation of alveolar
macrophages by the alternative pathway is a critical partner in
the development of virus-induced fibrosis. Finally, the potential
therapeutic ramification of our study is that antiviral therapy in
herpesvirus-infected patients with IPF may be effective.
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