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Abstract

Viral infections are important contributors to exacerbation of asthma
and chronic obstructive pulmonary disease; however, the role of
viruses in the pathogenesis of idiopathic pulmonary fibrosis (IPF) is
less clear. This likely reflects that fact that IPF acute exacerbations are
defined clinically as “noninfectious,” and little attentionhasbeenpaid
to the outcomes of patients with IPF with diagnosed infections.
However, accumulating evidence suggests that infections (both
bacterial and viral) may influence disease outcomes either as
exacerbating agents or initiators of disease. Support for a viral role in
disease initiation comes from studies demonstrating the presence
of herpesviral DNA and epithelial cell stress in the lungs of
asymptomatic relatives at risk for developing familial IPF. In
addition, the number of studies that can associate viral (especially

herpesviral) signatures in the lung with the development of IPF is
steadily growing, and activated leukocyte signatures in patients with
IPF provide further support for infectious processes driving IPF
progression. Animal modeling has been used to better understand
howa gammaherpesvirus infection canmodulate the pathogenesis of
lung fibrosis and has demonstrated that preceding infections appear
to reprogram lung epithelial cells during latency to produce
profibrotic factors, making the lung more susceptible to
subsequent fibrotic insult, whereas exacerbations of existing fibrosis,
or infections in susceptible hosts, involve active viral replication and
are influenced by antiviral therapy. In addition, there is new evidence
that bacterial burden in the lungs of patients with IPF may predict
a poor prognosis.
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Idiopathic pulmonary fibrosis (IPF) is a rare
interstitial lung disease characterized by
progressive accumulation of extracellular
matrix, worsening dyspnea, and impaired
gas exchange. The disease incidence and
prevalence increases with each decade of life,
with the mean age at diagnosis being
approximately 65 years. The mean survival
from this disease is between 3 and 5 years
after diagnosis (1–3). The natural history
of the disease can vary, with some patients
experiencing periods of relative stability,
some patients showing steady decline in
lung function, and some patients

experiencing periods of acute worsening
(4–6). Given the pathologic features of IPF,
which include temporal and spatial
heterogeneity in areas of lung damage and
fibrosis, epithelial cell injury, diffuse
alveolar damage, and variable inflammation
(7), it has been suggested that viruses may
represent etiologic agents of disease (8). In
fact, there is a growing body of literature
that may suggest there are reasons to
suspect a viral etiology in this disease. Such
suggestions are based on the following: (1)
IPF is associated with aging, and aging is
associated with immunosenescence,

particularly in the face of chronic viral
infections (9); (2) two small studies have
suggested that patients with IPF treated
with antiviral medications (valacyclovir and
gancyclovir) showed improvement (10, 11);
(3) the spatial and temporal heterogeneity
of lung pathology in IPF are reminiscent
of an infectious etiology (7); (4) the recent
PANTHER-IPF (Prednisone, Azathioprine,
and N-Acetylcysteine: A Study That
Evaluates Response in Idiopathic
Pulmonary Fibrosis) trial concluded that
immunosuppression can be harmful in
patients with IPF, suggesting that immune
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cell function is needed to limit disease
pathogenesis (12); and (5) growing
evidence suggests that patients with IPF are
characterized by activated leukocyte
populations and increased expression of
host defense genes (13–17). Given this
rationale, a number of studies have
examined viruses as potential agents of IPF
pathogenesis, and these studies are briefly
reviewed below.

Human Studies

Hepatitis C Virus
Given the known ability of hepatitis C virus
(HCV) to induce liver cirrhosis, this virus
has received attention in studies of lung
fibrosis as well. Two studies have suggested
a positive association between HCV and
IPF. Ueda and colleagues demonstrated that
HCV antibodies were found in 28% of
patients in an IPF cohort versus only 3.6%
of a control cohort population (18).
Additionally, Arase and colleagues
demonstrated that the incidence of IPF was
higher at 10 (0.3%) and 20 (0.9%) years
after HCV infection than it was in a cohort
of patients infected with hepatitis B virus
(19). However, HCV is more prevalent in
many forms of lung disease, and thus it
may not be specific to IPF (20). Finally, one
study found no association between HCV
infection and IPF (21).

Adenovirus
Given that adenovirus is a persistent virus
and that the adenoviral E1A protein has the
ability to induce profibrotic transforming
growth factor b (TGF-b) secretion from
epithelial cells and to induce epithelial–
mesenchymal transition (22), it was
suggested that adenovirus infection may
promote IPF development. However, two
clinical studies have found no support for
this hypothesis. Kumano and colleagues
could not identify E1A DNA at higher
levels in IPF than in control cases (23), and
Yonemaru and colleagues found no
elevation of antiadenoviral IgG in the sera
of patients with IPF (24).

Torque-Teno (Transfusion-
Transmitted) Virus
The Torque-Teno (Transfusion-
Transmitted) (TT) virus, a single-stranded
DNA virus originally identified in a patient
with post-transfusion hepatitis, has also been
studied in patients with IPF. Among the

patients with IPF tested, 36.4% were positive
for TTV DNA. A higher percentage of
patients with IPF who were positive for TTV
died within 4 years (6/12 patients; 50%) when
compared with patients with IPF who were
TTV negative (6/21; 28.6%) (25). The same
study also noted that patients with IPF who
develop lung cancer had higher TTV titers
than did patients who did not develop
cancer (25). However, this virus has also
been seen in patients with lung cancer and
acute lung injury; thus, the specificity of
TTV in driving IPF pathogenesis is still
unclear (25, 26). Recently it was shown that
TTV was the most frequently identified virus
in a group of patients with IPF diagnosed
with acute exacerbation (26). These data
have certainly raised the question of whether
an infectious agent, even if occult, could
drive the pathogenesis of some cases of IPF
acute exacerbation.

Herpesviruses
Herpesviruses comprise a large family of
ubiquitous DNA viruses that include many
common pathogens. This family of viruses
by far has received the greatest attention
as either an etiologic or exacerbating agent
of IPF. The fact that these viruses can
establish life-long latency in the host with
the potential to reactivate makes them
attractive candidates for a viral infection
that could “reemerge” to cause disease in
older individuals. However, the fact that
these viruses are common pathogens when
IPF is a rare disease suggests that, if true,
there must be genetic or environmental
factors that are not yet understood.
One suggestion has been that patients
predisposed to harbor herpesviruses in the
lung (as opposed to other body tissues) may
be at increased risk. As discussed below,
18 studies have shown an association of
herpesvirus with IPF, acute exacerbation of
IPF, or patients at risk for familial IPF in
lung samples, and four studies have shown
an association with serologic studies.
However, three studies have been negative
(27–29), raising questions about the
potential for geographic differences, disease
heterogeneity, or sensitivity.

In the studies that have examined
serology, Vegnon and colleagues found
anti–Epstein Barr virus (EBV) IgG in 5 of
13 patients with IPF (30), Yonemaru and
colleagues found evidence of anti-EBV,
anti–herpes simplex virus (HSV-1), and
anti-cytomegalovirus (CMV) antibodies in
patients with IPF. Strikingly, anti-CMV IgG

was found in 80% of patients with IPF
versus 30% of control subjects (24). Magro
and colleagues found anti-CMV IgG in 9 of
19 patients with IPF tested (31), and
Manika and colleagues found anti-EBV IgA
in 60% of patients with IPF versus 22% of
control patients (32).

Regarding studies within the lung, there
are numerous examples suggesting that
herpesvirus DNA or proteins are increased in
patients with IPF. Such studies have shown
EBV DNA to be present in 3 of 17
bronchoalveolar lavage (BAL) samples from
patients with IPF (32); 11 of 12 patients with
IPF tested positive for EBV, whereas 3 of 12
tested positive for human herpesvirus 6 (33).
Lasithiotaki and colleagues found evidence
for HSV-1 in 1 of 11 patients with IPF tested
but in none of six control subjects (34).
Forty percent (22/55) of patients with IPF
had evidence of EBV DNA in the lungs
versus only 7.3% of control subjects (3/41).
Interestingly, in this study, the presence of
EBV DNA correlated with increased arterial
thickening and mean arterial pressure,
suggesting that the viral infection may
influence the development of pulmonary
hypertension in these patients (35).

Other studies examining IPF lungs for
evidence of herpesviral infection have
shown CMV RNA to be present despite the
fact that the typical cytoplasmic inclusion
bodies were not evident (31). Stewart and
colleagues noted that 41% of patients with
IPF (11/27) but no control patients were
positive for EBV by immunohistochemistry
and PCR (36). In other studies, Tsukamoto
and colleagues found that 96% of IPF
lungs were positive for EBV DNA versus
71% of controls. When looking at biopsy
specimens in this same study, 9 of 29
patients with IPF had evidence of the viral
latent membrane protein (LMP) in their
epithelial cells, whereas none of the control
patients did. When analyzing the disease
course of the patients with IPF who
demonstrated LMP positivity, four of the
nine LMP-positive patients died rapidly,
compared with only one rapid death in the
20 LMP-negative patients (37). Kelly and
colleagues reported that 61% of IPF
biopsies showed evidence of the productive
EBV Whzet DNA rearrangement,
suggesting the occurrence of lytic infection
(38). Assuming that any herpesvirus might
be able to have a similar influence on
IPF pathogenesis, Tang and colleagues
noted that 97% of patients with IPF had
evidence of one or more of CMV, EBV,
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HHV7, or HHV8 infection(s), whereas only
36% of control patients had such findings
(10). One of the most intriguing studies to
date comes from Folcik and colleagues, who
looked for evidence of Herpesvirus saimiri
DNA in patients with IPF. They found
evidence consistent with the presence of H.
saimiri DNA in the regenerating epithelium
of 21 of 21 IPF biopsies examined, whereas
none was found the control lung epithelial
cells (39). This herpesvirus is actually
a pathogen of squirrel monkeys but has
been shown to infect up to 7% of humans.
Although the transmission of this virus to
patients with IPF is unclear, the limited
infection rate of this virus in humans is
more consistent with an etiologic agent of
a rare disease such as sporadic IPF. Another
reason that this report is interesting is
that the animal modeling that has been
done for herpesvirus influences on lung
fibrosis have used murine gamma
herpesvirus-68 (gHV-68), and this murine
virus has a high homology to H. saimiri.

Several studies have explored herpesvirus
in patients with both sporadic and familial
forms of IPF. Patients with sporadic IPF often
had evidence of two or more herpesviruses in
the lung, whereas patients with familial IPF
often had only one herpesvirus present. In the
patients with familial IPF, this was most often
CMV and rarely was KSHV (10). In another
important study, patients with both familial
and sporadic forms of IPF were tested for
evidence of EBV, CMV, or Kaposi’s sarcoma
herpes virus (KSHV or HHV8) in lung
epithelial cells. Fifteen of 23 patients with IPF
with sporadic or familial forms of disease had
evidence of herpesvirus infection, whereas
none of the 10 control patients did.
Interestingly, in patients with herpesvirus
DNA, there was also evidence of endoplasmic
reticulum stress, as evidenced by markers of
the unfolded protein response in the same cells
(40). This is one of the first studies to suggest
a mechanism for epithelial damage that could
potentiate viral-mediated pathogenesis. In this
regard, a single case report also noted evidence
of EBV DNA in IPF epithelial cells (41). More
recently, an elegant study from Kropski and
colleagues examined asymptomatic relatives of
patients with familial IPF. Eleven of 75 at-risk
subjects (14%) had evidence of interstitial
changes by high-resolution CT scan, whereas
35.2% had abnormalities on transbronchial
biopsies. Interestingly, at-risk subjects had
increased herpesvirus DNA in cell-free BAL
and evidence of herpesvirus antigen
expression in alveolar epithelial cells, which

correlated with expression of endoplasmic
reticulum stress markers (42). These data may
be the best evidence to date that patients at
risk for IPF may experience herpesviral
infections of lung epithelium even before
disease symptoms are evident.

Acute Exacerbations
Acute exacerbations of IPF are defined
clinically as noninfectious, yet several
studies have suggested that occult infections
may play some role. The studies discussed
above by Wootton and colleagues found
infection in 19 of 43 cases of acute IPF
exacerbation. These included 12 cases of
TTV, one case of parainfluenza, two cases of
rhinovirus, one case of coronavirus, one case
of HSV-1, and two cases of EBV (26). Ushiki
and colleagues examined 14 cases of IPF
acute exacerbation and found evidence of
respiratory syncytial virus in one case and
CMV in two cases (43). In a study in
Brazil, 10% of IPF acute exacerbation
cases demonstrated evidence of measles or
CMV infection (44). Taken together, the
accumulating data suggest that acute
exacerbations may result from multiple
causes. In some cases, there is evidence of
an infection, and it is likely that immune
stimulation in response to that infection
may drive acute worsening of the disease.
This would be consistent with the
observations that viral infections cause
exacerbation of other lung diseases, such as
asthma and COPD (reviewed in References
45–47). However, many instances of IPF
acute exacerbation are not associated with
infections, and thus there must also be
a pathogenic mechanism that is disease
intrinsic. Another important difference
between acute exacerbations of IPF and
other lung diseases is that the mortality of
acute exacerbation in IPF is very high (5,
48), whereas this is not the case in asthma
or COPD exacerbations.

Animal Models

Preceding Infection
One of the most striking demonstrations
that a herpesvirus can cause fibrosis in
a natural host comes from the work of
Williams and colleagues, who demonstrated
that experimental infection of horses with
an equine gamma herpesvirus could cause
fibrosis (49). In murine models, we have
shown that an infection with gHV-68 given
14 to 70 days before a fibrotic insult can

augment the subsequent development of
lung fibrosis even if the fibrotic insults
(bleomycin or fluorescein isothiocyanate)
are not sufficient to induce fibrosis on their
own (50), in agreement with a previous
study (51). In this setting, it appears that
the virus can be latent and that lytic
replication is not critical for the ability of
the virus to augment the subsequent
fibrotic response (50). When trying to
identify mechanisms for how the latent
viral infection might affect fibrogenesis, we
found that latent viral infection in the lung
was associated with increased production of
chemokines that can recruit fibrocytes and
other inflammatory cells. We also noted
enhanced release of cysteinyl leukotrienes,
tumor necrosis factor a, and TGF-b in
latently infected lungs or lung cells (50, 52).

Aging
Because IPF is a disease of aged individuals,
it is possible that aged lungs are more
susceptible to viral infection than young
lungs. To determine this experimentally,
two groups instilled gHV-68 into the lungs
of aged mice (.15 mo) and found that old,
but not young, mice developed viral-
induced fibrosis (53, 54). Mechanisms
associated with the induction of fibrosis in
old, but not young, animals included
enhanced production of TGF-b from
infected mesenchymal cells and increased
responsiveness to TGF-b, leading to
enhanced expression of extracellular matrix
genes (53). In addition, aged epithelial
cells infected with the virus undergo
endoplasmic reticulum stress, which may
also promote fibrogenesis (54).

Bone Marrow Transplant
Although not related to IPF, other
conditions that can be associated with
fibrosis in the lung occur after stem cell
transplantation (e.g., idiopathic pneumonia
syndrome, nonspecific interstitial fibrosis,
or bronchiolitis obliterans). Like acute
exacerbations of IPF, these are believed to be
noninfectious in nature (55). However,
animal modeling suggests that gHV-68
infection may also influence lung fibrosis
after stem cell transplant (56). Similar to
the situation noted for preceding infection
in fibrosis models above, in the stem cell
transplant model viral replication can be
blocked using cidofovir starting on Day 5
with no impact on the subsequent
development of lung fibrosis on Day 21
after infection (unpublished observation).
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In this model it appears the effector T cell
responses are skewed to Th17 rather
than Th1 (57), and our unpublished
observations highlight a role for IL-17 in
mediating the fibrotic response to this virus.

Exacerbation of Existing Fibrosis
In contrast to the models discussed above
where latent virus is able to promote
fibrogenesis, studies that look at the impact
of viral infection on already established
fibrosis uncover differences in pathogenic
mechanisms. Giving the virus after
challenge with fluorescein isothiocyanate
(58) or bleomycin (59) exacerbates the
deposition of collagen in the lung.
Interestingly, in this model there may be
some specificity for gHV-68 infection
because influenza and murine CMV do not
have the same effect (59). The ability to
exacerbate established fibrosis was
dependent on the ability of the virus to
undergo lytic replication and reactivation,
and this was correlated with TGF-b
signaling and epithelial cell apoptosis (59).

Th2-Biased Mice
Another model that has been used to
demonstrate that herpesviruses can promote
fibrosis is the infection of Th2-biased mice
lacking IFN-g or the IFN-g receptor (60–
63). The requirement for lytic replication
and reactivation is also a feature of fibrosis
that develops after infection in these
Th2-biased mice (63). In these mice,
development of alternatively activated
macrophages plays an important role in
pathogenesis (64, 65), but it has also been
noted that therapeutic administration of
antiviral therapies can have some beneficial
effect. Administration of cidofovir to block
viral replication starting on Day 45 after
infection (a time point when the mice were
asymptomatic) reduced the percentage of
mice with severe fibrosis from 40 to 10% by
180 days after infection. Additionally,
giving the cidofovir starting at Day 60
after infection, when mice were already
symptomatic, improved survival from 20 to
80%, even though fibrosis persisted in 60%
of the mice (63). These studies offer some
hope that antiviral therapies may help limit
reactivation to improve mortality.

Conclusions

The clinical data that are accumulating and
discussed above suggest that viral infections

may play some role in the etiology of IPF. It
is tempting to speculate that reactivation
of viral infection in older individuals
may predispose to fibrotic progression.
Alternatively, reprogramming of lung
epithelial or mesenchymal cells by latent
infection may drive fibrotic processes over
time. Observations that latently infected
cells can produce profibrotic mediators
suggest that a preceding infection may
help to promote a more exuberant
response to a subsequent fibrotic stimulus.
In these cases, it appears that the

mechanisms responsible for fibrotic
etiology may not require lytic replication
or cellular destruction but instead may
represent cellular reprogramming. In
contrast, the ability of viruses to
exacerbate existing fibrosis may involve
different mechanisms. In animal models,
exacerbation requires lytic replication
(summarized in Figure 1). Models of
fibrosis that are dependent on lytic
replication may be mediated by epithelial
cell stress and accumulation of
alternatively activated macrophages.

Preceding infection as a cause of IPF etiology

Reactivation or new infection as cause of IPF exacerbation

Infection as a cause of IPF in susceptible hosts

Cellular Reprogramming

Viral Reactivation/Lytic Infection
ER stress/Epithelial Apoptosis

Alternative Macrophage Activation

Lytic replication cleared

Epithelial cell stress

Aged Lungs
Genetically Susceptible Hosts

Increased TGFβ responsiveness

Fibrotic
Insult

Fibrotic
Insult

Th2 Bias

Latent Infection
Profibrotic Mediator Secretion

Figure 1. Potential mechanisms for viral influence on the etiology or exacerbation of idiopathic
pulmonary fibrosis (IPF) based on pathogenic mechanisms uncovered in animal models. (Top)
Preceding infection may help initiate IPF pathogenesis by reprogramming of lung cells during latent
infection. (Middle) Exacerbation of existing fibrosis likely involves lytic replication. (Bottom) Aged lungs
or genetically susceptible hosts may be able to clear the lytic infection, but, due to alterations in the
lung environment (e.g., increased sensitivity to transforming growth factor b [TGF-b]), the outcome of
infection leads to fibrosis. ER = endoplasmic reticulum.
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Although there is evidence that occult
viral infections can be identified in some
cases of IPF acute exacerbation, most
cases do not show such infections. One
possible explanation for this is that
the acute exacerbation occurs as
a consequence of an earlier viral infection
that is no longer present at the time
of disease symptoms. Our stem cell
transplant studies suggest this scenario is
possible. However, our animal models of
viral exacerbation suggest that latent
virus is ineffective in worsening
extracellular matrix deposition; if we
extrapolate this finding to humans, it
would suggest that acute exacerbations
should show evidence of lytic viral
replication, but this is certainly not
universally seen.

Future Directions

Armed with data from human and animal
studies regarding viral influences on fibrosis,
what should pulmonologists focus on for the
future?

Trial of Antiviral Medication
We are intrigued by the small studies
showing benefit for antiherpes treatment
in some patients with IPF (10, 11). This
suggests that there may be value in
a larger study to evaluate antiviral
therapy. One would predict that the
benefit would be highest in patients with
documented evidence of recent viral
infection or reactivation, and this should
be considered as an entry criteria for such
a study. Of course, the challenge here is
determining what tissue to sample to
diagnose a herpesvirus infection in the
IPF population. Using serologic assays on
blood will be complicated by the fact that
herpesvirus infections are common in
the general population. Based on the
literature described above, the most
accurate determination is likely to come
from examination of lung tissue. This
presents a problem because the number
of biopsies being performed to diagnose
IPF is dropping as the diagnostic
accuracy of high-resolution CT improves.
However, many patients with IPF can
safely undergo BAL. Given the sensitivity
of PCR techniques, it is hoped that
analysis of BAL could be used for
inclusion criteria in such a trial. In fact,
this suggestion is supported by the work

of Kropski and colleagues, who
demonstrated the ability to detect
herpesvirus DNA in cell-free BAL in
asymptomatic relatives of patients with
familial IPF (42).

Studies of Infectious Exacerbation
of IPF
One thing that became very clear at the
recent Transatlantic Conference on Lung
Disease was that IPF is one of the few
pulmonary diseases that define
exacerbations as noninfectious. This is not
to say that patients with IPF do not develop
lung infections but that outcomes of such
infections are not well documented in the
literature. We believe that a concerted effort
should be made to understand what
happens to patients with IPF who do
develop bacterial or viral pneumonias.
Clinically it is appreciated that these patients
do poorly when they develop pneumonia,
but how the infection affects their disease
process is unknown. For example, we do not
yet know whether patients with IPF who
develop pneumonia and increased dyspnea
do so due to enhanced extracellular
matrix deposition or simply due to fluid
accumulation. We suggest that researchers
should make it a priority to collect biological
specimens and clinical data in this patient
population to begin to address these
questions.

Biological Basis for
Viral Pathogenesis
One finding that is still somewhat
surprising to us is that not all viruses are
capable of exacerbating established
fibrosis in murine models (59). Given
that this pathogenesis relates to viral
replication, it is unclear why some lytic
viruses can exacerbate (gHV-68), whereas
others do not (influenza, CMV). The
biological basis for this difference should
be a focus of future investigation because
this may lead to a greater understanding
of how viral infections modulate lung
cell functions.

Differences in Outcomes of Viral
Infection in Different Lung Diseases
Why is it that viral infections are common
causes of exacerbations of asthma and
COPD but not necessarily in IPF? What is it
about the biology of the IPF lung versus the
COPD or asthmatic lung that makes the
outcomes of viral infection different? The
mortality of certain infections is likely

different between these patient populations,
and this may be an arena for future
discovery.

Bacterial Infections as Mediators of
IPF Outcome
Although this review has focused on viral
infections in the exacerbation and
etiology of IPF, it is also likely that
bacterial infections may play a role in
disease progression in some patients.
Recent microbiome analyses of IPF BAL
specimens determined that increased
relative abundance of two operational
taxonomic units (Streptococcus OTU1345
and Staphylococcus OTU1348) were
positively associated with IPF disease
progression (66). In another study,
bacterial burden in the BAL of patients
with IPF was found to be greater than in
control subjects, and the baseline
bacterial burden predicted the rate of
decline in lung function and the risk of
death (67). This study identified
Haemophilus, Streptococcus, Neisseria,
and Veillonella species to be more
abundant in patients with IPF than in
control subjects. Interestingly, in animal
modeling, infection with Pseudomonas
aeruginosa did not exacerbate bleomycin-
induced fibrosis (59), raising the
possibility that there may be some
bacterial specificity for these responses or
that the bleomycin model cannot
accurately predict how bacterial infection
will alter disease course in humans.
Taken together, the human data suggest
that both viral and bacterial pathogens
may predict poor outcomes for patients
with IPF.

Nonviral Acute Exacerbations of IPF
Although we believe that viruses are
important contributors to both the
etiology and exacerbation of IPF, it is also
clear that some cases of acute worsening
are likely to be noninfectious. What
drives the emergence of diffuse alveolar
damage and enhanced extracellular
matrix deposition in the cases that are
noninfectious? Is this related to aging or
some other environmental trigger? What
causes the intrinsic process of IPF
progression to accelerate? This is a very
important area for future investigation
as well. n
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