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Rationale: Idiopathic pulmonary fibrosis (IPF) is a lethal lung disease
of unknown etiology with a variable and unpredictable course.
Objectives: The aim of this study was to identify and validate plasma
proteins that are predictive of outcome in IPF.
Methods: Plasma samples were available for 241 patients with IPF
(140 derivation and 101 validation). In the derivation cohort, con-
centrations of 92 proteins were analyzed using a multiplex bead-
based immunoassay and concentrations of matrix metalloproteinase
(MMP)-7, MMP-1, and surfactant protein D were assessed by ELISA.
In the validation cohort concentrations of intercellular adhesion
molecule (ICAM)-1, IL-8, and vascular cell adhesion molecule
(VCAM)-1 were assessed by bead-based multiplex assay, and
S100A12 and MMP-7 by ELISA. Associations of biomarkers with mor-
tality, transplant-free survival, and disease progression were tested
in thederivationandvalidationcohortsusing nonparametricmeth-
ods of survival analysis and the Cox proportional hazards model,
and an integrated risk prediction score was derived and tested.
Measurements and Main Results: High concentrations of MMP-7,
ICAM-1, IL-8, VCAM-1, and S100A12 predicted poor overall survival,
poor transplant-free survival, and poor progression-free survival in
the derivation cohort. In the independent validation cohort high
concentrations of all five were predictive of poor transplant-free
survival; MMP-7, ICAM-1, and IL-8 of overall survival; and ICAM-1
of poor progression-free survival. The personal clinical and molecu-
lar mortality prediction index derived in the derivation cohort was
highly predictive of mortality in the validation cohort.
Conclusions: Our results suggest that plasmaproteins should be eval-
uated as a tool for prognosis determination in prioritization of
patients for lung transplantation and stratification in drug studies.

Keywords: MMP-7; adhesion molecules; biomarkers; personalized
medicine; mortality prediction

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive fi-
brotic lung disease of unknown etiology with median survival

of 2.5–3 years largely unaffected by currently available medical
therapies (1, 2). The prevailing hypothesis of disease pathogen-
esis suggests the disease begins as an alveolar epithelial injury
with aberrant alveolar reepithelialization (3). What is believed to
follow is a cascade of events including epithelial–mesenchymal
transformation, resident fibroblast–myofibroblast transformation,
and recruitment of fibrocytes to areas of injury to facilitate alve-
olar repair (4). Other events include macrophage activation (5),
epithelial cell apoptosis (6), activation of developmental pathways
(7), oxidative injury (8), and epithelial mesenchymal transition (4).
Release of cytokines, chemokines, coagulation, and growth factors
and angiogenic factors have been shown to play critical roles in
disease pathogenesis (9, 10). Although the relative contribution of
these events is unclear, the end result is fibrotic progression that is
relentless but relatively unpredictable.

Traditionally, IPF has been considered a slowly progressive
disease; however, recent observations suggest that some patients
may experience an accelerated course, whereas others may ex-
perience acute respiratory declines (11–13). Clinical and physi-
ologic parameters, although useful to monitor disease, have had
relatively limited acceptance as predictors of disease progres-
sion or mortality in patients with IPF (14), highlighting the need
for molecular predictors of disease progression and outcome,
preferably in the accessible peripheral blood (15).

The use of peripheral blood proteins as potential biomarkers
is supported by recent studies that demonstrate reduced survival
in patients with IPF with high serum concentrations of mucin 1
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive
lung disease with relatively unpredictable course. Efforts to
identify molecular markers of disease have been limited.
Recent evidence suggests that peripheral blood proteins are
indicative of disease presence and outcome in patients with
IPF.

What This Study Adds to the Field

This follow-up study identifies novel protein biomarkers of
disease progression and mortality in the peripheral blood of
patients with IPF, and then validates that these markers
indeed indicate a high risk of death in an independent
cohort. Using a combination of protein markers and patient
characteristics we derived a risk score that accurately dis-
tinguishes high and low mortality risk subgroups in both
cohorts. The availability of protein biomarkers and vali-
dated integrated risk scores should lead to better evaluation
and stratification of patients with IPF for research, and for
transplant prioritization.

mailto:gibsonkf@upmc.edu
www.atsjournals.org


(KL-6) (16), CCL-18 (17), or surfactant protein A (18). Previ-
ously, we applied a multianalyte protein assay to identify a pe-
ripheral blood protein signature that distinguished patients with
IPF from control subjects and from other lung diseases (chronic
obstructive pulmonary disease, sarcoidosis, and hypersensitivity
pneumonitis) (19). Although we did not specifically test in that
study whether the protein signature was associated with out-
come, it was demonstrated that peripheral blood matrix metal-
loproteinase (MMP)-7 concentrations were correlated with
disease severity (19).

In the present study 95 proteins in the peripheral blood were
screened to identify predictors of disease progression and mor-
tality in a derivation cohort of 140 well-characterized patients
with IPF. Screening for markers in the peripheral circulation
identified several that strongly predict mortality in IPF. These
were then validated in an independent validation cohort of
101 patients with IPF. Some of these results were reported in
an abstract and poster (20) at the 2010 International Conference
of the American Thoracic Society.

METHODS

See the METHODS section in the online supplement for a more detailed
description.

IPF Cohort

Plasma samples were available from 241 patients: 140 patients with IPF
in a derivation cohort and 101 patients with IPF a validation cohort. All
patients were evaluated at the University of Pittsburgh Medical Center,
Pittsburgh, PA. The diagnosis of IPF was established on the basis of
American Thoracic Society and European Respiratory Society criteria
(21, 22), and surgical lung biopsy when clinically indicated. Clinical data
were available through the Simmons Center database at the University
of Pittsburgh. Smoking status was defined as previously described (23).
All studies were approved by the institutional review board and all
patients signed informed consent to participate in the study.

Subjects enrolled in the study were followed at intervals of 3 to 4
months according to usual care practices at the Simmons Center. Phys-
iologic data (pulmonary function tests [PFT] and oxygen desaturation
studies) and physician assessments were performed at all visits. Radio-
graphic studies (X-rays or computed tomography scans) were per-
formed when clinically indicated.

Analysis of Plasma Proteins

Concentrations of 92 cytokines and chemokines, MMPs, and markers of
apoptosis and epithelial injury (see Table E1 in the online supplement)
were analyzed using the Human DiscoveryMAP multiplex bead-based
immunoassay (Rules-Based Medicine, Austin, TX) (24). Proteins were
excluded from the analysis if concentrations were lower than the lowest
detectable dose, defined as the mean plus 3 SDs of 20 blank readings, in
at least 95% of samples in both cohorts. For the validation study, plasma
concentrations of intercellular adhesion molecule (ICAM), vascular cell
adhesion molecule (VCAM)-1, and IL-8 were analyzed using Luminex
technology with a Bio-Plex 100 and Bio-Plex manager software 5.0
(Bio-Rad, Hercules, CA). Plasma concentrations of MMP-7, MMP-1,
and surfactant protein D were measured by ELISA as recommended by
the manufacturer (R&D Systems, Minneapolis, MN) as was S100A12
(MBL International, Woburn, MA).

Statistical Analysis

Time-to-event outcomes analyzed includemortality, transplant-free sur-
vival, and progression-free survival. For transplant-free survival, in
addition to mortality, transplants were counted as events. For progression-
free survival analysis patients were followed from the blood draw until
(1) disease progression, defined as the first relative decline of 10% or
more in FVC % predicted within a 1-year interval; (2) death; or (3)
censoring at the last contact. Any patient receiving a lung transplant
during follow-up was censored at transplant date in both mortality and

progression-free survival analyses but not in transplant-free survival.
Data were analyzed using the survival package (25) of the R environ-
ment (26), particularly. Survival curves were estimated using the
Kaplan-Meier method. For each outcome, each protein detectable in
plasma was dichotomized into high- and low-risk ranges using profile
likelihood (see METHODS in the online supplement) (27). Associations of
biomarkers with IPF were tested using the log-rank test and Cox pro-
portional hazards model. The proportional hazards model was used to
adjust for age, sex, and baseline pulmonary function assessed by FVC
or composite physiologic index (CPI) (28). For derivation of the per-
sonal clinical and molecular mortality index (PCMI), the stepAIC ap-
proach was applied (29) for variable selection in the Cox proportional
hazards model and the PCMI was computed by multiplying the b
coefficients by 100 and summing (see METHODS in the online supple-
ment) (30). For multiple testing in marker selection the Bonferroni
method was used to control the family-wise error rate at 5%.

RESULTS

The online supplement contains full results tables andmartingale
residuals plots for all outcomes and predictors for the derivation
and validation cohorts.

Patient Characteristics

Patient characteristics in the derivation and validation cohorts
are summarized in Table 1. Nearly all (98.6%) patients in the
derivation cohort were white. The average age was 67.2 6 8.3
years, the male to female ratio was 2.6:1, and only a quarter of
patients had never smoked. Overall, 60.7% of patients had
a histologically confirmed diagnosis, 25.7% were listed for
transplant, and 21.4% were transplanted. About one-third of
patients with IPF in the derivation cohort were on immunosup-
pressant treatment (prednisone, azathioprine, or cyclophospha-
mide) at the time of the study blood draw. Although the overall
demographics, PFTs, and smoking history of the validation co-
hort were similar to the derivation cohort, the percentages of
patients diagnosed histologically and of patients treated with
immunosuppressant medications was significantly lower in the
validation cohort (Table 1). Importantly, the median follow-up
was significantly higher in the derivation cohort (Table 1). The
overall estimated median survival from blood draw for the der-
ivation cohort was 2.66 years (Figure 1A, red line); the median
transplant-free survival was 1.9 years (Figure 1A, blue line); the
median progression-free survival by FVC was 1.05 years after
blood draw (Figure 1A, green line); and when lung transplant
was treated as an event progression-free survival was 0.86 years
after blood draw (Figure 1A, black line). In the validation
cohort median survival from blood draw was 2.34 years (Figure
2A, red line); the median transplant-free survival was 1.56 years
(Figure 2A, blue line); the median progression-free survival by
FVC was 1.01 years after blood draw (Figure 2A, green line);
and transplant-free progression-free survival was 0.84 years
after blood draw (Figure 2A, black line). The entire survival
distribution in both cohorts was similar (P ¼ 0.927) and to what
has been reported in IPF in the general population (31–33). The
similarities in demographics, PFTs, transplant rates, and out-
comes between the two cohorts suggest that the differences in
immunosuppressant use are potentially indicative of shifting
practice patterns and not population characteristics.

Identification of Plasma Proteins that Predict Outcome

in Derivation Cohort

Of the 95 candidate proteins tested in this study (92 Rules-Based
Medicine and 3 ELISA), 75 were detectable in the plasma (see
Table E1) and 5 (MMP-7, ICAM-1, IL-8, VCAM-1, and
S100A12) were significantly associated with mortality or disease
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progression in univariate analysis after Bonferroni correction (Ta-
ble 2). Concentrations higher than the calculated threshold plasma
concentrations for each of those proteins were associated with sig-
nificantly lower median survival times (1.4–2.1 yr) and concentra-
tions lower were associated with significantly higher median
survival times (3–4.6 yr) (Table 2 and Figure 2). The same was
observed for transplant-free survival (0.8–1.1 and 2.4–3.9 yr, respec-
tively); progression-free survival (0.8–0.9 and 1.3–1.9 yr, respec-
tively); and transplant- and progression-free survival (0.6–0.8 and
1.1–1.3 yr, respectively) (Table 2). The shortest median survival
(1.4 yr) was seen with high S100A12 concentrations, exceeding
26.5 ng/ml (Figure 2E, red lines), and the longest median sur-
vival (4.6 yr) was seen with low concentrations of MMP-7, below
4.3 ng/ml (Figure 2A, red lines). The shortest transplant-free sur-
vival (0.8 yr) was seen with high S100A12 concentrations, exceeding
26.5 ng/ml, (Figure 2E, blue lines), and the longest transplant-free
survival (3.9 yr) was seen with low concentrations of ICAM-1,
below 202.5 ng/ml (Figure 2B, blue lines). The mortality hazards
ratios were generally similar for all five markers (unadjusted 2.1–2.4)
(Table 2) meaning that high concentrations, above the threshold, of
MMP-7, ICAM-1, IL-8, VCAM-1, or S100A12 are associated with

at least twofold higher risk of death during follow-up. These results
persisted after adjustment for age, sex, and baseline FVC or CPI, as
shown in Table 2. Although for most markers hazards ratios were
not changedmuch by adjustment for age, sex, and FVC%predicted
or CPI, the mortality hazards ratio for high versus low concentra-
tions of MMP-7 increased substantially on adjustment (from 2.1–
2.9) indicating nearly threefold higher risk associated with high
MMP-7 levels, above 4.3 ng/ml, when age, sex, and baseline pul-
monary function were statistically controlled.

Analysis of Plasma Proteins that Predict Outcome in

Validation Cohort

Increased concentrations of all five markers were significantly
associated with decreased transplant-free survival (Table 3
and Figure 3). The shortest transplant-free survival (0.8 yr)
was seen with high S100A12 concentrations (Figure 3E, blue
lines) and the longest transplant-free survival (4.3 yr) was seen
with low concentrations of MMP-7 (Figure 3A, blue line). The
transplant-free survival hazards ratio ranged from 1.7–3 (Table 2).
These results persisted after adjustment for age, sex, and baseline

TABLE 1. PATIENT CHARACTERISTICS

Derivation Cohort

(N ¼ 140)

Validation Cohort

(N ¼ 101)

N % N % P Value

Sex

Male 101 72.1 65 64.4 0.21

Female 39 27.9 36 35.6

Race

White 138 98.6 97 96 0.38

African-American 1 0.7 2 2

Native American 1 0.7 0 0

Oriental 0 0 1 1

Unknown 0 0 1 1

Smoking

Current 2 1.4 4 4 0.058

Former 102 72.9 60 59.4

Never 36 25.7 37 36.6

Diagnosis made

Clinically 55 39.3 60 59.4 0.003

Histologically 85 60.7 41 40.6

Transplant

Evaluated 68 48.6 56 55.4 0.36

Listed 36 25.7 25 24.7 0.98

Transplanted 30 21.4 20 19.8 0.88

Immunosuppressants* No 93 66.4 84 83.2 0.005

Yes 47 33.6 17 16.8

Prednisone 43 30.7 12 11.9

Azathioprine 5 3.6 3 3

Cyclophosphamide 5 3.6 0 0

Mycophenolate 2 1.4 0 0

Tacrolimus 1 0.7 0 0

N-Acetylcysteine 0 0 2 2

Colchicine 0 0 1 1

Interferon 0 0 1 1

Mean SD

Age, yr

Overall 67.2 8.3 68.2 9.4 0.4

Male 67.5 8.3 68.3 8.7 0.5

Female 66.4 8.2 68 10.5 0.5

Follow-up, yr

All patients 1.8 1.6 1.4 1.3 0.04

Alive and not transplanted 2.7 1.6 1.7 1.3 0.004

Baseline PFTs

FVC % predicted 62 19.6 61.4 18 0.8

DLCO % predicted 44.8 17.1 45.4 19 0.8

CPI 53.4 12.7 53.1 14.1 0.9

Definition of abbreviations: CPI ¼ composite physiologic index; DLCO ¼ diffusing capacity of carbon monoxide; PFT ¼ pulmonary function tests.

* Immunosuppressant therapy at time of blood sample.
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FVC or CPI, for all markers except IL-8 as shown in Table 2A.
Similarly to previous observations, the hazards ratio for MMP-7
increased and the P value decreased when age, sex, and FVC
were adjusted suggesting that MMP-7 may be effective for pre-
dicting outcome in patients with IPF with similar pulmonary func-
tion at presentation. When transplant was censored, increased
plasma concentrations of only two markers (ICAM-1 and IL-8)
were significantly predictive of shorter survival in the validation
cohort (Table 3 and Figure 3). High concentrations of ICAM-1
were significantly associated with a median survival of 1.6 years,
whereas lower concentrations were associated with a median sur-
vival of 4.1 years (Figure 3B, red line). High concentrations of

IL-8 were significantly associated with a median survival of 1.9
years, whereas lower concentrations were associated with a me-
dian survival of 5.1 years (Figure 3C, red line). Interestingly, al-
though MMP-7 was not significantly predictive of mortality, it
became borderline predictive when age, sex, and baseline FVC
were adjusted (Table 3). Only ICAM-1 was significantly associ-
ated with progression-free survival or transplant- and progression-
free survival in the validation cohort (Table 3).

A Combined Risk Index Derived from Derivation Cohort

Predicts Mortality in Validation Cohort

To demonstrate the predictive potential of our results, we used
the stepAIC (29) approach to derive PCMI, using a similar
approach to du Bois and coworkers (30) in our derivation set
(103 patients with IPF with nonmissing biomarkers and all PFTs
nonmissing), and validated the PCMI score in the validation set
(n ¼ 80 patients with nonmissing PFTs and biomarkers).

Figure 2. Peripheral blood biomarkers strongly predict idiopathic pul-

monary fibrosis outcomes in the derivation cohort. For each biomarker,
red indicates the Kaplan-Meier plot of overall survival (OS) by peripheral

blood concentration dichotomized at an optimal threshold as de-

scribed in the text and related to OS by the log-rank test. Blue indicates

the Kaplan-Meier plot of transplant-free survival, by peripheral blood
concentration dichotomized at an optimal threshold and related to

transplant-free survival by the log-rank test. For each outcome and

biomarker, high concentrations, above the threshold, are indicated

by a solid line, low concentrations, below the threshold, by a broken
line. The log-rank P values comparing high with low concentrations are

shown in the appropriate color for OS and transplant-free survival are

shown above each plot. The markers shown are (A) matrix metallopro-
teinase-7, (B) intercellular adhesion molecule-1, (C) IL-8, (D) vascular

cell adhesion molecule-1, and (E) S100A12.

Figure 1. Patient outcomes of the derivation and validations cohorts.
Red indicates the Kaplan-Meier plot of mortality. The only admissible

event is death without lung transplantation. Any patient undergoing

lung transplantation is censored. The dotted black line at 0.5 on the y
axis intersects the survival curve at the median mortality. Blue indicates

the Kaplan-Meier plot of transplant-free survival, which is similar to

mortality, except that lung transplantation is treated as an event, rather

than being censored. Green indicates the Kaplan-Meier plot of progression-
free survival. Disease progression event is defined as a relative decline of

at least 10% in FVC % predicted within any 1-year interval during

follow-up. Death with no recorded disease progression is also counted

as an event. A patient receiving a lung transplant during follow-up is
censored at transplant date. Patients with no follow-up record of pul-

monary function tests are excluded from this analysis. Black indicates

the Kaplan-Meier plot of progression-free transplant-free survival: pro-
gression-free survival where lung transplant is treated as an event. (A)

The derivation cohort with median time-to-event (Greenwood 95%

confidence interval). (B) The validation cohort with median time-to-

event (Greenwood 95% confidence interval).
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The formula derived for the PCMI from the derivation cohort
is as follows:

PCMI ¼ 114 $ I(Male)1 2 $ (100% - FVC% Predicted)1 3 $
(100% – DLCO % Predicted) 1 111 $ I (MMP-7 > 4.3 ng/ml),
where the indicator function I() is unity (one) if and only if the
condition inside the parentheses is true. For example, a male
with FVC 65% of predicted and DLCO 40% of predicted and
plasma MMP-7 concentration 5.2 ng/ml would have PCMI ¼
114 1 2 $ (100–65) 1 3 $ (100–40) 1 111, or 475; similarly,
a female with FVC 75% of predicted and DLCO 60% of pre-
dicted and MMP-7 concentration 3.2 ng/ml would have PCMI ¼
2 $ (100–75) 1 3 $ (100–60), or 170. Using the same statistical
techniques applied to the univariate models for the biomarkers
(fitting a proportional hazards model with PCMI as the single
quantitative predictor, then examining loess-smoothed martin-
gale residuals) we determined that PCMI could be fit as a di-
chotomous variable. Profile likelihood determined an optimal
threshold of 330. Figure 4A displays the Kaplan-Meier curve for
PCMI dichotomized at 330 in the validation cohort: the low-risk
group (PCMI ,330, black line, n ¼ 29, four deaths) had median
survival 5.13 years after blood draw (95% lower confidence
limit, 4.3 yr), whereas the high-risk group (PCMI >330, red line,
n ¼ 51, 28 deaths) had median survival of 1.56 years (95%
confidence interval, 1.01–3.56 yr). We also examined predictive
performance of the PCMI to predict mortality by using receiver
operating characteristic (ROC) curves and also by applying the
C statistic (34). Figure 4B displays appropriate time-dependent
ROC curves for a censored outcome (35), for predicting mor-
tality at various time points using dichotomized PCMI. Follow-
ing the vertical line drawn at 50% on the x axis, one can see the
ROC curves relating true-positive rate to false-positive rate
for all possible PCMI thresholds, for predicting mortality by,

respectively from bottom to top, 1 year, 0.5 year, 1.5 year, 1.75
year, and 0.4 year. The area under the curve for these curves
ranges from 0.736–0.835. Similarly, the C statistics for measuring
the concordance (i.e., the probability that a patient who dies
sooner will have a larger risk score [30]) ranges from 0.73–84,
suggesting that the score derived from the derivation cohort is
indeed predictive of mortality in the validation cohort.

DISCUSSION

In this relatively large follow-up study of 241 patients with IPF
we aimed to identify and validate proteins in the plasma that pre-
dict the prognosis of patients with IPF. In a derivation cohort of
140 prospectively followed well-characterized patients with IPF
we analyzed the concentrations of 95 cytokines and chemokines,
MMPs, and markers of apoptosis and epithelial injury and deter-
mined that high concentrations of five (MMP-7, VCAM-1,
S100A12, ICAM-1, and IL-8) were predictive of subsequent out-
comes regardless of age, sex, or baseline PFTs. In the indepen-
dent validation cohort of 101 patients with IPF we confirmed that
high concentrations of the fivemarkers were indeed predictive of
significantly reduced survival when transplant was included as an
event, ICAM-1 and IL-8 when transplant was censored, and only
ICAM-1was predictive of progression-free survival. PCMI, a risk
prediction rule based on combining clinical parameters and
plasma protein concentrations that distinguished high and low
mortality risk subgroups in the derivation cohort, was accurately
predictive of mortality in the validation cohort.

The notion that peripheral blood proteins may be informative
in IPF has recently gained significant momentum (36). Multiple
small cohort studies suggested that some of these proteins may
indicate outcome (36); several larger studies demonstrated that

TABLE 2. PERIPHERAL BLOOD PREDICTORS OF OUTCOMES FOR 140 PATIENTS WITH IPF, DERIVATION COHORT

Marker Threshold (ng/ml) Pval. HR Adj. Pval. Adj. HR

Low Marker

(below threshold)

High Marker

(above threshold)

Median (yr) 95% CI Median (yr) 95% CI

Overall survival

MMP-7 4.3 0.0021 2.1 0.0013 2.9 4.6 2.7–‘ 2 0.9–2.9

ICAM-1 202.5 0.0015 2.3 0.0018 2.6 4 2.7–‘ 2.1 1–3

IL-8 0.0072 0.0029 2.2 0.013 2.4 4 3.7–‘ 2.1 1.1–2.8

VCAM-1 418 0.00030 2.4 0.0015 2.6 4.1 2.7–‘ 1.7 0.8–2.8

S100A12 26.5 0.0013 2.1 0.05 1.8 4 2.3–‘ 1.4 0.8–2.9

Transplant-free survival

MMP-7 4.2 0.011 1.7 0.0036 2 2.4 1.7–4 1.1 0.8–2.1

ICAM-1 202.5 0.00029 2.2 0.00036 2.3 3.9 1.7–‘ 0.9 0.8–2.1

IL-8 0.0086 0.00025 2.1 0.038 1.7 3.3 2.1–4.6 0.9 0.6–1.9

VCAM-1 418 0.0039 1.8 0.015 1.7 2.4 1.7–4.1 1 0.7–2.1

S100A12 26.5 0.00073 1.9 0.027 1.6 2.4 1.9–4 0.8 0.6–2.1

Progression-free survival: FVC 10% relative decline within 1 year(lung transplant is censored)

MMP-7 4.4 0.00012 2.3 0.0087 2 1.6 1.1–2.5 0.8 0.6–1.1

ICAM-1 202.5 0.033 1.5 0.05 1.6 1.3 1–2.3 0.9 0.7–1.3

IL-8 0.0092 0.00014 2.1 0.006 2 1.4 1.1–2.2 0.8 0.6–1

VCAM-1 399.5 0.0013 1.9 0.024 1.7 1.9 1.3–2.4 0.8 0.7–1

S100A12 31.5 0.0041 1.8 0.01 1.9 1.3 1–2 0.8 0.4–1

Progression-free survival: FVC 10% relative decline within 1 year(lung transplant counts as event)

MMP-7 4.4 0.0001 2.2 0.0056 1.8 1.3 0.9–2.3 0.7 0.5–1

ICAM-1 202.5 0.012 1.6 0.039 1.5 1.1 0.9–2.1 0.8 0.5–0.9

IL-8 0.0092 0.0003 1.9 0.12 1.4 1.2 1–2 0.7 0.5–0.9

VCAM-1 390.5 0.0038 1.8 0.074 1.4 1.3 0.9–2.3 0.8 0.6–1

S100A12 26.5 0.0024 1.7 0.011 1.7 1.1 0.9–1.9 0.6 0.4–0.9

Definition of abbreviations: Adj. HR ¼ age, sex, and baseline FVC adjusted hazards ratio; Adj. Pval. ¼ age, sex, and baseline FVC adjusted P value; CI ¼ confidence

interval; HR ¼ hazard ratio; ICAM ¼ intercellular adhesion molecule; IPF ¼ idiopathic pulmonary fibrosis; MMP ¼ matrix metalloproteinase; Pval. ¼ log-rank P value;

VCAM-1 ¼ vascular cell adhesion molecule-1.
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high serum concentrations of mucin-1 (KL-6) (16), CCL-18 (17),
or surfactant protein A (18) were associated with significantly
increased mortality; and we reported that patients with IPF
exhibited a unique plasma protein signature that reflected disease
severity (19). Our study provides significant support to those key
studies because it is significantly larger; contains a derivation and
validation cohort; and started with a relatively large set of 95
proteins and concludes with five proteins (MMP-7, VCAM-1,
S100A12, ICAM-1, and IL-8) that are predictive of disease out-
comes. Thus, we now know that the prognosis-related protein
signal is not a biologic curiosity, limited to a single protein, but
indeed a general phenomenon that is potentially reflective of
lung-related pathology. As an example, MMP-7 has been repeat-
edly implicated in IPF. MMP-7 is overexpressed and activated in
alveolar epithelial cells in the IPF lung but not in normal histol-
ogy lungs (37, 38). Elevated plasma concentrations of MMP-7
distinguish IPF from chronic obstructive pulmonary disease, sar-
coidosis, and hypersensitivity pneumonitis (19). Most impor-
tantly, MMP-7 seems to be associated mechanistically with lung
fibrosis: MMP-7 knockouts are relatively protected from fibrosis
(37), it is a target gene for the WNT/b catenin pathway that has
recently been shown to be aberrantly regulated in the human
disease (39–42), and MMP-7 is a regulator of local lung defense
mechanisms (43–46). Consistent with these observations, our
results indicate that low MMP-7 concentrations define a group
of patients with IPF with impressively long median survival
(4.6 and 4.3 yr in the derivation and validation cohorts, respec-
tively), whereas patients with highMMP-7 levels experience a sig-
nificantly shorter median survival (2 and 2.2 yr in the derivation
and validation cohorts, respectively). In contrast to all other
markers, MMP-7 exhibits P values that decrease and hazard ra-
tios that increase when age, sex, and baseline FVC are adjusted,
suggesting that although increased MMP-7 concentrations may

be still related to baseline pulmonary function, they may be
uniquely informative for predicting outcome in patients with
IPF with similar pulmonary function at presentation. This is also
supported by the fact that MMP-7 emerged in our variable selec-
tion process for the PCMI as a component of the risk prediction
score. Taken together, these observations suggest that MMP-7
peripheral blood concentrations may be indicative of the disease
process in the lung and thus should be used to monitor disease
severity and prognosis.

VCAM-1 and ICAM-1 are also probable indicators of the dis-
ease process in the lung. Increased expression of ICAM-1 and
VCAM-1 is considered a sensitive marker of endothelial re-
sponse to oxidative stress, a phenomenon increasingly implicated
in IPF (47, 48). The two molecules are induced in radiation-
induced pulmonary fibrosis and the radiation-induced increases
of VCAM-1 and ICAM-1 are reversed by administration of man-
ganese superoxide dismutase (49, 50). Treatment of bronchoal-
veolar macrophages obtained from patients with IPF or other
interstitial lung disease with N-acetylcysteine, an agent used in
the treatment of IPF (51), caused a decrease in ICAM-1 expres-
sion (52), and a reduction of neutrophil activation and IL-8 ex-
pression (53, 54), potentially suggesting that many of the changes
in the peripheral blood are driven by the same mechanistic
theme. The source of ICAM-1 and VCAM-1 in the blood
remains unclear. Increased ICAM-1 has been found in the pul-
monary capillary beds of IPF lungs (55) and in the peripheral
blood of patients with IPF (56) or other fibrotic processes (57),
but increased VCAM-1 has not been found (58). The predictive
value of both markers and the data from the radiation-induced
fibrosis suggest that the increase in the concentrations of both
proteins in the peripheral blood is probably indicative of a mech-
anism that is active in the lung and thus should potentially be
monitored when response to therapy is assessed.

TABLE 3. PERIPHERAL BLOOD PREDICTORS OF OUTCOMES FOR 101 PATIENTS WITH IPF, VALIDATION COHORT

Marker Threshold (ng/ml) Pval. HR Adj. Pval. Adj. HR

Low Marker

(below threshold)

High Marker

(above threshold)

Median (yr) 95% CI Median (yr) 95% CI

Overall survival

MMP-7 3.5 0.17 1.7 0.071 2.2 4.3 1.6–‘ 2.2 1.5–3.6

ICAM-1 300 0.0016 2.9 0.0051 2.8 4.1 2.9–‘ 1.6 1–2.4

IL-8 0.0097 0.0030 3.1 0.069 2.3 5.1 4.1–‘ 1.9 1.2–2.9

VCAM-1 246.8 0.19 0.7 0.61 0.8 1.1 0.8–‘ 2.4 1.9–‘
S100A12 49.1 0.14 1.7 0.12 1.8 2.4 2–‘ 1.9 1.1–‘

Transplant-free survival

MMP-7 3.5 0.016 2.3 0.0075 2.8 4.3 1.6–‘ 1.2 0.8–2

ICAM-1 300 0.00006 3 0.00056 2.9 4.1 1.9–‘ 0.9 0.7–1.9

IL-8 0.0094 0.0048 2.4 0.34 2.4 4.1 1.3–‘ 1.1 0.8–1.9

VCAM-1 358.2 0.025 1.9 0.055 1.9 1.9 1.1–4 1.1 0.5–‘
S100A12 72.1 0.033 1.7 0.036 1.8 2.2 1.9–3.6 0.8 0.5–1.6

Progression-free survival: FVC 10% relative decline within 1 year (lung transplant is censored)

MMP-7 4.7 0.25 1.3 0.98 1 1.1 0.9–2.3 1 0.8–1.6

ICAM-1 262 0.0020 2.4 0.01 2.2 1.2 1–‘ 0.9 0.7–1.5

IL-8 0.0092 0.19 1.5 0.68 1.2 1 0.9–‘ 1 0.8–1.6

VCAM-1 246.8 0.26 0.7 0.81 1.1 0.8 0.8–2.2 1.2 0.9–1.9

S100A12 37 0.067 0.6 0.065 0.5 0.9 0.7–1.7 1.1 0.9–2

Progression-free survival: FVC 10% relative decline within 1 year (lung transplant counts as event)

MMP-7 4.7 0.043 1.6 0.36 1.3 1 0.8–1.9 0.8 0.5–1.1

ICAM-1 262 0.00075 2.4 0.0069 2.1 1.1 0.9–‘ 0.7 0.6–1

IL-8 0.0092 0.23 1.4 0.62 1.2 0.9 0.8–‘ 0.8 0.7–1.2

VCAM-1 246.8 0.16 0.7 0.94 1 0.8 0.7–1.1 1 0.8–1.6

S100A12 64.8 0.12 1.4 0.44 1.2 1.1 0.8–1.7 0.8 0.5–1

Definition of abbreviations: Adj. HR ¼ age, sex, and baseline FVC adjusted hazards ratio; Adj. Pval. ¼ age, sex, and baseline FVC adjusted P value; CI ¼ confidence

interval; HR ¼ hazard ratio; ICAM ¼ intercellular adhesion molecule; IPF ¼ idiopathic pulmonary fibrosis; MMP ¼ matrix metalloproteinase; Pval. ¼ log-rank P value;

VCAM-1 ¼ vascular cell adhesion molecule-1.
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Increased plasma concentrations of IL-8 and S100A12, both
related to neutrophil recruitment and activation, were also asso-
ciated with significantly worse outcomes in IPF. IL-8, a potent
inflammatory chemokine that signals neutrophils to sites of in-
jury (59), has been previously suggested as a regulator in IPF.
Carré and coworkers (60) found elevated levels of IL-8 mRNA
in alveolar macrophages and elevated levels of IL-8 protein in
the bronchoalveolar lavage from patients with IPF compared
with normal subjects. Xaubet and coworkers (61) found that
the percentage of IL-8–positive bronchoalveolar lavage macro-
phages was significantly higher in areas of IPF lung with exten-
sive fibrosis defined by high-resolution computed tomography
scans compared with bronchoalveolar lavage fluid from normal
smoking and nonsmoking volunteers. In contrast to IL-8 and
S100A12, a calcium-binding protein secreted by neutrophils
has not previously been implicated in IPF. Kikkawa and co-
workers (62) recently reported that S100A12 levels in serum,
bronchoalveolar lavage, and lung were significantly higher in
patients developing acute lung injury after bowel surgery com-
pared with those who do not develop acute lung injury. We
found increased S100A12 mRNA in the lungs of patients with
IPF compared with control subjects in a microarray dataset
generated by us (GSE10667 and 59), but did not find a further
increase in the lungs of patients with acute exacerbations of IPF

(63), a finding consistent with a recent comparison of acute lung
injury and acute exacerbations of IPF (64). The finding that
increased concentration of two neutrophil-related proteins is
indicative of poorer outcomes should encourage research into
the role of neutrophils in IPF and potential specific therapies
that target these cells considering the lack of response of
patients with IPF to usual antiinflammatory therapies (65).

One potentially puzzling result of our study is that not every
single observation in the derivation cohort was observed in the
validation cohort. Such variability is expected given differences
between cohorts and the early phase of our observations. This is
especially true in the context of progression-free survival, be-
cause of the challenges to define and prove sustainable declines
in lung function over a relatively short period of time and the
need for a universally agreed on definition of progression, as
was recently pointed out (66). Of particular interest to us is
the fact that for one outcome, transplant-free survival, the
results in the validation cohort indeed replicated those of the
derivation cohort: increased concentrations of all of the markers
were predictive of significantly shorter survival when transplant
was counted as an event. This may be indicative of an over-
looked phenomenon, the impact that increased accessibility of
lung transplantation is having on our patient cohorts. In each of

Figure 3. Prediction of idiopathic pulmonary fibrosis. Outcome is largely

validated in an independent validation set. As in Figure 2 , red indicates

the Kaplan-Meier plot of overall survival by peripheral blood concen-
tration dichotomized at an optimal threshold by profile likelihood, and

blue indicates transplant-free survival. All line styles are identical to

those in Figure 2 , and log-rank P values are listed at the top of each
plot. As in Figure 2 , the markers shown are (A) matrix metalloprotei-

nase-7, (B) intercellular adhesion molecule-1, (C) IL-8, (D) vascular cell

adhesion molecule-1, and (E) S100A12.

Figure 4. Peripheral blood risk index (PCMI) predicts mortality in idio-

pathic pulmonary fibrosis. (A) Kaplan-Meier curve for mortality of
patients in validation cohort grouped by the mortality-associated PCMI

derived in the derivation cohort. Black is low risk (PCMI ,330) and red

is high risk (PCMI >330). (B) Time-dependent receiver operating char-

acteristic curves for predicting idiopathic pulmonary fibrosis mortality
by PCMI. True-positive rate is plotted versus false-positive rate, for all

possible thresholds in the validation set, of the PCMI derived in the

derivation set. Each line is for predicting mortality within a specified

time point after blood draw. The predictive performance of this com-
bined index is high: area under the curve ranges from 0.74–0.84,

C statistic from 0.73–0.84.
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our cohorts, 50% of patients were evaluated for transplant, 25%
were listed, and nearly 20% ended up being transplanted. Al-
though it is possible that other factors, such as smaller size of
cohort and significantly shorter follow-up, may account for the
incomplete validation, the impressive results when transplant
was included as an event suggest that similar analyses be in-
cluded in the design of outcome and interventional studies.

Although the univariate results were not fully replicated,
PCMI, the integrated score derived by multivariate analysis, im-
pressively replicated the mortality predictions. PCMI, an index
that integrated plasma protein concentrations and clinical
parameters, identified high and low mortality risk subgroups
at blood draw in the derivation cohort. Impressively, PCMI ac-
curately predicted mortality in the validation cohort. Patients
with PCMI scores below 330 in the validation cohort had a me-
dian survival of 5.13 years compared with a median survival of
1.56 years when PCMI was higher than 330 with impressive area
under the ROC curve and C statistic values. An important indi-
cator of the significant role of the proteins in PCMI is that if se-
lection is performed with MMP-7 omitted, then a similar score is
derived with VCAM-1 in its place; if VCAM-1 is further omitted,
then ICAM-1 takes its place, and so on. In multivariate models
derived in the derivation cohort and tested in the validation co-
hort, these five biomarkers jointly explain overlapping propor-
tions of variability in IPF mortality, even though the protein
concentration thresholds from the derivation cohort were not op-
timal for the validation cohort in the univariate analysis. Thus,
our results indicate the significant value of integrating molecular
information with clinical parameters in the derivation of repro-
ducible and accurate outcome predictions rules.

Given that traditional physiologic measures are poor predic-
tors of short- and long-term prognosis, and the critical need to
identify patients with progressive and stable disease for clinical
and pharmaceutical research and to prioritize for lung transplan-
tation, the discovery of five peripheral blood proteins that predict
prognosis in IPF is a key step forward in improving classification
andmanagement of these patients. Taken together with the three
other previously discoveredmarkers there is now a panel of eight
proteins that should cover different aspects of disease progres-
sion in IPF: KL-6, surfactant protein A, and MMP-7 can be con-
sidered markers of alveolar epithelial cell injury; CCL-18
a marker of alveolar macrophage activation; S100A12 and IL-8
markers of neutrophil recruitment and activation; and ICAM-1
and VCAM-1 markers of oxidative stress in the lung. If this is
the case, therapies that change the disease-sustaining environment
in the lung should also be expected to alter the concentrations of
these proteins in the bloodstream. In any case this panel of eight
proteins should be incorporated in clinical research, and be crit-
ically validated for rapid implementation in the clinical setting.
The impressive validated performance of PCMI suggests that in-
tegration of clinical and molecular markers for derivation of out-
come prediction rules is indeed feasible in IPF. The availability
of validated biomarkers and integrated risk prediction scores will
address a critical unmet need in IPF research and will have the
potential to transform the management of patients with IPF by
allowing rational prioritization of lung transplantation.
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