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Idiopathic pulmonary fibrosis is a chronic, progressive, fibrosing
interstitial pneumonia of unknown cause resulting in dyspnea and
functional decline until death. There are currently no effective nonin-
vasive tools to monitor disease progression and response to treat-
ment. The objective of the present study was to determine whether
molecular magnetic resonance imaging of the lung using a probe
targeted to typel collagen could provide a direct, noninvasive method
for assessment of pulmonary fibrosis in a mouse model. Pulmonary
fibrosis was generated in mice by transtracheal instillation of bleo-
mycin (BM). Six cohorts were imaged before and immediately
after intravenous administration of molecular imaging probe: (7) BM
plus collagen-targeted probe, EP-3533; (2) sham plus EP-3533; (3) BM
plus nonbinding control probe, EP-3612; (4) sham plus EP-3612; (5)
BM plus EP-3533 imaged early; and (6) BM plus EP-3533 imaged late.
Signal-to-noise ratio (SNR) enhancement was quantified in the lungs
and muscle. Lung tissue was subjected to pathologic scoring of fibro-
sis and analyzed for gadolinium and hydroxyproline. BM-treated
mice had 35% higher lung collagen than sham mice (P < 0.0001).
The SNR increase in the lungs of fibrotic mice after EP-3533 admin-
istration was twofold higher than in sham animals and twofold
higher than in fibrotic or sham mice that received control
probe, EP-3612 (P < 0.0001). The SNRincrease in muscle was similar
for all cohorts. For EP-3533, we observed a strong, positive, linear
correlation between lung SNR increase and hydroxyproline levels
(r = 0.72). Collagen-targeted probe EP-3533-enhanced magnetic
resonance imaging specifically detects pulmonary fibrosisinamouse
model of disease.

Keywords: molecular imaging; gadolinium; type | collagen; bleomycin;
EP-3533

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive,
fibrosing interstitial pneumonia of unknown cause that primarily
affects older adults. In the majority of cases, it is a relentlessly
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CLINICAL RELEVANCE

There are currently no effective noninvasive tools to monitor
pulmonary fibrosis progression or response to treatment. This
study demonstrates the specificity of a collagen-targeted
magnetic resonance imaging probe to noninvasively iden-
tify pulmonary fibrosis in a mouse model of the disease.

progressive disease that results in dyspnea and functional decline
until death. The median survival remains unacceptably poor, at
approximately 2-3 years (1, 2). A recent analysis based on health-
care claims data of a large health plan in the United States
yielded a prevalence estimate of between 14.0 and 42.7 per
100,000 persons, depending on the case definition used (3), which
translates to a range of 44,000-134,000 affected Americans based
on the current population. Currently, there is no effective treat-
ment for the disease (4). Lung transplantation has been employed
in carefully selected patients. Progress has been hampered by the
lack of noninvasive methods for diagnosis and the lack of methods
for monitoring the progression of the disease. Although high-
resolution computed tomography (HRCT) scanning has proven
invaluable in the diagnosis of the disease (5), up to 50% of
patients do not have clear radiologic hallmarks of fibrosis, such
as honeycombing, subpleural lower lobe reticular opacities, or
traction bronchiectasis, and these cases require lung biopsy for
diagnosis (6). Even when a surgical lung biopsy is possible, there
is also the possibility of sampling error despite sampling multiple
lobes (7, 8). Once the diagnosis has been made with reasonable
certainty, tracking disease progression can be problematic, and
physiological changes are often only noted with acute exacerbations.
This difficulty in disease monitoring is highlighted by the numerous
endpoints that have been chosen in clinical trials, such as forced
vital capacity, diffusing capacity, arterial oxygen pressure, 6-minute
walk test, survival, and progression-free survival (9). It is clear that
new methods of diagnosis and monitoring in IPF are needed.

Overexpression of collagen is a hallmark of fibrosis. Here, we
hypothesized that molecular magnetic resonance imaging (MRI)
with a probe targeted to type I collagen could provide a nonin-
vasive method for assessment of fibrosis. EP-3533 is a gadolinium
(Gd)-based probe designed to specifically target type I collagen
that has previously demonstrated its utility in MRI of cardiac and
hepatic fibrosis (10-13). MR proton imaging of the lung is less
common, due to the lower proton density and because of the short
T2 relaxation times in the lung, both of which result in MR signal
loss. However, new MRI pulse sequences, such as the ultrashort echo
time (UTE) sequence, now make lung imaging more feasible (14).
The goal of this study was to assess the feasibility of EP-3533—
enhanced MRI to quantify collagen in the lung, and to determine
whether collagen-targeted MRI has the potential to act as a non-
invasive measure of pulmonary fibrosis.
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MATERIALS AND METHODS
Animal Model

All experiments were performed in accordance with National Institutes
of Health guidelines for the care and use of laboratory animals, and were
approved by the institution’s animal care and use committee. Pulmonary
fibrosis was initiated in 10-week-old male C57/BL6 mice by transtracheal
administration of bleomycin (BM; 2.5 U/kg) in PBS. Sham animals re-
ceived only PBS.

Probes

EP-3533 comprises a 10—amino acid cyclic peptide conjugated to three
Gd moieties with affinity for type I collagen (K4 = 1.8 wM) and strong
MR signal enhancement (relaxivity = 162 mM ' s ! [5.4/Gd ion] at 4.7T)
(12). EP-3612 has an identical structure to EP-3533, except that one of
the cysteine moieties is changed from L-Cys in EP-3533 to D-Cys in
EP-3612. This change in chirality results in a greater than 100-fold loss
in collagen affinity for EP-3612; however, its relaxivity remains equiv-
alent to EP-3533. Probes were synthesized as described previously (11).

MRI and Analysis

Mice were divided into four cohorts: (1) BM plus collagen-targeted probe,
EP-3533 (n = 6); (2) sham plus EP-3533 (n = 5); (3) BM plus nonbinding
control probe, EP-3612 (n = 5); and (4) sham plus EP-3612 (n = 5). Mice
were imaged 9-11 days after BM instillation. We imaged an additional
two groups of animals with EP-3533 at 5-6 days (n = 4) or 12-14 days
(n = 5) after BM instillation.

The imaging protocol involved: (/) multislice two-dimensional rapid
acquisition with refocused echo (RARE) imaging to delineate anatomy;
(2) a baseline three-dimensional (3D) UTE sequence with respiratory
gating (repeated at 12 min after injection); (3) a baseline 3D fast low-
angle shot (FLASH) angiography sequence (repeated five times); and
(4) bolus injection of 10 pwmol/kg of either EP-3533 or EP-3612.

Images were analyzed using the program Osirix (Www.osirix-viewer.com/).
For the pre- and post-probe UTE images, regions of interest (ROIs) were
drawn in the lung, the shoulder muscle, and in the air adjacent to the animal.
For each slice, the signal intensity (SI) in the lung and muscle was obtained.
The standard deviation (SD) of the SI in the air adjacent to the animal was
used to estimate the noise. For each image slice, pre- and post-probe,
signal-to-noise ratio (SNR) was calculated as SNR = Sljseue/SDyjr-

The percent increase in signal post probe was calculated as:

%Signal increase = (SNRpost —SNRpre ) /SNRpe X 100%

Tissue Analysis

The right lung was inflated and fixed with 10% formalin, embedded in
paraffin, cut into 5-pm-thick sections, and stained with hematoxylin and
eosin, trichrome, and Sirius red, with a counterstain of Fast Green.
Sirius red-stained sections were analyzed using ImageJ (rsbweb.nih.
gov/ij/). The left lung was digested with 6 M HCI for hydroxyproline
(Hyp) and Gd analysis (15).

Statistical Analysis

All data are shown as means (= SEM). Differences among groups were
tested with repeated measures ANOVA, followed by Student-Newman-
Keuls post hoc test with P less than 0.05 considered as significant. For
correlations, the Pearson correlation coefficient was computed and a
t-statistic calculated based on the null hypothesis that the correlation
coefficient was zero.

The online supplement contains additional details on methods
employed here.

RESULTS

Characterization of Animal Model

A single transtracheal BM instillation recapitulates histopathol-
ogy consistent with pulmonary fibrosis. Animals initially exhibit
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an approximate 5% weight loss in association with mild lethargy.
The severity of fibrosis was determined by a single pulmonary
pathologist using hematoxylin and eosin—, trichrome-, and Sirius
red-stained slides, and graded using a published quantitative
scoring system that grades pulmonary fibrosis on a scale from
0 to 8 (16). Mice treated with BM showed an average fibrosis
score of 5 (= 0.6; range 3-7), whereas sham mice all showed
a score of 0. By definition, a score of 5 depicts definite damage
to lung architecture and formation of fibrous bands or small
fibrous masses. Figure 1 shows representative images from sham
and BM-treated mice, and demonstrates a pattern of acute sub-
pleural and peribronchial fibrosis. The BM-injured lungs dem-
onstrated a lymphoplasmacytic infiltrate in the areas of fibrosis,
along with scattered collagen deposition best visualized with
Sirius red. Trichrome staining was less sensitive to detecting colla-
gen deposition. The sham lungs had preserved alveolar architec-
ture, with no collagen deposition or alveolar immune infiltration.

We also quantified the amount of collagen deposition by mea-
suring the relative amount of Sirius red staining in representative
slides from each animal. The percentage area of red staining on
Sirius red slides was 2.3 times higher for the BM animals com-
pared with the sham animals (sham, 6.8 * 0.9%; BM, 15.7 =
1.8%; P < 0.001). There was no significant difference in Sirius
red staining between the two groups of fibrotic mice that received
either EP-3533 or EP-3612.

Quantitative analysis of Hyp was used as a measure of the
total amount of collagen in tissue. Hyp levels in BM animals were
35% higher than in sham animals (sham, 73 *= 3 pg Hyp/lung;
BM, 99 * 4 pg Hyp/lung; P < 0.0001; Figure 1). There was no
significant difference in Hyp concentration between the two groups
of fibrotic mice that received either EP-3533 or EP-3612. Together,
these results demonstrate that the BM model successfully induces
pulmonary fibrosis in mice, accompanied by excessive deposition
of collagen, including type I, in the extracellular matrix.

MRI of Pulmonary Fibrosis

We used MRI to characterize the animal model, to assess probe
pharmacokinetics, and ultimately to determine whether the collagen-
targeted probe, EP-3533, could detect pulmonary fibrosis. We first
performed anatomical T1-weighted imaging (RARE) in both cor-
onal and axial orientations. In these images, the lungs are well de-
fined by their negative image contrast (e.g., Figure 2). The lack of
signal in the lungs is due to the much lower proton density in the
lung compared with other tissue. The air-tissue interface in the
lungs results in large magnetic susceptibility gradients that cause
signal loss in this type of pulse sequence. However, this RARE
sequence is also sensitive to the presence of fluid in the lungs,
which results in a positive signal and an opacification of the lungs.
Figure 2 compares a sham mouse with a BM mouse, and demon-
strates the sensitivity of MRI for edema in this model. Of the BM
mice imaged during this study, 8/13 showed presence of pulmonary
edema by MRI. Among these animals, presence of edema corre-
lated with higher Hyp content (85 * 3 pg Hyp/lung versus 104 =
4 pg Hyp/lung for nonedematous versus edematous; P = 0.0016).

To assess the pharmacokinetics of the two probes, we per-
formed a series of MR angiography scans (3D FLASH) before
and immediately after intravenous bolus administration of the
probe. Figure 3 shows a time course series of coronal images
demonstrating the rapid blood clearance of both EP-3533 (top
panel) and its nontargeted isomer EP-3612 (bottom panel). Both
probes provide blood pool enhancement immediately after in-
jection, as indicated by the increased signal in the heart and
large vessels. By 10 minutes after injection, the blood signal is
approaching baseline values. We estimated blood half-life of the
probes by drawing an ROI in the jugular vein, measuring the
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Figure 1. Characterization of fi-

brosis and collagen deposition
in the mouse bleomycin (BM)
model. Representative images
of lung tissue stained with he-
matoxylin and eosin (H&E), tri-
chrome, and Sirius red for sham
(A) and BM-treated mice (B).
(C) Sirius red staining was quan-
tified and was significantly higher

in fibrotic (BM-treated) mice
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change in MR SI versus time, and fitting these data to a mono-
exponential decay. There was no significant difference in blood
clearance rate between probes or in probe clearance between
BM or sham animals. The mean blood half-life was 8.8 (= 0.7)
minutes for EP-3533 and 6.4 (= 0.8) minutes for EP-3612. The
kidneys also showed immediate signal enhancement, and this
enhancement persisted over 10 minutes, suggesting a predomi-
nant renal clearance of both probes.

To circumvent the signal loss in the lung, we used a UTE pulse
sequence. This type of sequence is especially effective for tissue
with very short T2 relaxation times, such as lung or bone. We
used a high flip angle (45”) to provide a more T1-weighted image.
This acquisition was performed before probe injection and again
starting at 12 minutes after probe injection, after the probe had
cleared from the blood pool. Figure 4 shows representative UTE
images before probe injection for each of the four cohorts. Super-
imposed on these images in false color scale is the difference
image obtained by subtracting the preprobe UTE image from
the post-probe UTE image. All four sets of images are rendered
at the same scale. It is apparent from Figure 4 that the signal
increase in the lungs of BM mice after targeted EP-3533 probe
is much greater than the signal increase in the lungs of sham
mice. Figure 4 also shows that the control probe, EP-3612, pro-
vides similar and low-signal enhancement in the lungs of either
BM or sham mice, and that this signal increase is comparable to
EP-3533 in sham mice. These images qualitatively demonstrate
the specificity of EP-3533 for pulmonary fibrosis.

To quantify this effect, we measured the change in SNR by
drawing ROIs in the lungs and in the shoulder muscle, and com-
paring the signal in these ROIs in the pre- and post-probe images.
ROIs were first drawn in the MR angiography images taken im-
mediately after probe injection to exclude the major vessels in the

0—]——-—-—1 0—]—-—-—-—
F ibrotic Sham Fibrotic Sham

(*P < 0.001). (D) Hydroxyproline
(Hyp) analysis of ex vivo harvested
lung tissue from all four cohorts
shows significantly higher Hyp/
lung in the fibrotic (BM) -treated
cohorts (**P < 0.0001).

EP-3533 EP-3612

lungs. These ROIs were then copied to the UTE images and SI
changes were computed. The results are summarized in Figure
5. After EP-3533 injection, the lung SNR increased by 34 (= 2)%
in the BM mice compared with a 17 (* 2)% increase in sham
mice. The untargeted probe, EP-3612, increased lung SNR by
13 (= 1)% in BM mice compared with a 16 (+ 1)% increase in
sham animals. This twofold higher lung SNR increase in the
EP-3533 plus BM mouse cohort was highly significant (P <
0.0001). On the other hand, the SNR increase in the muscle
was similar among all four cohorts.

The concentration of each probe in the lung and muscle was
determined by elemental analysis of Gd ex vivo at 60 minutes
after injection of probe. The ex vivo Gd data mirrored the im-
aging findings (Figure 5). There was 2.7 times more Gd in fibrotic
lungs after EP-3533 compared with the sham mice. Overall, the
lung Gd concentrations were highest for the EP-3533 plus BM
mouse cohort, and this concentration (2.8 nmol Gd/lung) was
significantly higher than the other three cohorts (P < 0.05). On
the other hand, there was no significant difference in Gd concen-
tration in muscle among the four cohorts. For EP-3533, the con-
centration was 10.0 (£ 1.3) nmol/g in the skeletal muscle of
fibrotic mice compared with 9.8 (= 1.9) nmol/g in the sham
mice.

We then studied an additional two groups of BM mice with
EP-3533 to determine whether the probe could be used to mon-
itor disease progression. The first group was imaged 5-6 days
after BM inoculation, whereas the second group was imaged
12-14 days after inoculation. Figure 6 summarizes the imaging
and ex vivo analyses for these two groups, as well as the mice
that were imaged with EP-3533 at 9-11 days after BM inoculation
and sham animals imaged with EP-3533. As expected, we see
a monotonic increase in lung Hyp with time (Figure 6B).
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Quantitative scoring of the histology slides also indicated a wors-
ening of disease (2.8 = 0.2 [range, 2-3] to 5.0 = 0.6 [range, 3-7] to
5.5 = 0.3 [range, 5-7] from 5 to 9 to 12 d after BM, respectively).
We also observed a monotonic increase in lung signal in-
crease and in ex vivo Gd with time after BM (Figures 6A
and 6C).

Grouping of animals by time after BM is somewhat arbitrary,
because there is a range of disease progression among animals.
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Figure 2. Magnetic resonance (MR) characterization of
pulmonary edema. (A) Coronal (left) and axial (right)
T1-weighted rapid acquisition with refocused echo
(RARE) images of a sham mouse showing absence of
signal in the lungs. (B) Coronal (left) and axial (right)
images at approximately the same location in a BM-
treated mouse. Edema is obvious from the opacifica-
tion of the lungs in this animal. All images taken before
probe injection.

Therefore, we also looked at the correlation between lung MR
signal increase and lung Hyp (as a surrogate for fibrotic severity)
for all animals that received EP-3533. There is a strong positive
correlation of MR lung signal enhancement and disease progres-
sion (Figure 6D). There is also an excellent linear correlation
between Hyp and the amount of probe (Gd) measured ex vivo
in the lung, as well as between signal increase and Gd (Figures
6E and 6F).

Figure 3. Dynamic T1-weighted MR imag-
ing (MRI) showing rapid renal elimination
of the probes. Sham mice before and imme-
diately after intravenous injection of 10 wmol/kg
EP-3533 (top panel) or EP-3612 (bottom panel).
Both probes show immediate and similar en-
hancement of the heart, blood pool, and kid-
neys. By 10 minutes after injection, the signal
in the heart and blood pool is approaching
baseline, whereas the kidneys remain enhanced.
These dynamic images show the rapid blood
clearance and predominant renal elimination
pathway that is similar for both EP-3533 and
EP-3612.
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DISCUSSION

IPF is a progressive fibrotic lung disease with a median survival
of 2-3 years from the time of diagnosis. The clinical course of
IPF, however, is highly variable, with some patients experienc-
ing rapid deterioration and others remaining relatively stable
for years (17, 18). There remains a need for better diagnostic
tools to predict risk and monitor response to treatment. Thera-
peutic options for IPF are limited, with the only treatment gen-
erally accepted to prolong life being lung transplantation (19).
Better diagnostic tools may allow for more appropriate timing
of transplantation. In addition, there are a number of new ther-
apies being pursued for IPF (20, 21). Drug development for IPF
has been very challenging to date, and there would be value in
stratifying patients with respect to their rate of disease progres-
sion to enrich trials; it would also be valuable to detect at an
early time point whether a therapy is having its intended effect.
The heterogeneous nature of lung diseases suggests that system-
atic measures, including pulmonary function tests (FEV;) or blood
biomarkers, remain nonspecific and may not capture important
aspects of the underlying pulmonary disease process, whereas high-
resolution molecular imaging may serve that role.

The goal of this study was to determine whether molecular
MRI with a collagen-targeted probe was sensitive for pulmonary
fibrosis detection in a commonly used BM mouse model. The
collagen-targeted probe, EP-3533, was studied in BM and sham
mice. To estimate whether the signal enhancement observed
with EP-3533 was due to specific collagen binding, we also pre-
pared an isomer, EP-3612. EP-3612 only differs from EP-3533 by
the chirality of one cysteine residue, but this mutation abrogates
collagen binding in EP-3612. Our study showed that collagen-

Figure 4. Ultrashort echo time (UTE)-MRI of the
lungs. Coronal T1-weighted UTE images of mice
from each cohort in this study: (A) BM mouse +
collagen-targeted EP-3533; (B) sham mouse +
EP-3533; (C) BM + control probe EP-3612; (D)
sham + EP-3612. False color overlay is the difference
image obtained by subtracting the UTE image
acquired before probe injection from the UTE
image taken after probe injection. Mice with pul-
monary fibrosis that receive the collagen-specific
probe (A) show much higher pulmonary signal
enhancement than sham mice or mice receiving
the control probe. All images rendered at the same
scale.

targeted EP-3533 provided significantly enhanced MR signal
in the lungs of fibrotic mice compared with control mice. On
the other hand, nonspecific enhancement in the muscle was sim-
ilar in both fibrotic and control mice. The control probe, EP-
3612, showed similar, weak signal enhancement in the lungs
of both fibrotic and control mice, demonstrating that the result
observed with EP-3533 was due to specific collagen-binding.
When we expanded the EP-3533 study to include mice with early
stage or more advanced fibrosis, we observed a strong positive
correlation of lung MR signal increase with Hyp content, indi-
cating the ability of this probe to stage pulmonary fibrosis.

Proton MRI of the lung is less common owing to the very
short T2* relaxation time of the lungs, which results in massive
signal loss on standard MR pulse sequences (22). Here, we used
a technique called UTE-MR to overcome this limitation and
produce positive signal in the lungs. This lung signal could be
further increased by the presence of our probe. Although we
used a dedicated small animal research scanner, we note that
the UTE sequence is widely available on clinical MR scanners,
and there is no technological barrier to the translation of this
molecular MRI of pulmonary collagen (14, 23).

MR is often not viewed as a molecular imaging technique, pri-
marily because of the relatively high (micromolar) concentra-
tions of probe required to effect signal change. However, type
I collagen represents a high-concentration target that is amena-
ble to imaging with an appropriate MR probe. Using MRI, we
are able to achieve much higher spatial resolution than positron
emission tomography (PET). Here, we acquired images with 250-p.m
isotropic resolution, which is 64-fold higher than micro-PET
scanners (~ 1 mm isotropic). This high resolution enables easy
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Figure 5. MRI and ex vivo analyses. (A) Lung signal-to-noise
ratio (SNR) increase after probe injection. Fibrotic mice re-
ceiving EP-3533 had twofold higher SNR increase com-
pared with sham mice or mice receiving EP-3612 (**P <
0.0001). (B) Muscle SNR shows no significant differences
between fibrotic and sham animals for either probe. (C)
Ex vivo gadolinium (Gd) analysis shows significantly higher
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segmentation of the major pulmonary vessels from the lung
parenchyma. In this study, high-resolution imaging allowed us
to confidently conclude that the signal enhancement observed
with the collagen-targeted probe was arising solely from the
lung, and was not due to a vascular effect or arising from partial
overlap with the liver or heart signal. On clinical scanners, the
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typical resolution is lower, but MR maintains a much higher
spatial resolution than PET. Of further benefit is the lack of
ionizing radiation in MR when performing serial imaging to
follow disease progression.

The probe, EP-3533, displayed salutary pharmacokinetics for
fibrosis imaging. EP-3533 underwent rapid blood clearance with
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renal excretion. The probe is small enough (5 kD) to rapidly pen-
etrate the interstitial space and bind collagen, and the small size
and hydrophilic properties of the probe also result in fast renal
clearance from the systemic circulation, removing background
signal. Such pharmacokinetics allowed fibrosis imaging to take
place within 10 minutes of probe injection. The overall Gd dose
used was over three times lower than currently used Gd-based
contrast media.

HRCT is the radiological gold standard for fibrosis assess-
ment, but not all patients with IPF exhibit clear HRCT patterns
of fibrosis. HRCT is less sensitive for the detection of early dis-
ease (microscopic fibrinogenesis), where ground glass opacities
are often observed and nonspecific. One potential role for a col-
lagen-targeted probe would be to detect fibrosis in this equivocal
group. Cystic honeycombing, a late sign of pulmonary fibrosis, is
often underestimated by HRCT. A second role would be to mon-
itor changes in fibrosis burden as disease progresses or is treated.
High-resolution MRI with a collagen-targeted probe may be sen-
sitive to local disease changes at an early stage before such
changes are manifested on HRCT imaging, lung function tests,
or in blood biomarkers. Lung biopsy is still part of the diagnostic
algorithm in up to 30-60% of patients to distinguish nonspecific
interstitial lung disease from usual interstitial pneumonitis, but
surgery continues to be associated with a risk of disease exac-
erbation and mortality (24).

In conclusion, we combined an advanced MRI technique
(UTE-MR) with a type I collagen—targeted probe to show that
we can distinguish pulmonary fibrosis in a standard mouse model
of disease, and monitor its progression. This molecular MRI
technique offers the potential of directly imaging collagen and
staging pulmonary fibrosis.

Author disclosures are available with the text of this article at www.atsjournals.org.
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