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Abstract

Rationale: Asymptomatic relatives of patients with familial
interstitial pneumonia (FIP), the inherited form of idiopathic
interstitial pneumonia, carry increased risk for developing interstitial
lung disease.

Objectives: Studying these at-risk individuals provides a unique
opportunity to investigate early stages of FIP pathogenesis and
develop predictive models of disease onset.

Methods: Seventy-five asymptomatic first-degree relatives of
FIP patients (mean age, 50.8 yr) underwent blood sampling andhigh-
resolutionchest computed tomography (HRCT)scanning inanongoing
cohort study; 72 consented to bronchoscopy with bronchoalveolar
lavage (BAL) and transbronchial biopsies. Twenty-seven healthy
individuals were used as control subjects.

Measurements and Main Results: Eleven of 75 at-risk subjects
(14%) had evidence of interstitial changes by HRCT, whereas
35.2% had abnormalities on transbronchial biopsies. No
differences were noted in inflammatory cells in BAL between

at-risk individuals and control subjects. At-risk subjects had
increased herpesvirus DNA in cell-free BAL and evidence of
herpesvirus antigen expression in alveolar epithelial cells (AECs),
which correlated with expression of endoplasmic reticulum stress
markers in AECs. Peripheral blood mononuclear cell and AEC
telomere length were shorter in at-risk individuals than healthy
control subjects. The minor allele frequency of the Muc5B
rs35705950 promoter polymorphism was increased in at-risk
subjects. Levels of several plasma biomarkers differed between at-risk
subjects and control subjects, and correlated with abnormal HRCT
scans.

Conclusions: Evidence of lung parenchymal remodeling and
epithelial dysfunction was identified in asymptomatic individuals at
risk for FIP. Together, these findings offer new insights into the early
pathogenesis of idiopathic interstitial pneumonia and provide an
ongoing opportunity to characterize presymptomatic abnormalities
that predict progression to clinical disease.
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Current evidence suggests that
approximately 20% of idiopathic interstitial
pneumonia (IIP) cases occur in families
(1, 2), comprising the syndrome of familial
interstitial pneumonia (FIP) (3, 4). First-
degree relatives of FIP patients have
a substantially greater likelihood of
developing interstitial lung disease than the
general population, potentially as high as
50% in families where the inheritance
pattern is autosomal dominant (4, 5).
Although more work is needed to fully
understand the genetic predisposition to
FIP, heterozygous mutations in surfactant
proteins (SP) C (SFTPC) (6, 7) and A2
(SFTPA2) (8), along with three components
of the telomerase complex (telomerase
reverse transcriptase [TERT], the RNA
component of telomerase [hTR] [9, 10], and
dyskerin [DKC1] [11]), have been identified
as the genetic cause of disease in 10–15%

of FIP families. Additionally, common genetic
variants, including a single nucleotide
polymorphism in in the promoter for
MUC5B, and environmental factors seem
to impact risk for developing FIP (12).
The ability to ascertain asymptomatic family
members of FIP patients represents
a unique opportunity to characterize a high-
risk population in the presymptomatic stage
and thereby identify factors that contribute
to development of clinical disease.

Although there may be subtle
radiographic features that distinguish FIP
and sporadic idiopathic pulmonary fibrosis
(IPF) (13), these diseases share important
clinical and histopathologic features (3, 5,
14). Several groups have previously studied
at-risk individuals in FIP families to gain
insights into mechanisms that contribute
to IIP, focused primarily on immune and
inflammatory mechanisms (14, 15);
however, few at-risk individuals have been
followed over time to assess the natural
history of disease development (16).
Over the last 10–15 years, advances in
understanding the genetics of IIP have
aided in identifying pathways and
mechanisms that contribute to the
pathogenesis of FIP and sporadic IPF.
The identification of SFTPC mutations as
a cause of FIP led to the recognition that
alveolar epithelial cell (AEC) dysfunction,
including endoplasmic reticulum (ER)
stress, is a common feature of FIP
and sporadic IPF (17–19). In addition,
discovery of mutations in the telomerase
pathway and subsequent work
demonstrated that short telomeres and
telomere dysfunction are prominent in FIP
and IPF (9, 10, 20, 21). More recently,
identification of a common genetic variant
in the promoter for MUC5B that correlates
with risk for IPF has led to active
investigation into the role of airway mucins
in disease pathogenesis (22). As a result,
we initiated a longitudinal cohort study of
asymptomatic first-degree relatives of FIP
patients to determine whether epithelial

dysfunction is important in primary disease
pathogenesis and whether we could
identify factors that predict development
of clinical disease. Here, we report initial
phenotyping of 75 at-risk subjects from
41 FIP families who are part of this
ongoing cohort study. Some of these data
have been presented previously in abstract
form (25–29).

Methods

For additional information, see the
METHODS section in the online supplement.

Subjects
First-degree relatives of patients with FIP
were identified from the Vanderbilt FIP
Registry and those ages 40–65 were eligible
for screening. FIP was defined as the
presence of IIP in two or more family
members, including IPF in at least one
affected individual. Based on present
understanding of the genetic risk for FIP,
we anticipate that at most 50% of these
asymptomatic first-degree relatives will
carry the relevant risk alleles in their family.
These potential subjects were administered
an interstitial lung disease questionnaire;
those who had minimal to no dyspnea
(dyspnea score< 2) were invited to
participate in our study; individuals with
more significant dyspnea (dyspnea score> 3)
were ineligible and offered clinical
evaluation. Eligible subjects were invited
to undergo blood draw, a high-resolution
computerized tomogram (HRCT) of
the chest, and research bronchoscopy
with bronchoalveolar lavage (BAL) and
transbronchial lung biopsies (TBLBx).
Here, we report baseline data for the first 75
subjects (referred to hereafter as “at risk”)
in this ongoing study.

BAL fluid and/or plasma from
27 healthy individuals undergoing
bronchoscopy in a separate study were used
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At a Glance Commentary

Scientific Knowledge on the
Subject: The early events in
pathogenesis of sporadic and familial
forms of progressive pulmonary
fibrosis are not well understood.

What This Study Adds to the
Field: First-degree relatives of patients
with familial interstitial pneumonia
have a greatly increased risk of
developing interstitial lung disease.
In the asymptomatic stage, these
at-risk individuals commonly have
radiographic and histopathologic
abnormalities, short telomeres in
peripheral blood and alveolar
epithelium, and abnormal plasma
biomarker profiles. Use of these
parameters holds promise in identifying
individuals at high risk for developing
interstitial lung disease in the
presymptomatic stage.
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as normal control subjects. These healthy
control subjects had a mean age of 36.8 years
(range, 21–58), 47% were female, and none
were former smokers. DNA from 322
healthy subjects recruited through other
studies was used as control subjects for
MUC5B genotyping. IPF disease control
subjects were identified from the Vanderbilt
Pulmonary Fibrosis Registry, with DNA
from 217 subjects available for genetic
studies. Twelve of these subjects underwent
research bronchoscopy through the
COMET-IPF trial (30); these BALs were
used as IPF disease control subjects. Mean
age of these 12 subjects with IPF was 62.1;
91% were male and 83.3% were current or
former smokers.

Survey Instrument
A modified version of the American
Thoracic Society–Division of Lung Disease-
78 respiratory questionnaire was used (31).

HRCT
At-risk subjects underwent a single prone
HRCT scan without intravenous contrast
using a customized protocol with review
by an expert chest radiologist (J.A.W.).
Subjects with extensive disease (.5%
honeycombing) were referred for clinical
interstitial lung disease evaluation.

Bronchoscopy
Flexible fiberoptic bronchoscopy with BAL
and TBLBx was performed using standard
procedures. Transbronchial biopsies were
obtained from areas of HRCT abnormalities
if present; with normal HRCT scans,
biopsies were obtained from the right lower
lobe.

Histopathology
Slides stained with hematoxylin and
eosin were submitted for independent
interpretation by two expert pulmonary
pathologists (J.E.J., S.D.G.) who were
masked to all demographic, clinical, and
radiographic information.

Telomere Restriction
Fragment Analysis
Telomere restriction fragment analysis was
performed by Southern blot.

Tissue Telomere Measurements
Telomere length in type II AECs was
measured by fluorescence in-situ
hybridization using Cy3 fluorescence to

mark telomeres relative to nuclear DNA
(DAPI) (20, 32).

Immunohistochemistry
Paraffin-embedded lung tissue was
sectioned (5 mm) and immunostaining
performed using methods outlined
previously (18, 33).

Muc5B Genotyping
MUC5B genotyping was performed using
a competitive allele-specific polymerase
chain reaction (PCR)–based Taqman
single-nucleotide polymorphism genotyping
assay (Applied Biosystems, Grand Island,
NY) to detect the presence of rs35705950.

Herpesvirus Detection
DNA was isolated from 10 ml of
concentrated BAL from each subject,
and Epstein-Barr virus (EBV) and
cytomegalovirus (CMV) copies were
determined by quantitative PCR in
comparison with a standard curve of 10-fold
dilutions.

Biomarkers
Plasma biomarker levels were measured
using a Luminex (Luminex Corp., Austin,
TX) multiplex ELISA system (34, 35).
Muc5B was measured in BAL supernatant
by ELISA.

Statistical Analysis
The programming language R version 2.15.2
(36, 37) and GraphPad Prizm version 5.0
(GraphPad Software, San Diego, CA)
were used to perform analysis of variance,
Mann-Whitney U test, Pearson chi-square
test, or Fisher exact test, mixed effects
models and logistic regression as
appropriate. P less than 0.05 was
considered significant. Where noted, age,
sex, and smoking adjusted analyses are
presented.

75 Completed HRCT/blood draw
3 declined bronchoscopy

209 Screened for eligibility

193 Eligible subjects

72 Completed bronchoscopy w/ BAL

Excluded
11 Age <40 or >75
5 Not 1st degree relative

12 Lung disease /Dyspnea Score >2
106 declined to participate

75 TRF analysis
74 Muc5B genotyping
67 plasma biomarkers

71 Completed bronchoscopy w/ TBLBx
70 AEC telomere measurements

70 Herpesvirus IHC
70 ER stress IHC

Study Population

72 BAL cell

72 BAL Muc5B measured
71 EBV and CMV BAL qPCR

count/differential
49 BAL flow cytometry

Figure 1. Schematic of enrollment and study population. AEC = alveolar epithelial cells; BAL =
bronchoalveolar lavage; CMV = cytomegalovirus; EBV = Epstein-Barr virus; ER = endoplasmic
reticulum; HRCT = high-resolution computed tomography; IHC = immunohistochemistry; qPCR =
quantitative polymerase chain reaction; TBLBx = transbronchial lung biopsies; TRF = telomere
restriction fragment.

Table 1. Demographics of At-Risk
Subjects

n = 75

Age 50.8 (7.7)
Female 48 (64)
Ever smoker 17 (22.6)
Family history of interstitial

lung disease
75 (100)

Medical history
Emphysema 1 (1.3)
Asthma 11 (14.7)
Hypertension 25 (33.3)
Pneumonia 19 (25.2)
Radiation 4 (5.3)
Chest injury 2 (2.7)
Liver disease 2 (2.7)

Data are presented as mean (SD) or number
(percentage).
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Results

Subject enrollment is described in Figure 1.
During the study period, 209 potential
subjects were screened for eligibility and 75
first-degree relatives of FIP patients were
enrolled. These 75 individuals had blood
drawn and underwent HRCT (hereafter
these subjects are considered “at risk”).
Seventy-two at-risk subjects also consented
to undergo bronchoscopy with BAL.
One subject declined TBLBx, thus
histopathology was available for 71 subjects.
A subset of patients who underwent
bronchoscopy had BAL cell populations
analyzed by flow cytometry. Demographic
characteristics of subjects are shown in
Table 1. The mean age of at-risk subjects
was 50.8 years and 64% were female.
Twelve subjects reported a history of
asthma. All subjects had a family history of
FIP. As noted, healthy control subjects were
younger and less likely to have smoked than
at-risk subjects. In contrast, IPF disease
control subjects were older, more likely
male, and more likely to be current or
former smokers.

Of the 75 at-risk subjects who
underwent HRCT, 11 (14.7%) had
evidence of interstitial abnormalities
consistent with early interstitial lung
disease (Table 2). Among abnormal
HRCT scans with evidence of interstitial
changes, interlobular reticular opacities
were present in all 11 subjects and
irregular septal thickening was found
in 9 of 11 subjects. Examples of these
findings are shown in Figure 2. After
examination by two experienced
lung pathologists, 25 of 71 (35.2%)
transbronchial biopsies were considered

abnormal with such features as interstitial
fibrosis, inflammation, granulomas,
and respiratory bronchiolitis (Table 3).
Examples of abnormal transbronchial
biopsies are shown in Figure 3. In five
individuals, both HRCT and biopsy
were considered abnormal.

Previous studies reported alterations
in BAL inflammatory cell populations in
family members of FIP patients (14, 15).
In our cohort, no differences were detected
in total or differential BAL cell counts in
at-risk subjects compared with normal control
subjects (Table 4). In addition, no differences
in lymphocyte subsets were observed in
BAL cells compared with normal control
subjects or IPF patients (CD4, CD25/FoxP3)
(see Table E2 in the online supplement).
Similar to previous reports (14, 15), there
were increased neutrophils and eosinophils
in BAL from IPF subjects. Inflammatory
cell populations were similar among at-risk
subjects with and without radiographic
or histologic abnormalities.

Prior studies have detected
herpesviruses including EBV and CMV by
immunohistochemical staining and PCR
from whole lung tissue in patients with IPF
(38, 39). To evaluate these herpesviruses in
the lungs, we used quantitative PCR from
cell-free BAL fluid to determine viral load
in at-risk patients, normal control subjects,
and IPF patients. Although inflammatory
cell populations were similar among
groups, at-risk and IPF subjects had
elevated herpesvirus load in BAL fluid. IPF
subjects had significantly increased EBV
DNA (median, 161 [interquartile range,
131–492] copies/ml) (Figure 4A) and CMV
DNA (3,620 [318–5,290] copies/ml)
(Figure 4B) compared with normal control
subjects in BAL fluid (P, 0.001). At-risk
subjects also had higher copy numbers of
EBV (25.3 [15–49] copies/ml) and CMV
(78 [33–371] copies/ml) compared with
normal control subjects (P, 0.001). In
addition, EBV (Figure 4C) and CMV
(Figure 4D) antigens were also frequently

Table 2. High-Resolution Computed
Tomography Findings in At-Risk Subjects

n = 75

Consistent with early interstitial
lung disease

11 (14.7)

Type of interstitial abnormalities
Intralobular reticular opacities 11 (14.7)
Irregular intralobular septal
thickening

9 (12)

Ground glass opacities 3 (4)
Traction bronchiectasis 1 (1.3)
Traction bronchiolectasis 1 (1.3)
Honeycombing 1 (1.3)

Data are expressed as number (percentage).

Figure 2. High-resolution computed tomography abnormalities in at-risk subjects. Axial and coronal
images of three different individuals demonstrating representative radiographic abnormalities are
shown by arrows. (A and B) Intralobular reticular opacities. (C and D) Irregular intralobular septal
thickening. (E and F) Traction bronchiolectasis.
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detectable by immunohistochemistry in
type II AECs from transbronchial biopsies
of at-risk subjects, which is uncommon
in normal lungs (18). In IPF lungs, we
previously reported that ER stress markers
were commonly identified in AECs and
were associated with herpesvirus antigens
(18). In 62% of at-risk subjects, ER
stress markers Bip (Figure 4E) or XBP1
(Figure 4F) were identified in AECs
by immunohistochemistry and were
significantly associated with presence
of herpesvirus antigens (Figure 4G).

Recently, a genome-wide linkage study
identified a common polymorphism
(rs35705950) in the promoter of the gene
encoding for Mucin 5B (MUC5B) that was
associated with increased risk of sporadic
IPF and FIP (22). To determine whether
this polymorphism was enriched among

at-risk subjects, we genotyped at-risk
subjects, 217 IPF patients from the
Vanderbilt Pulmonary Fibrosis Registry,
and 339 healthy control subjects for
rs35705950. Minor allele frequency was
8.7 and 35.0% in control subjects and IPF
subjects, respectively, similar to previous
reports (Figure 5A) (22, 40, 41). Among
at-risk subjects, minor allele frequency
was intermediate at 17.4%. The MUC5B
promoter polymorphism has been
associated with increased Muc5B
expression (22). We measured Muc5B
levels in BAL fluid and found Muc5B
was higher in at-risk subjects compared
with healthy control subjects who had
undergone bronchoscopy; levels in IPF
patients were higher than at-risk subjects
(Figure 5B). Among at-risk subjects, there
seemed to be a dose-response relationship
of Muc5B protein in BAL fluid and
copies of the minor allele (Figure 5C).

Short telomeres have been associated
with sporadic IPF and FIP (9, 10, 20, 21);
however, a temporal relationship with
disease has not been established. To
determine if telomere shortening precedes
development of clinically evident
disease, we measured peripheral blood
mononuclear cell (PBMC) telomere length
in at-risk subjects. Twenty-seven of 75
at-risk subjects (36%) had short telomeres
(,10th percentile for age) in PBMCs
(Figure 6A), strikingly similar to the
proportion previously reported among
sporadic IPF patients (20, 21). A prior

report identified short telomeres specifically
in type II AECs in IPF lungs (20); therefore,
we sought to determine whether at-risk
subjects also had short telomeres in AECs.
Using a dual-fluorescence approach to
measure telomere length by fluorescence
in-situ hybridization in type II AECs from
lung tissue (Figures 6C–6E), we found
that telomere length in type II AECs from
at-risk subjects was significantly shorter
than type II AECs from normal lungs.
Consistent with this prior report (20),
telomere length in type II AECs from
IPF patients was uniformly short (20)
(Figure 6D). Surprisingly, type II AEC
telomere length did not correlate with
PBMC telomere length in the at-risk
population (Figure 6E).

Finally, we sought to determine
whether at-risk subjects had alterations
in plasma biomarker profiles. Several
protein biomarkers including matrix
metalloproteinase 7 (MMP7), SP-D, and
other chemokines have shown promise as
diagnostic or prognostic biomarkers in IPF
patients (30, 42–48). We were interested
to determine whether plasma biomarkers
could discriminate at-risk subjects from
healthy control subjects, a finding that
could be used to develop a prognostic
model. We measured plasma levels of 19
proposed biomarkers using a multiplex
ELISA platform in at-risk and control
subjects. After controlling for age and sex,
and correcting for multiple comparisons,
levels of 11 biomarkers including previously
validated markers SP-D, MMP7, TIMP2,
and ET-1 were statistically different
between at-risk subjects and control
subjects (Figure 7; see Table E1).

We then performed exploratory
analyses of known or potential risk factors
for IPF to determine whether they predicted
HRCT abnormalities among these
asymptomatic at-risk subjects (Table 5). In
univariate analyses, age, smoking history,
short AEC telomeres, and several plasma
biomarkers were significant predictors of
HRCT abnormalities; controlling for
age, sex, and smoking history did not
significantly alter these findings.

Discussion

Human studies attempting to gain insights
into primary pathologic mechanisms in IPF
have been limited by the fact that IPF
patients are rarely recognized until disease is

Table 3. Transbronchial Biopsy
Histologic Findings

n = 71

Normal 45 (63.4)
Abnormal 26 (36.6)
Interstitial fibrosis 12 (16.9)
Peribronchiolar fibrosis 15 (21.1)
Chronic inflammation 10 (14.1)
Respiratory bronchiolitis 2 (2.8)
Giant cells/granulomas 6 (8.5)

Data are expressed as number (percentage).
Multiple abnormalities could be identified within
a single biopsy.

Biopsy Normal
40 (56.4)HRCT Normal

HRCT Abnormal 5 (7.0)

Biopsy Abnormal
21 (29.6)
5 (7.0)

A

C

B

Figure 3. Transbronchial biopsy histology from at-risk subjects. Abnormal features identified on
transbronchial biopsy specimens include (A) coarse interstitial fibrosis associated with normal tissue,
hyperplastic epithelial cells and (B) peribronchiolar metaplasia with perivascular inflammation. (C)
Association between high-resolution computed tomography (HRCT) and transbronchial biopsies
among 71 subjects. Original magnification (A) 403, and (B) 2003.
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advanced. Capturing events early in the
disease course has proved challenging. In
this prospective cohort study, we report
the baseline characterizations of a group of
subjects at high risk for the development
of pulmonary fibrosis. Over time, following
this cohort will offer a unique opportunity

to characterize the natural history of
FIP, identify diagnostic and prognostic
biomarkers, and identify which mechanisms
contribute to early FIP pathogenesis.
Remarkably, in many of these asymptomatic
individuals, there is evidence of dysfunction
in pathways linked to FIP pathogenesis,

including ER stress, telomere shortening
in type II AECs, increased Muc5B levels,
and elevated plasma biomarkers of
lung epithelial injury. Strikingly, these
abnormalities are found in some subjects
without evidence of disease by HRCT
or TBLBx, suggesting that abnormalities
in these pathways may precede the
development of clinically detectable lung
fibrosis, a requisite for a causative
relationship. Over the coming years, as at-
risk subjects develop symptomatic disease
we anticipate that there will be greater clarity
as to which abnormalities are predictive
of disease and play a role in disease
pathogenesis.

As was anticipated based on prior
studies (5, 14), we found that a substantial
proportion of at-risk subjects have subtle
radiographic abnormalities on HRCT, most
commonly reticular changes and septal
thickening. Furthermore, more than one-
third of these asymptomatic at-risk subjects
had abnormal TBLBx. Given the limited
sensitivity of this approach in patients
with advanced disease (49–51), this finding
likely underestimates the true breadth
of abnormal pathology in this cohort.
Surprisingly, relatively few subjects had both
radiographic and pathologic changes,
suggesting that current radiographic and
biopsy approaches are likely both of limited
sensitivity for early disease. Although it
is not clear that these radiographic or
histologic abnormalities will ultimately
develop into symptomatic FIP, the
possibility is intriguing. If the presence of
these changes proves to be predictive of
disease development, this would provide the
strongest evidence to date that there is a long
but identifiable presymptomatic period
during which targeted therapies could be
used to prevent progression of FIP and IPF.

One surprising finding in our study is
that inflammatory cell populations in BAL
fluid were similar in at-risk and normal
control subjects, which contrasts to a prior
report (15). There were also no differences
in T-cell subsets, including regulatory
T cells, which were previously reported to be
decreased in IPF patients (52). Cumulatively,
our data provide further evidence that
chronic inflammation is not the principal
mediator of epithelial injury and dysfunction
in the early stages of FIP and IPF.

A potential role of viral infection in IPF
has been suspected for decades, but evidence
supporting an important role for
herpesviruses in disease initiation or

Table 4. Bronchoalveolar Lavage Characteristics

Normal
(n = 23)

At-Risk
(n = 75)

Idiopathic Pulmonary
Fibrosis (n = 12) P Value

Cells (104)/ml 6.7 (2.3) 8.3 (6.1) 19.8 (23.1) 0.006
Differential
Macrophages 90 (8.0) 91 (7.8) 76 (22.2) 0.002
Lymphocytes 8 (8.0) 7 (6.5) 15 (19.9) 0.116
Neutrophils 2 (1.6) 1 (1.2) 7 (8.5) 0.004
Eosinophils 0 (0.2) 0 (2.5) 3 (2.5) ,0.001

Data expressed as mean (SD). Data were compared by analysis of variance. Pairwise comparison of
normal versus at-risk was not significant.
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1
Normal At-risk IPF

10

100

1000

10000

100000

G Herpesvirus

ER stress Positive Negative
Positive 16 (22.8) 21 (30)

28 (40)5 (7.1)Negative

Data are expressed as number (percent). Chi-square p = 0.018

Figure 4. Herpesviruses are detectable in lungs from at-risk subjects. DNA was isolated from
cell-free bronchoalveolar lavage (BAL) supernatant from normal control subjects, subjects at-risk
for familial interstitial pneumonia, and idiopathic pulmonary fibrosis (IPF) control subjects. Copies of
Epstein-Barr virus (EBV) (A) and cytomegalovirus (CMV) (B) were quantified by quantitative
polymerase chain reaction (bar represents median and interquartile range). EBV (C) and CMV (D)
antigens were also detected by immunostaining in type II alveolar epithelial cells in transbronchial
biopsy specimens from at-risk subjects. (E) Bip and (F) XBP1 were identified in alveolar epithelial cells
in transbronchial biopsies from at-risk subjects. (G) Quantification of transbronchial biopsy specimens
from at-risk subjects stained for endoplasmic reticulum (ER) stress markers Bip and XBP1 and
herpesvirus antigens from EBV and CMV. *P, 0.001 at-risk versus normal control subjects.
**P, 0.001 IPF versus normal control subjects.
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progression has been limited. There are
several postulated mechanisms by which
reactivation of latent herpesviruses might
contribute to lung fibrosis (23, 24). Although
it has been recognized by multiple groups
that herpesvirus antigens can be detected
in IPF lungs by histology and PCR
(18, 38, 39), these studies could not
differentiate latent from active infection.
Surprisingly, we found IPF patients had
increased copy numbers of EBV and
CMV DNA in cell-free BAL supernatant,
which may reflect ongoing viral
replication. Interestingly, at-risk subjects
had levels of EBV and CMV DNA that
were scattered between normal control
subjects and IPF patients with suggestion
of a dichotomous pattern. Several at-risk
subjects had very elevated levels similar to
those detected in IPF patients, suggesting
that enhanced herpesvirus replication in
the lung may be a source of ongoing
epithelial cell injury and precede clinically
evident disease. Although a recent study
suggested viral infection is not commonly
detectable in patients with acute
exacerbations of IPF (53), further
investigation is needed to clarify the role
herpesviruses play as cofactors in chronic
fibrotic remodeling in the lung. In
addition, as we have previously shown in
IPF lungs (18), markers of ER stress are
common in AECs from at-risk subjects
and are associated with the presence of
herpesvirus antigens, suggesting
herpesvirus infection may be an
important source of AEC ER stress in
early IPF pathogenesis. Further studies
are needed to clarify the mechanisms
through which herpesviruses and ER
stress contribute to lung fibrosis.

Telomere dysfunction represents
another potential factor contributing to
AEC injury and dysfunction. IPF subjects

had marked telomere shortening in type II
AECs in the lung, suggesting that specific
loss of telomeres in the lung might be a key
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Figure 5. Muc5B promoter polymorphism rs35705950 is found with increased frequency in at-risk subjects. (A) At-risk subjects along with 339 healthy
control subjects and 217 idiopathic pulmonary fibrosis (IPF) patients were genotyped for the Muc5B rs35705950 promoter polymorphism. Minor allele
frequency is increased in at-risk subjects compared with control subjects. (B) Muc5B level in bronchoalveolar lavage supernatant was measured by ELISA in
normal control subjects, at-risk subjects, and IPF control subjects. (C) Muc5B levels in homozygote major allele carriers (GG), heterozygote minor allele carriers
(GT), and homozygote minor allele carriers (TT). *P, 0.05 at-risk versus normal control subjects. **P, 0.05 IPF versus normal control subjects.
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step in IPF pathogenesis. Nearly half of
at-risk subjects, including subjects with
histologically normal biopsies, had AEC
telomeres shorter than those found in any
normal control lung. Notably, we found
short telomeres (,10th percentile for age)

in approximately 35% of at-risk subjects.
In contrast to a previous study of IPF
patients (20), there was no correlation
between AEC telomere length and PBMC
telomere length among at-risk individuals.
This discordance may be caused by

differences in the study populations
(established disease vs. asymptomatic
individuals), or other factors, such
as smoking history or environmental
exposures. Although these measurements
used different methodologies, this finding
suggests that AEC telomere shortening is
very common in IPF and only a subset
of patients also have short telomeres in
peripheral blood. Furthermore, telomere
shortening in AECs may represent
an important marker of early disease.
Additional study is necessary to better
understand mechanisms of telomere
shortening in the lung and how this
contributes to the development of lung
fibrosis.

The MUC5B polymorphism
rs35705950 minor allele has been detected
at increased frequency in multiple
independent IPF cohorts (22, 40, 41), and
has also been associated with interstitial
lung abnormalities in the Framingham
cohort (54). We found similar allele
frequencies in a separate cohort of IPF
and control subjects to those reported
in multiple large cohorts (22, 40, 41).
At-risk subjects carried the minor allele
at an intermediate frequency, which fits
with the increased risk of disease in our
cohort.

An area of particular interest within
this cohort is the development of diagnostic
and predictive biomarkers of FIP and IPF.
We were surprised to find that numerous
plasma biomarkers, including several
previously associated with IPF including
MMP7 and SP-D were found to differ
between at-risk and healthy control subjects.
Furthermore, several of these biomarkers
were also associated with HRCT
abnormalities among at-risk subjects.
Demographic differences between at-risk
and control subjects (including age and
smoking history) represent potential
confounders; however, controlling for these
potential confounders did not significantly
alter these findings. Further validation of
these biomarkers is required to determine
if this approach may hold promise in
identifying presymptomatic disease.

There are several limitations of this
study. Although there is increased disease
risk across our cohort, we do not know
which individual subjects carry risk alleles or
which subjects will ultimately develop
symptomatic FIP. As a result, the greatest
insights from the present study will be
evident in the future when an analysis can be
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Figure 7. Plasma biomarkers differ between at-risk subjects and healthy control subjects. Plasma
levels of (A) matrix metalloproteinase 7, (B) surfactant protein-D, (C) ET-1, and (D) TIMP2 in 67 at-risk
and 27 healthy control subjects. Data were log transformed to normalize distribution for analysis.
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control subjects were compared using a mixed-effects model controlling for age and sex. *P, 0.001
is considered significant after Bonferroni correction for multiple comparisons.

Table 5. Univariate Predictors of HRCT Abnormalities

Estimate Log Odds Ratio 95% CI P Value

PBMC telomere percent 0.42 20.53 to 1.38 0.375
AEC telomere 20.68 21.13 to 20.23 0.005
EBV 0.33 20.81 to 1.47 0.56
CMV 20.13 21.56 to 1.29 0.853
Muc5B quant 0.07 20.48 to 0.62 0.804
BAL cells 0.32 20.08 to 0.72 0.11
Macrophages 20.05 20.27 to 0.16 0.623
Neutrophils 0.01 20.6 to 1.11 0.986
Lymphocytes 0.13 20.76 to 1.01 0.767
SP-D 0.61 0.07 to 1.15 0.029
MMP7 0.65 0.14 to 1.16 0.015
ET1 0.27 20.17 to 0.71 0.218
TIMP2 20.22 20.51 to 0.08 0.141
Age 0.186 0.06 to 0.32 0.005
Sex 0.631 20.98 to 2.24 0.444
Ever smoker 1.94 0.15 to 3.74 0.034

Definition of abbreviations: AEC = alveolar epithelial cells; BAL = bronchoalveolar lavage; CI =
confidence interval; CMV = cytomegalovirus; EBV = Epstein-Barr virus; HRCT = high-resolution
computed tomography; MMP=matrix metalloproteinase; PBMC= peripheral blood mononuclear
cell; SP-D = surfactant protein-D.
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performed comparing those with known
genetic risk alleles or known FIP with
those who do not carry risk alleles or
do not develop disease. We performed
exploratory analyses comparing subjects
with HRCT abnormalities (who we
suspect are most likely to develop clinical
disease) with those with normal HRCTs;
however, given the small number of
subjects, these analyses are likely
underpowered to detect any but very large
effects, thus we consider these findings to
be exploratory and hypothesis generating.
With additional subject recruitment,
more robust analyses will be possible.
Additionally, as some subjects progress
to overt disease over time, we anticipate
the opportunity to develop models to
identify a group of factors associated with
disease risk.

In summary, this report represents
the most extensive histologic, radiographic,
and molecular evaluation of a population
at high risk for developing FIP and IPF
performed to date. We identified subtle
radiographic and/or histopathologic
abnormalities in more than 25% of subjects,
and found that at-risk subjects harbor many
traits related to epithelial cell dysfunction,
which is linked to advanced FIP and IPF.
We anticipate that, over time, following this
cohort will offer an unprecedented view
of the natural history of FIP and IPF and
mechanisms of early disease pathogenesis.

Conclusions
By studying a cohort of individuals at
high risk of developing FIP and IPF, and
performing extensive radiographic,
histologic, and molecular characterization

of these asymptomatic individuals, we
identified a variety of abnormalities that
have the potential to represent the earliest
phases in IPF pathogenesis. At-risk
individuals frequently have radiographic
and histopathologic abnormalities, evidence
of telomere dysfunction, and alterations of
plasma biomarker profiles. Over time, we
anticipate gaining additional insights into
the predictive utility of these abnormalities,
and better characterizing the mechanisms
that contribute to the morbidity and
mortality of IPF. n
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