1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Invest Radiol. Author manuscript; available in PMC 2021 April O1.

-, HHS Public Access
«

Published in final edited form as:
Invest Radiol. 2020 April ; 55(4): 209-216. doi:10.1097/RL1.0000000000000631.

Molecular MR imaging of fibrin deposition in the liver as an
indicator of tissue injury and inflammation

lliyana Atanasoval, Mozhdeh Sojoodi?, Helena S. Leitdo®, Sergei Shuvaevl, Carlos F. G. C.
Geraldes?, Ricard Masia®, Alexander S. Guimaraes!, Kenneth K. Tanabe?, Bryan C. Fuchs?,
Peter Caravanl®

1Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital and
Harvard Medical School, Boston, MA 02129 USA.

2Division of Surgical Oncology, Massachusetts General Hospital Cancer Center and Harvard
Medical School, Boston, MA 02114 USA.

3Department of Biomedical Sciences and Medicine and University Hospital Center, University of
Algarve, 8005-139 Faro, Portugal.

4Department of Life Sciences and Coimbra Chemistry Center, Faculty of Science and Technology,
University of Coimbra, 3000-393 Coimbra, Portugal.

SDepartment of Pathology, Massachusetts General Hospital and Harvard Medical School, Boston,
MA 02114 USA.

5The Institute for Innovation in Imaging (i3), Department of Radiology, Massachusetts General
Hospital, Boston, MA 02129 USA.

Abstract

Rationale and objectives: Liver inflammation is associated with nonalcoholic steatohepatitis
and other pathologies, but noninvasive methods to assess liver inflammation are limited.
Inflammation causes endothelial disruption and leakage of plasma proteins into the interstitial
space and can result in extravascular coagulation with fibrin deposition. Here we assess the
feasibility of using the established fibrin-specific MR probe EP-2104R for the noninvasive
imaging of fibrin as a marker of liver inflammation.

Methods: Weekly 100 mg/kg diethylnitrosamine (DEN) dosing was used to generate liver
fibrosis in male rats; control animals received vehicle. MR imaging at 1.5 T with EP-2104R, a
matched non-fibrin binding control linear peptide (CLP), or the collagen-specifc probe EP-3533
was performed at 1 day or 7 days following the last DEN administration. Imaging data were
compared to quantitative histological measures of fibrosis and inflammation.

Results: After 4 or 5 DEN administrations the liver becomes moderately fibrotic and fibrosis is
the same if the animal is sacrificed 1 day (Ishak score: 3.62 + 0.31) or 7 days (Ishak 3.82 + 0.25)
following the last DEN dose, but inflammation is significantly higher at 1 day compared to 7 days
after the last DEN dose (histological activity index from 0 — 4: 3.54 £ 0.14 vs 1.61 + 0.16,
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respectively, P<0.0001). Peak EP-2104R signal enhancement was significantly higher in animals
imaged at 1 day post DEN compared to 7 days post DEN or control rats (29.0 + 3.2% vs 22.4 +
2.0% vs 17.0 = 0.2%, respectively P=0.017). Signal enhancement with EP-2104R was
significantly higher than CLP at 1 day post DEN but not at 7 days post DEN indicating specific
fibrin binding during the inflammatory phase. Collagen molecular MR with EP-3533 showed
equivalent T1 change when imaging rats 1 day or 7 days post DEN, consistent with equivalent
fibrosis.

Conclusion: EP-2104R can specifically detect fibrin associated with inflammation in a rat model
of liver inflammation and fibrosis.
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Introduction

Chronic liver disease is a major cause of morbidity and mortality worldwide, and unlike
other major causes of mortality, rates of chronic liver disease are increasing rather than
declining (1). Currently, biopsy is used to assess disease but it is an imperfect gold standard
that suffers from both intra/inter-observer variability and sampling error, and is associated
with several complications. Importantly, repeated biopsies to evaluate disease progression or
response to treatment are impractical due to the increased risk of complications and poor
patient compliance. Nonalcoholic steatohepatitis (NASH) is a major form of chronic liver
disease in the Western world, with an estimated prevalence of 5% in the general population
(2). Closely associated with obesity, diabetes, and the metabolic syndrome (3), NASH is
recognized as a major cause of liver-related morbidity and mortality. NASH is associated
with steatosis, inflammation, and fibrosis of the liver. The emergence of NASH as an
epidemic has further heightened the need for non-invasive methods that can quantitatively
report on the status of the liver with respect to steatosis, inflammation, and fibrosis.

Steatosis can be accurately assessed by proton density fat fraction MRI (4, 5). Fibrosis is
more challenging, for example, panels of serum biomarkers have shown some utility in the
identification of fibrosis, but cannot differentiate stages of fibrosis reliably or determine rate
of fibrosis progression or regression (6, 7). Ultrasound and MR elastography are effective in
distinguishing advanced fibrosis (8, 9). Molecular imaging approaches have shown promise
in preclinical models to stage liver fibrosis in different models, including targeting type |
collagen (10-13). However methods to assess inflammation are lacking. A gadolinium-
based contrast agent that is oxidized by the enzyme myeloperoxidase, causing it to be
covalently bound to matrix proteins was recently reported to be able to distinguish NASH
from fatty liver in mouse models (14). Limitations of this work include the need for delayed
imaging and concerns regarding the retention of Gd at the locus of inflammation.

Here, we sought to determine whether molecular imaging of extravascular fibrin could be a
useful way to assess hepatic inflammation. In addition to its primary function of maintaining
homeostasis, coagulation is also known to play a role in downstream inflammatory and
fibroproliferative processes of tissue repair (15-17). Abnormal extravascular, parenchymal
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accumulation of fibrin has been previously detected in rodent models of hepatic fibrosis (18—
20). Extravascular fibrin deposition is anticipated after acute injury due to vascular leakage
caused by endothelial damage and the inflammatory response.

We hypothesized that in vivo quantification of parenchymal fibrin could serve as a marker of
liver inflammation. The molecular magnetic resonance (MR) probe EP-2104R is a
gadolinium (Gd)-based contrast agent that specifically targets fibrin with > 1000-fold higher
affinity for fibrin compared to fibrinogen (21). The probe has been shown to be a sensitive
method for detecting intravascular thrombi with MR imaging (MRI) in both animal models
and human studies (22, 23), and has also been used to detect and quantify extravascular
fibrin associated with cancer and pulmonary fibrosis (24-26). The objective this study is to
investigate whether EP-2104R enhanced MRI could be used to detect inflammation in the
context of liver fibrosis using an in vivo rat model.

Materials and Methods

Animal model

Probes

A total of 40 rats were used in this study. Male Wistar rats (initial weight 190 — 220 g) were
given weekly intraperitoneal injections of 100 mg/kg diethylnitrosamine (DEN) formulated
in phosphate buffered saline (PBS) for 4 weeks (n=22) or 5 weeks (n=7) to induce fibrosis.
Subsequently, rats were divided into two sub-groups to study extravascular fibrin
accumulation during an inflammatory phase 1 day after the last DEN administration (n=18)
or during fibrosis in the absence of inflammation at 7 days after the last DEN administration
(n=11). Control animals (n=5) received PBS for 4 weeks and were imaged one week after
the 4th PBS administration. All experiments and procedures were performed in accordance
with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the
Massachusetts General Hospital Institutional Animal Care and Use Committee.

Three gadolinium-based molecular probes were used in this study. EP-2104R and EP-3533
were purchased from Collagen Medical LLC (Belmont, MA). EP-2104R comprises an 11
amino acid peptide derivatized with four Gd-DOTA chelates and has affinity for fibrin (Kq4 =
1.7 uM). The relaxivity of EP-2104R at 1.4T was reported to be 40.3 in Tris buffered saline,
44.2 in fibrinogen solution and 71.4 mM~1s~1 per molecule of EP-2104R in fibrin gel (note
that there are 4 Gd per peptide, so the per Gd relaxivity is 4 times lower) (21). A linear
peptide control (CLP) probe was synthesized by reduction of the disulfide bond in
EP-2104R followed by alkylation of the cysteine thiols with iodoacetic acid as described by
Uppal et al. (25). The binding of CLP to fibrin was assessed in a direct binding assay and
showed no detectable affinity.

EP-3533 comprises a ten amino acid cyclic peptide conjugated to three Gd-DTPA (27). The
peptide has affinity for type | collagen (Kq4 = 1.8 uM) and relaxivity of 48.3 mM~1s~1 per
molecule (16.1 mM~1s71 per Gd) at 1.4T, 37 °C (27). In the liver, molecular imaging of
collagen with EP-3533 has been shown to accurately stage liver fibrosis (28, 29).
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Relaxivity of CLP

Relaxivity was determined at 1.4 T, 37 °C using a Bruker mg60 Minispec. Solutions of
varying concentrations of CLP were prepared in Tris buffered saline, in 5 mg/mL human
fibrinogen, or in 5 mg/mL fibrinogen solutions that had been converted to fibrin gels by
addition of CaCl, and thrombin following the procedure previously reported (21). For the
fibrinogen and fibrin samples, the concentration of CLP was always lower than that of
fibrinogen or fibrin. Concentration of Gd was determined by ICP-MS and T was measured
using an inversion recovery sequence. Relaxivity was determined from the slope of a plot of
1/T1 versus concentration. The relaxivity of EP-2104R was also measured under the same
conditions.

Pharmacokinetic comparison of CLP and EP-2104R

Six male Wistar rats were anesthetized with isoflurane and the left femoral artery and left
femoral vein were cannulated. The femoral artery was used to deliver either CLP (n=3) or
EP-2104R (n=3) as a bolus at a dose of 5 umol/kg. Blood was then sampled from the
femoral vein at 1, 3, 5, 10, 20, 40, and 60 minutes. The plasma was separated and analyzed
for Gd concentration by ICP-MS. The Gd concentration versus time curves were fitto a
biexponential function to estimate the distribution and elimination half-lives of each contrast
agent.

Imaging and Image analysis

Imaging was performed on a human whole-body 1.5T system (Avanto, Siemens Healthcare)
with a custom-built solenoid transmit-receive coil. Animals were anesthetized with
isoflurane (1-2%) for the duration of the experiment. The tail vein was cannulated for
intravenous delivery of contrast media. Three different imaging paradigms were used as
explained below.

a) Fibrin-targeted EP-2104R in liver fibrosis in the presence and absence of
inflammation—Rats dosed with DEN for four weeks were imaged one day (inflammatory
phase, n=6), or seven days after the last DEN administration (n=6). Control rats were
administered PBS for four weeks and imaged 7 days after the last administration (n=5). All
rats were imaged prior to and immediately following intravenous bolus injection of 5
pumol/kg EP-2104R with a T1-weighted 3D gradient echo VIBE (Volumetric Interpolated
Breath-hold Examination) sequence. Imaging was repeated continuously for 30 minutes
following contrast delivery. Rats were euthanized at the end of the imaging session and liver
tissue was subjected to histologic analysis.

b) Comparison of CLP and EP-2104R enhancement in liver fibrosis in the
presence and absence of inflammation—A second group of DEN animals (1 day
post DEN, n=6; 7 days post DEN, n=5) were imaged with a series of baseline 3D VIBE
images followed by a bolus injection of 5 pmol/kg CLP control probe, and serial VIBE
imaging for 45 minutes. Then, 5 pmol/kg of EP-2104R was given as a bolus and the imaging
repeated for 30 minutes. Following imaging, animals were sacrificed and tissue was
collected for histologic analysis.
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c) Comparison of fibrin-targeted (EP-2104R) and collagen-targeted (EP-3533)
MRI in liver fibrosis in the presence and absence of inflammation—DEN was
administered to rats (n=8) for 5 weeks. One day after the last DEN administration rats were
imaged with a series of baseline 3D VIBE scans and a 3D Inversion Recovery (IR) FLASH
(Fast Low Angle Shot) T1 mapping sequence. EP-2104R, 5 umol/kg, was given as an i.v.
bolus and the VIBE sequence was repeated for 30 minutes post injection. Next, the T1 map
was repeated followed by a 10 pmol/kg bolus of EP-3533, and then another T1 map
recorded one hour after the EP-3533 injection. Following the imaging session, rats were
returned to their cages for 6 days and then the same scan protocol with both probes was
repeated.

Fibrin-targeted imaging: The VIBE sequence was respiratory-triggered with acquisition
parameters including: echo time (TE) = 1.84 ms, field-of-view (FOV) = 120x93 mm?,
matrix = 192x150, 36 slices, slice thickness = 0.6 mm, 1 average. Repetition time (TR) was
equal to the length of the respiratory cycle. Mean signal intensity (SI) of liver parenchyma
was estimated at baseline (Slpe) and at various time points after contrast injection (Slpost)-
Percent change in post-contrast liver Sl relative to baseline was calculated as:
%AS1=100*(Slpost - Slpre)/Slpre for all imaging time points. %ASI was plotted as a function
of time to obtain a time-signal intensity curve. The area under this curve (AUC) for the first
15 minutes of imaging post injection was calculated.

Collagen-targeted imaging: IR FLASH was performed as previously described.(29)
Briefly, images were acquired with inversion recovery times of 50, 100, 200, 250, 300, 400
and 1000 ms. Acquisition parameters included TE = 2.44 ms, FOV = 120x93 mm?2, matrix =
192x150, 36 slices, slice thickness = 0.6 mm. The effective TR was dictated by the
respiration rate. Changes in longitudinal relaxation rate (AR1) induced by EP-3533 were
calculated by fitting the inversion recovery signal intensities as a function of the inversion
recovery time.

All image processing was performed in MATLAB (Mathworks, Natick, MA).

Tissue analysis

Formalin-fixed samples were embedded in paraffin, cut into 5 um-thick sections and stained
with Sirius Red for fibrosis and hematoxylin and eosin (H&E) for inflammation according to
standard procedures. Immunohistochemistry was performed using monoclonal fibrin
antibody (product NYBT2G1 at 1:25 dilution; Accurate Chemical and Scientific Corp,
Westbury, NY) following the manufacturer’s recommended protocol. The H&E and Sirius
Red slides were reviewed by a board certified pathologist using a modified histological
activity index (HAI) for fibrosis (0 — 6) and also for inflammation scale (0 — 4), according to
the method of Ishak (30). Collagen Proportional Area (CPA) as determined by the % area
stained with Sirius Red, was quantified from the histology images using ImageJ (28, 31).
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Statistical Analysis

All data are reported as the mean + standard error. Differences among groups were evaluated
with either paired or unpaired Student’s t-test. In all tests, a P value < 0.05 was considered to
be significant.

Results

Relaxivity of EP-2104R and CLP

The relaxivities of EP-2104R and CLP measured in Tris buffered saline (TBS), in 5 mg/mL
fibrinogen / TBS solution, and in 5 mg/mL fibrin gel in TBS are shown in Table 1. The
relaxivities of EP-2104R and its linear peptide control, CLP, are very similar when measured
in TBS or in fibrinogen solution. However in fibrin gel the relaxivity of EP-2104R is
increased 82% relative to the value in fibrinogen solution while for CLP an increase of 5.5%
was observed. The increased relaxivity of EP-2104R in fibrin is due to protein binding
resulting in an increased rotational correlation time. Since CLP does not bind fibrin, there
was no significant increase in relaxivity in fibrin gel (21).

Pharmacokinetics of EP-2104R and CLP in rats

Both EP-2104R and CLP exhibited bi-exponential plasma clearance in rats consistent with a
two-compartment model where there is a distribution phase with a short half-life and an
elimination phase with a longer half-life. The clearance rates were very similar as expected
for compounds of similar size exhibiting an extracellular distribution. Fitting the plasma
concentration versus time to a biexponential gives a distribution phase half-life for
EP-2104R of 1.0 = 0.3 min compared to 1.2 + 0.3 min for CLP, P=0.55, and an elimination
phase half-life for EP-2104R of 20.4 + 2.1 min compared to 18.1 + 2.1 min for CLP, P=0.32.

Diethylnitrosamine (DEN) model of hepatic fibrosis and inflammation.

Rats weighed 190 — 220 g at the beginning of the study. After 4 weekly i.p. injections of 100
mg/kg diethylnitrosamine (DEN), the rat liver becomes moderately fibrotic, and the rats
weigh less than rats that received PBS injections (DEN: 301 + 4 vs PBS: 401 + 8 g,
P<0.0001). One day after the last DEN administration, the liver is inflamed, as indicated by
the H&E stained sections which show an abundance of inflammatory cells, Figure 1A, and
fibrotic, as indicated by the positive Sirius Red stained liver sections, Figure 1B.
Immunostaining for fibrin reveals substantial positive extravascular involvement, Figure 1C.
However if the liver is analyzed 7 days after the last DEN administration, fibrosis is still
present, but the inflammation has largely resolved, and there is no evidence of fibrin
immunostaining. In rats administered PBS vehicle there is no evidence of fibrosis nor
inflammation. Quantification of Sirius Red staining to give the collagen proportional area
(CPA) showed significantly elevated CPA for the two DEN groups compared to PBS
controls (PBS: 0.38 + 0.10 % vs 1 day post DEN: 3.14 + 1.27 %, P<0.01; PBS vs 7 days
post DEN: 3.30 + 0.65%, P<0.001), but there was no difference between the DEN animals
sacrificed one day or 7 days after the last DEN administration, P=0.8, Figure 1D. Similarly
the fibrosis Ishak score for the PBS controls was 0 but significantly higher for 1 day post
DEN: 3.62 + 0.31, P<0.0001, and for 7 days post DEN: 3.82 + 0.25, P<0.0001. However
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there was no significant difference (P=0.60) in Ishak score between the DEN animals
sacrificed one day or 7 days after the last DEN administration. On the other hand the HAI
score for inflammation was significantly different among the three groups of rats and was
highest 1 day post DEN: 3.54 + 0.14 which was significantly greater than at 7 days post
DEN: 1.61 + 0.16, P<0.0001 or the PBS controls: 0.40 £ 0.24, P<0.0001. The 7 day post
DEN score was also significantly higher than the PBS controls, P<0.01. Quantification of
the fibrin immunostaining showed significantly higher area stained in the 1 day post DEN:
3.56 + 1.35 which was significantly greater than at 7 days post DEN: 1.02 + 0.58, P<0.0001
or the PBS controls: 0.67 £ 0.26, P<0.0001.

EP-2104R provides increased liver enhancement in DEN injured rats compared to controls

To determine whether EP-2104R-enhanced MRI could detect fibrin deposition and
inflammation in response to acute injury, DEN-injured rats were imaged 1 day or 7 days
following the 4" dose of DEN and compared to PBS control rats. MRI signal enhancement
characteristics (peak percent increase in signal intensity compared to baseline (%ASI) and
the area under the curve (AUC) for the increase in signal intensity post probe injection over
the duration of the study) following EP-2104R injection were all higher in both groups of
DEN injured rats than in PBS control rats. Figure 2A shows representative axial MR images
with a false color overlay of the Post — Pre image at one minute post injection. Rats imaged
7 days post DEN administration demonstrated a 32% higher change in peak liver Sl
compared to controls (control: 17.0 £ 0.2%, 7 day post DEN: 22.4 + 2.0%, p = 0.017),
Figure 2B, even though hepatic fibrin was not histologically detected in this cohort. By
comparison, rats imaged 1 day post DEN exhibited even larger peak %ASI: 71% higher than
controls (controls: 17.0 + 0.2%, 1 day post DEN: 29.0 + 3.2%, p=0.017) and 29% higher
than the 7 day post DEN group (p=0.021), Figure 2B, even though these two cohorts had
similar levels of fibrosis. Similar findings were observed when comparing the AUC among
these groups, Figure 2C. The increased signal observed in the 1 day post DEN group may be
attributed to fibrin binding which will serve to both increase relaxivity as well provide some
retention in tissue.

EP-2104R enhanced MRI is fibrin-specific during the inflammatory phase of liver fibrosis

To investigate whether the stronger signal enhancement observed with EP-2104R in DEN-
treated rats relative to control animals is specific to fibrin accumulation, two additional
groups of animals (7 day post DEN, n=5; 1 day post DEN, n=6) were generated and imaged
with both EP-2104R and a non-fibrin binding control probe termed CLP. The disulfide-
bridged cyclic peptide structure of EP-2104R is necessary for fibrin binding. We used a
linear peptide analog of EP-2104R, CLP, wherein the cysteine residues are modified to
thioethers, and this modification results in no measurable binding to fibrin. However CLP
has similar pharmacokinetics to EP-2104R. The relaxivity of CLP is very similar to
EP-2104R in the absence of fibrin, but the relaxivity of EP-2104R bound to fibrin is 80%
higher.

We performed intra-animal comparisons between EP-2104R and CLP by using sequential
administration of the two probes in the same imaging session. We first injected CLP and
imaged until this compound had cleared (45 minutes) and then injected EP-2104R and
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imaged for an additional 20 minutes. For each animal, the same ROIs were used for
characterizing enhancement with both injected probes.

Figure 3A displays representative MR signal Kinetics curves in a 7 day post DEN rat
illustrating similar washout behavior of CLP and EP-2104R. In fact, no statistically
significant differences were observed between EP-2104R and CLP in terms of peak %ASI
(Fig. 3B) and AUC (Fig. 3C). In addition, fibrin-positive staining was not histologically
evident in this cohort. On the other hand, washout of CLP and EP-2104R differed
dramatically in 1 day post DEN rats (Fig. 3D). This cohort exhibited 14% higher peak %ASI
(Fig. 3E) and 45% larger AUC (Fig. 3F) with EP-2014R than with CLP. These results,
coupled with the distinct fibrin-rich areas observed on histology (e.g. Fig. 1C), suggest that
contrast enhancement differences during the inflammatory phase are specific to fibrin
deposition which will result in binding by EP-2104R causing retention and increased
relaxivity. By comparison, changes in extracellular volume and endothelial permeability,
rather than deposition of extracellular fibrin, dominate signal enhancement patterns in DEN
rats imaged 7 days after the last DEN administration where inflammation has resolved.

Collagen-targeted MR probe EP-3533 is insensitive to the presence of inflammation

To further investigate the specificity of EP-2104R for inflammation in the context of liver
fibrosis, we next compared EP-2104R to the collagen-targeted probe EP-3533. A cohort of
rats was first administered DEN weekly for five weeks to generate fibrosis. All rats
underwent MRI twice: (1) during week 5, in the inflammatory phase 1 day post the 5th DEN
dose and (2) seven days after the last DEN administration. Both imaging sessions included
sequential injection of EP-2104R for evaluation of fibrin deposition followed by intravenous
administration of the collagen-targeted contrast agent, EP-3533, for assessment of fibrosis.
In the liver, molecular imaging of collagen with EP-3533 has been shown to accurately stage
liver fibrosis.(28, 29) On EP-3533-enhanced images, there were no significant differences
between mean AR1 measured 1 day or 7 days following the last DEN administration
suggesting no change in fibrotic burden after one week of withdrawal from DEN as expected
(Fig. 4A). By comparison, EP-2104R signal enhancement decreased from 1 day post DEN
to 7 days post DEN as both mean peak %ASI and mean AUC declined by 20% when
measured 7 days after withdrawal of DEN (Fig. 4B, C).

Discussion

Wound healing is a natural response to tissue injury that normally comprises a cascade of
events including coagulation, inflammation, fibroproliferation, and re-epithelization.
Exposure to persistent insult or dysregulation of the cascade can however result in excessive
tissue scarring (fibrosis) and subsequent alterations of normal tissue structure and function
(32). The etiology of liver fibrosis includes viral infections such as hepatitis B and C,
aberrant lipid metabolism induced by obesity or alcohol, or cholestatic disease. If left
untreated, fibrosis can progress to cirrhosis which is the major risk factor for life-threatening
conditions such as hepatocellular carcinoma and liver failure. In nonalcoholic steatohepatitis
(NASH), the presence of both inflammation and fibrosis are defining features which
distinguish NASH from benign fatty liver disease.
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The process of coagulation is also marked by a series of events which includes thrombin
generation, platelet activation, and fibrin deposition. In addition to its primary function of
maintaining homeostasis, coagulation is also known to play a role in downstream
inflammatory and fibroproliferative processes of tissue repair (15-17). There is growing
evidence that over-exuberant coagulation in liver injury promotes progression of liver
fibrosis (15). Thrombus formation in the hepatic vasculature, frequently observed in both
animal models and cirrhotic patients, is believed to be an indicator of hypercoagulation (33,
34). The pro-fibrotic role of increased coagulation activity is highlighted by slower
progression of fibrosis in patients with hemophilia (35), and faster disease progression in
carriers of an FV Leiden mutation, a cause of hereditary hypercoagulopathy (36). In
addition, anticoagulant drugs, including heparins, vitamin K antagonists, aspirin, and the
direct thrombin inhibitor dabigatran, have been shown to slow down disease progression in a
variety of animal models of liver fibrosis (20, 37-40). Therapeutic effects of anticoagulants
have also been reported in patients with fibrosis or cirrhosis (41, 42). The precise
mechanisms linking coagulation to hepatic fibrosis remain incompletely understood and a
subject of active research.

Fibrin, the end product of coagulation, is a result of thrombin-mediated conversion of
fibrinogen to an insoluble fibrin network. Abnormal extravascular, parenchymal
accumulation of fibrin has been previously detected in rodent models of hepatic fibrosis (18—
20). Extravascular fibrin deposition is anticipated after acute injury due to vascular leakage
caused by endothelial damage. In fact, elevated fibrinogen/fibrin levels were present along
sinusoids and in areas of necrosis following acute injury in rats treated with carbon
tetrachloride (CCly) (18). Histological evidence for abnormal fibrin accumulation after
extended exposure to injury also exists. For example, abnormal fibrin deposits were
observed in fibrous septa following repeat injury (18). In a cholestatic disease model
induced with a-napthylisothiocyanate (ANIT) in mice, increased peribilliary and sinusoidal
fibrin deposition was evident in ANIT-treated mice as compared to control animals (19).
Fibrin was detected in liver sinusoids of mice fed high-fat diet (HFD) for 2 and 3 months to
induce nonalcoholic fatty liver disease but not in animals on control diet. In addition, fibrin
deposition preceded an increase in plasma thrombin-antithrombin levels. More importantly,
administration of the direct thrombin inhibitor dabigatran reduced hepatic inflammation and
injury in parallel with the reduction in fibrin deposition (20).

Here, we sought to determine whether molecular imaging of extravascular fibrin could be a
useful way to assess hepatic inflammation. The fibrin probe EP-2104R has demonstrated
efficacy in the detection of thrombus, but also in quantifying extravascular fibrin associated
with cancer or pulmonary inflammation (23-26). EP-2104R has rapid plasma clearance and
no hepatobiliary elimination resulting in low non-specific liver enhancement (43). The
magnitude of peak %ASI observed with any small molecular weight contrast agent targeting
the interstitial space will depend on vessel permeability, extracellular volume, target
concentration, and relaxivity. Given that extracellular volume is known to increase in fibrotic
tissue (44), the signal enhancement observed between healthy and DEN-injured livers
imaged 7 days after the last DEN insult were likely a consequence of the larger extracellular
volume in the fibrotic cohort and not specific to fibrin accumulation which was not detected
by IHC. By comparison, the stronger signal in observed one day after the last DEN insult is
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likely a result of both increased permeability caused by inflammation as well as increased
fibrin accumulation as confirmed by histology and unique to this group. The presence of
fibrin results in higher relaxivity for EP-2104R. This hypothesis was further supported by
the direct comparison with the non-binding control peptide CLP which showed identical
liver enhancement to EP-2104R in rats 7 days post DEN when inflammation (and fibrin)
was absent but significantly lower liver enhancement than EP-2104R during the
inflammatory phase 1 day post DEN when fibrin was present. These studies also
demonstrate that fibrin/inflammation can be imaged on a background of liver fibrosis. On
the other hand, the results with the collagen-specific probe EP-3533 indicated that this probe
is sensitive only to fibrosis, in the presence or absence of inflammation.

Determination of the specific role of the coagulation cascade and fibrin deposition in the
development of liver fibrosis was not the goal of this study. It is conceivable that thrombin
activation and extravascular fibrin deposition are simply a byproduct of vascular leak in
response to tissue injury, but there is some evidence that it is an early mediator of disease
pathogenesis in the liver. Our data suggest that fibrin deposition is highly correlated with the
extent of inflammation as both are detected only in the acute phase of injury and resolve
within a week. For this reason, EP-2104R-enhanced MRI could serve as a biomarker for
tissue injury and inflammation and may be used to monitor disease improvement in response
to therapeutic intervention.

There are some limitations to this study. First, EP-2104R was evaluated in a single animal
model of toxin induced fibrosis and inflammation. While dietary models may better
recapitulate the steatosis, inflammation, and fibrosis that occurs in NASH, the DEN model
used here allowed us to generate liver fibrosis with controlled high or low levels of
inflammation, and to show that extravascular fibrin is a useful marker of hepatic
inflammation. Future work should evaluate this technique in other models of liver
inflammation. A second limitation was that there was no dose range finding to establish the
optimal dose of EP-2104R. The dose was chosen based on prior thrombus imaging studies,
but a higher dose may render inflammation more conspicuous although it may also increase
non-specific enhancement.

Conclusion

EP-2104R enhanced MRI can specifically detect liver injury and fibrin associated with
inflammation in the presence of liver fibrosis. Fibrin may be a useful imaging biomarker to
detect liver inflammation and to monitor treatment response.
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Figurel.

Histological analysis of liver specimens from rats given 4 weekly i.p. doses of PBS (left) or
100 mg/kg of DEN and sacrificed at 1 day (middle) or 7 days (right) following the last DEN
administration, scale bar = 250 pm. (A) Hematoxylin and eosin (H&E) staining of liver
tissue. Inflammatory regions are labeled with pointed black arrows. (B) Sirius Red staining
of liver tissue. Fibrosis is shown by intense red staining of collagen fibers. (C)
Immunohistochemistry staining of fibrin in liver tissue. (D) Morphometric analysis of Sirius
Red stained slides to give collagen proportional area showing moderate fibrosis in both DEN
groups that is significantly higher than in PBS controls. (E) Ishak scoring of liver fibrosis
showing moderate fibrosis in both DEN groups that is significantly higher than in PBS
controls. (F) Histological activity index for inflammation (0 — 4) showing that inflammation
is significantly higher at 1 day post DEN than 7 days post DEN. (G) Morphometric analysis
of the area of the slide stained positive for fibrin by immunohistochemistry. ** P<0.01, ***
P<0.0001, one way ANOVA with post hoc Tukey test.
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1000

(A) Representative T1-weighted axial images of rats dosed with PBS (left), with DEN and
imaged 7 days after 41" DEN dose (middle), and imaged one day after 4! DEN dose (right).
False color overlay represents subtraction image of pre-contrast image from the one minute
post EP-2104R image. Peak liver signal enhancement (%ASI) at 1 min post injection of
EP-2104R (B) and liver signal enhancement area under the curve (C) are significantly higher
in the DEN treated rats than in PBS controls. * P<0.05, one way ANOVA with post hoc

Tukey test.
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Figure 3.

Representative liver signal enhancement versus time post probe injection for EP-2014R
(filled squares) and CLP (open circles) in rats imaged 7 days (A) or 1 day (D) post the last
DEN dose. Peak (at 1 minute post injection) liver %ASI (B) and liver AUC (C) are not
significantly different for EP-2104R and control probe CLP at 7 days post DEN. At 1 day
post DEN, both peak liver (at 1 minute post injection) %ASI (E) and liver AUC (F) are
significantly higher for EP-2104R indicating elevated fibrin levels during the inflammatory
phase which results in increased relaxivity of EP-2104R and increased retention in liver
tissue. * P<0.05, two tailed t-test.
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Figure 4.
(A) AR1 of liver after administration of collagen-targeted EP-3533 measured 1 day or 7 days

following the last DEN administration. EP-3533 reports on fibrosis and this data suggests no
change in fibrotic burden after one week of withdrawal from DEN as expected. Peak
EP-2104R liver signal enhancement (B) and EP-2104R liver signal enhancement AUC (C)
are significantly decreased from 1 day post DEN to 7 days post DEN in these animals. *
P<0.05, two tailed t-test.
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Table 1.

Relaxivity (mM~1s71) of EP-2104R and CLP measured at 1.4 T, 37 °C in pH 7.4 50 mM Tris buffered saline
(TBS), in 5 mg/mL fibrinogen / TBS solution, or in 5 mg/mL fibrin gel in TBS. Relaxivities are reported per
molecule. Each probe has 4 Gd per molecule and per Gd relaxivity is the reported value divided by 4.
Uncertainty in relaxivity is + 6% based on repeated measurements in our lab.

TBS | Fibrinogen solution | Fibrin gel

EP-2104R | 39.4 | 39.2 71.4

CLP 385 | 419 44.2
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