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Fibrosis results from the dysregulation of tissue repair mechanisms affecting major organ systems,
leading to chronic extracellular matrix buildup, and progressive, often fatal, organ failure. Current
diagnosis relies on invasive biopsies. Noninvasive methods today cannot distinguish actively
progressive fibrogenesis from stable scar, and thus are insensitive for monitoring disease activity
or therapeutic responses. Collagen oxidation is a universal signature of active fibrogenesis that
precedes collagen crosslinking. Biochemically targeting oxidized lysine residues formed by the
action of lysyl oxidase on collagen with a small-molecule gadolinium chelate enables targeted
molecular magnetic resonance imaging. This noninvasive direct biochemical elucidation of the
fibrotic microenvironment specifically and robustly detected and staged pulmonary and hepatic
fibrosis progression, and monitored therapeutic response in animal models. Furthermore, this
paradigm is translatable and generally applicable to diverse fibroproliferative disorders.

Introduction

Fibrosis is the accumulation of extracellular matrix molecules that make up scar tissue as a consequence of
chronic tissue injury (1, 2). Pulmonary fibrosis (3, 4), hepatic cirrhosis (5), atrial fibrillation (6), myocardial
infarction (7), hypertrophic cardiomyopathy (8), and diabetic nephropathy (9) are among the more com-
mon diseases characterized by tissue fibrosis (1), which together account for nearly half of the deaths in
the industrialized world and represent an enormous unmet medical challenge (10, 11). The management
of patients with fibrotic diseases is complicated by the absence of noninvasive methods to assess disease
activity that could predict fibrosis progression and disease course in individual patients, and provide early
assessments of patient responses to novel therapies now being developed (12, 13). Invasive biopsy can
provide some measures of disease activity, but patient compliance and the increased risk of complications
renders repeated biopsies to evaluate disease progression or response to treatment a suboptimal strategy.
There is thus a need for assessing disease activity noninvasively.

The recognition that biochemical features of fibrosis are conserved across tissue and organ types has
led to the hope that universal targets exist for diverse fibrotic diseases (14, 15). During fibrosis, type-I col-
lagen is overexpressed in sufficient quantity to be detected and quantified by a targeted molecular magnetic
resonance imaging (MRI) peptide probe (16-20). However, this approach cannot distinguish active fibro-
genesis because of slow collagen turnover in tissue. Preceding collagen crosslinking, lysyl oxidase (LOX)
and LOX-like enzymes are upregulated and oxidize the collagen lysine g-amino groups to aldehydes (ally-
sine) (21-23). Allysine is abundant during fibrogenesis owing to the high substrate concentration and cata-
lytic activity of LOXs. Collagen is present at more than 10 uM in fibrotic tissue and there are more than
100 lysine residues per collagen monomer (24). When fibrogenesis subsides, LOX activity ceases and the
reactive allysine residues are consumed by condensation reactions. We hypothesize that an allysine-reactive
MRI contrast agent that targets the catalytic lysine oxidation process can stage disease progression and
monitor treatment response in multiple fibrotic disease organs.
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Results

To target oxidized collagen, we designed the probe Gd-Hyd based on a Gd-DOTA chelate conjugated to a
hydrazide moiety (Figure 1A and Supplemental Figure 1; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.91506DS1). The hydrazide undergoes a reversible condensa-
tion reaction with aldehydes to yield a hydrazone. Gd-DOTA is chosen for its stability, inertness, and safety
profile (25, 26). We sought a very hydrophilic, anionic MR-sensitive compound that minimizes nonspecific
protein binding, ensures an extracellular distribution, and promotes rapid renal elimination, thus reducing
background signal and limiting toxicity. As a negative control we synthesized Gd-DiMe (Figure 1A and
Supplemental Figure 2), the dimethyl hydrazide analog incapable of undergoing a condensation reaction
with an aldehyde.

Gd-Hyd showed essentially no binding to bovine serum albumin (BSA), but did bind reversibly to BSA
that had been oxidized to generate 16 nmol of aldehydes per mg of protein (Figure 1B). Addition of cya-
noborohydride to the reaction then resulted in irreversible binding of Gd-Hyd to the protein, as expected
for reduction of the hydrazone to an irreversible hydrazide linkage. Gd-DiMe showed no affinity for BSA
or oxidized BSA. The relaxivity, a measure of MR efficiency, was 4.07 mM™'s™! for Gd-Hyd, increased by
12.3% to 4.57 mM's™! in the presence of oxidized BSA, where the bound species showed a robust 238%
increase (13.74 mM's™) in relaxivity after removal of the unbound Gd-Hyd probe by ultrafiltration (Figure
1C and Supplemental Figures 3 and 4). Gd-DiMe showed negligible increase in relaxivity in the presence
of BSA or oxidized BSA. A tissue with high LOX activity is the aorta, in which turnover of elastin and col-
lagen is high. Gd-Hyd binds to porcine aorta with a K, of 650 £ 61 uM, while Gd-DiMe showed no affinity
(Figure 1D). Analysis of allysine in aorta revealed 7.50 umol/g tissue, indicating that the target was present
at levels sufficient for binding Gd-Hyd.

Using whole-body MRI, we observed immediate enhancement of the blood pool and clearance through
the kidneys after Gd-Hyd administration. In normal mice, Gd-Hyd underwent rapid elimination from the
blood (t,, of 4.7 + 1.7 minutes) into the urine. Apart from a first-pass blood pool effect, there was no signal
increase in the liver or other organs. Gd-DiMe showed similar blood clearance (t,,, of 4.2 + 1.8 minutes).
‘Whole-body biodistribution after Gd-Hyd injection indicated that more than 99.5% of the injected dose of
gadolinium was eliminated from the body at 24 hours after injection (Supplemental Table 1).

We evaluated the ability of Gd-Hyd to detect pulmonary fibrosis in a bleomycin lung injury mouse
model. Two weeks after bleomycin insult, MR images were acquired before and at 12 minutes after injec-
tion of either Gd-Hyd or Gd-DiMe (Figure 1E). Twenty-four hours later, imaging was repeated in the same
mouse with the other probe to directly assess Gd-Hyd specificity. We measured the change in contrast-
to-noise ratio (ACNR) of lung signal relative to adjacent skeletal muscle before and after probe injection.
ACNR was higher in all of the 8 mice (3.8-fold higher on average) receiving Gd-Hyd compared with ACNR
measured after Gd-DiMe injection (Figure 1F). Gd-Hyd administration led to a 3.7-fold increase in ACNR
in bleomycin-injured mice compared with sham-treated mice. The difference in ACNR between bleomycin-
injured and sham mice was not significant for Gd-DiMe (Figure 1G).

We then studied whether Gd-Hyd—enhanced MRI could not only monitor disease progression in the
bleomycin model, but also monitor the response to treatment in bleomycin-injured mice treated with the
pan-LOX inhibitor, f-aminopropionitrile (BAPN) (27). We imaged mice that had been administered bleo-
mycin or PBS at 1 or 2 weeks after challenge, and bleomycin mice treated prophylactically with BAPN for 2
weeks. After imaging, the right lung was fixed and stained with Sirius Red (collagen/fibrosis stain) and with
H&E (Figure 2A). Slides were graded for pulmonary fibrosis using the Ashcroft system (28) by a patholo-
gist blinded to the study (Figure 2B). At 1 week after bleomycin, the architecture of the lung was damaged,
with a mean Ashcroft score of 4.1 (range 3-5) and progressed to 5.4 (range 0-7) by 2 weeks. The collagen
proportional area (CPA) stained positive for Sirius Red (Figure 2C) was moderately elevated at 1 week
(16.7% vs. sham: 9.6%), and worsened at 2 weeks (19.4%). BAPN treatment had a modest, but positive
effect on the lung architecture as assessed by H&E and Sirius Red staining, with significantly lowered Ash-
croft score (2.2), and reduced CPA (14.4%), although the reduction in CPA was not statistically significant.

The left lung was homogenized and assayed for hydroxyproline (HYP) content (Figure 2D), Lox fam-
ily gene expression (Figure 2E and Supplemental Figure 7), total LOX activity (Figure 2F), and allysine
content (Figure 2G). Consistent with CPA, HYP was not significantly increased until 2 weeks (106.5 ng/
lung vs. sham: 48.6 pg/lung), and was not significantly reduced by BAPN (105.7 pg/lung). mRNA levels
of Lox12 (Figure 2E) and Lox13 (Supplemental Figure 7) were both significantly elevated during disease
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Figure 1. Gd-Hyd specifically detects peptidyl aldehydes, in oxidized albumin and porcine tissue in vitro, and in bleomycin-injured mouse lungs in vivo.
(A) Structures of Gd-Hyd (active probe) and Gd-DiMe (inactive control). Gd-Hyd bound to allysine in oxidized bovine serum albumin (Ald-BSA) but not to
unmodified BSA, as assessed by direct protein binding (B, n = 3) and by relaxivity increase (C, n = 3). Gd-DiMe showed no binding to either construct. (D)
Gd-Hyd, but not Gd-DiMe, bound to allysine-rich porcine aorta. (E) Consecutive coronal MR images, taken 24 hours apart, show strong lung enhancement
(false colored) by Gd-Hyd but not Gd-DiMe in the same mouse 2 weeks after bleomycin lung injury. (F) Sequential MRI of bleomycin-injured mice quanti-
fied by lung/muscle change in contrast-to-noise ratio (ACNR) (1 = 8). (G) Gd-Hyd and Gd-DiMe ACNR in bleomycin-injured mice (n = 8) and sham controls
(n=10). *P < 0.05, ***P< 0.001, ****P < 0.0001, ns, not significant; ANOVA.

progression. BAPN treatment did not reduce Lox family, a-smooth muscle actin (Sma), or collagen type
1 a1 (Collal) gene expression (Figure 2E and Supplemental Figure 8). Total LOX enzymatic activity in
the fibrotic lung tissue was several fold higher (4.5-fold at 1 week; 3.4-fold at 2 weeks) than in sham ani-
mals (Figure 2F). BAPN treatment had a marked effect, significantly abolishing the LOX activity to levels
similar to the sham-treated mice. While lysine oxidation is catalytically driven by LOX, the noncatalytic
condensation reaction of the resultant aldehyde to create crosslinks is slow. We used an HPLC method to
directly quantify the amount of allysine present in the diseased tissue. Allysine, a product of the collagen
substrate and the total LOX enzymatic activity, was elevated at 1 week after bleomycin challenge, reached
significantly increased levels at 2 weeks after bleomycin, and was significantly reduced by LOX inhibition
with BAPN (Figure 2G). Unlike HYP, a common measure of total collagen, allysine (oxidized lysine) is a
measure of oxidized collagen and the aldehyde target available for interaction with Gd-Hyd.

Gd-Hyd-enhanced MRI tracked disease progression and allysine tissue levels, quantifiable by the 4.3-
fold increase in ACNR at 1 week, and 6.5-fold increase at 2 weeks after bleomycin relative to sham mice
(Figure 2, H and I). BAPN treatment resulted in a robust reduction in Gd-Hyd-enhanced MRI signal
where ACNR was reduced to levels observed in sham animals. ACNR quantification of MRI thus mirrored
the changes in allysine concentration and LOX activity in the lungs of bleomycin-injured mice, and conse-
quently is able to monitor disease progression and treatment response.

Next, we examined whether Gd-Hyd—enhanced MRI could distinguish active fibrogenesis from stable,
mature fibrotic scar. At 14 days after bleomycin we showed that both LOX tissue activity and allysine con-
centration are significantly elevated. We hypothesized that at a later time point after bleomycin injury, fibro-
genesis would slow or cease, but the fibrotic scar would remain. Here we used a lower dose of bleomycin
(1 unit/kg compared with 2.5 units/kg in the prior experiments) to limit mortality at later time points. We
characterized disease progression in this model at 1 week, 2 weeks, and 4 weeks following bleomycin chal-
lenge with histology (Sirius Red staining for collagen, Verhoeft’s elastin staining, and H&E staining), and
biochemical measures (LOX activity, HYP and allysine content); imaging was performed in the 2-week and
4-week cohorts along with animals that underwent a sham procedure with PBS.

In this model, disease progression was confirmed by histological (Figure 3A) and biochemical assess-
ments. At 1 week after bleomycin, the architecture of the lung was damaged, with a mean Ashcroft score
of 4.7 (range 4.5-5), progressed to 6.4 (range 5-7) by 2 weeks, and persisted (6.7, range 6—7.5) at 4 weeks.
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Figure 2. Gd-Hyd-enhanced MRI quantitatively tracks pulmonary fibrosis progression and detects response to lysyl oxidase (LOX) inhibition. (A)

H&E- and Sirius Red/fast green (S/F)-stained sections of lung tissues from mice that underwent a sham procedure (sham, n = 10), were challenged with
bleomycin intratracheally 1 week (1wk, n = 9) or 2 weeks prior (2wk, n =17), and 2-week bleomycin-challenged mice treated with pan-LOX inhibitor BAPN
(n=7). Lung injury as assessed by Ashcroft score (B), collagen proportional area (CPA) (C), lung hydroxyproline (HYP) content (D), LoxI2 expression (E), LOX
activity (F), and allysine content for oxidized lung collagen (G). (H) Gd-Hyd-enhanced coronal MR images, and the change in contrast-to-noise ratio (ACNR)

quantification (1). Scale bar: 100 um. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ANOVA.
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The CPA (Figure 3B) was nonsignificantly elevated at 1 week (8.4% * 2.9% vs. sham: 6.5% + 1.9%), but
significantly increased at 2 weeks (16.5% % 7.8%), and further increased at 4 weeks (20.2% = 5.2%). The
relative area stained positive for elastin (Supplemental Figure 9) was moderately elevated after 1 week
(15.1% % 4.0% vs. sham: 12.5% * 3.1%) and 2 weeks (18.4% = 4.1%), but was significantly increased after
4 weeks (30.4% £ 8.4 %). Consistent with CPA, HYP content (Figure 3C) was not significantly elevated
at 1 week (80.9 + 15.1 pg/lung vs. sham: 51.5 * 4.5 pg/lung), significantly increased at 2 weeks (113.5 *
21.0 pg/lung), and continued to increase at 4 weeks (144.8 = 36.5 pg/lung). LOX activity (Figure 3D) was
significantly elevated at 1 week (3.9 £ 1.1 pmol H,O,/min/lung vs. sham: 1.6 £ 0.5 pmol H,O,/min/lung),
further increased at 2 weeks (10.9 £ 1.4 pmol H,0,/min/lung), but significantly decreased at 4 weeks (4.9
* 1.3 pmol H,0,/min/lung). Allysine content (Figure 3E) followed a trend similar to that of LOX activity
and increased significantly at 1 week (10.0 £ 1.0 nmol/lung vs. sham: 3.8 + 1.5 nmol/lung), continued to
increase at 2 weeks (15.3 + 1.7 nmol/lung), and significantly decreased at 4 weeks (8.5 + 3.9 nmol/lung).
Gd-Hyd-enhanced MRI similarly tracked allysine content at 2 and 4 weeks (Figure 3F), quantifiable by the
significantly increased ACNR at 2 weeks (4.9 + 2.6 vs. sham: 0.2 * 0.4; a 25-fold increase), and significantly
decreased ACNR at 4 weeks (2.2 + 1.7, a 55% reduction) (Figure 3G).

Next we evaluated whether Gd-Hyd could be effective at detection and staging of hepatic fibrosis. Liver
imaging was feasible given the rational design of Gd-Hyd to allow rapid probe clearance while minimizing
nonspecific hepatic uptake. After carbon tetrachloride (CCl,) treatment to induce liver fibrosis in mice, we
first tested the specificity of Gd-Hyd by comparing it to Gd-DiMe in mice treated with CCl, or vehicle for
12 weeks (Supplemental Figure 10). We imaged before and 15 minutes after bolus intravenous injection

https://doi.org/10.1172/jci.insight.91506
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of Gd-Hyd or Gd-DiMe at 100 nmol/g. As in the lung we computed ACNR for the change in liver versus
muscle CNR following probe administration. Because of the fast clearance, Gd-Hyd showed essentially no
liver enhancement in vehicle-treated mice but there was a strong, significant liver enhancement in the mice
treated with CCl, for 12 weeks. Gd-DiMe showed weak liver enhancement that was not different between
the CCl,- and vehicle-treated groups.

We then tested whether Gd-Hyd—enhanced MRI could detect liver fibrosis, monitor disease progres-
sion, and monitor disease regression induced by toxin withdrawal. Mice were treated with CCl, or vehicle
for 6 or 12 weeks, and another cohort of mice received CCl, for 6 weeks followed by a 6-week withdrawal
period. After imaging, the livers were removed and analyzed. Hepatic fibrosis increased with the duration
of CCl, treatment, and resolved once the toxin was withdrawn, as assessed by Sirius Red staining (Figure
4A). A pathologist blinded to the study scored the sections for fibrosis using the Ishak scale (Figure 4B).
Ishak score was significantly increased at 6 weeks (3.2 = 1.5, range 0-5), further increased at 12 weeks (4.4
* 1.0, range 3-6 vs. vehicle: 0.3 £ 0.5, range 0-1), and significantly decreased with CCl, withdrawal (1.4 +
0.8, range 1-3). CPA in the livers (Figure 4C) was significantly higher at 6 weeks (2.7% = 0.8% vs. vehicle:
0.55% £ 1.9%), further increased at 12 weeks (4.0% * 1.2%), but significantly lowered after withdrawal
(1.5% £ 0.2%). HYP content (Figure 4D) was nonsignificantly increased at 6 weeks (315.7 + 128.8 pg/g
liver vs. vehicle: 202.2 £ 79.4 ng/g liver), significantly increased at 12 weeks (500.6 £ 158.6 pg/g liver),
and significantly decreased in the withdrawal group (259.6 = 105.2 pg/g liver). These measures indicated
increasing fibrosis with the duration of CCl, treatment, while the withdrawal group showed significant
decreases in each of these measures to values approaching those of the vehicle-treated controls. Analysis of
mRNA levels of Lox and Lox-like genes (Figure 4, E and F, and Supplemental Figure 11) showed signifi-
cantly increased expression for Loxl1 and LoxI2 in response to CCl,, but reduced to basal levels upon toxin
withdrawal. Assays used to measure total LOX activity and allysine content could not be performed in the
liver because of the high concentration of endogenous oxidative enzymes.

Representative images before and after Gd-Hyd injection show liver signal increases that correlate with
disease severity (Figure 4, G and H). ACNR was significantly increased in mice treated with CCl, for 6 weeks
(1.2 £ 0.8 vs. vehicle: 0.1 £ 0.2; a 15-fold increase), and for 12 weeks (2.0 * 1.3, 24-fold higher), while in the
CCl,-withdrawal group the ACNR (0.5 + 0.9) was not significantly higher than the vehicle-treated controls
(Figure 4I). The imaging data mirrored disease progression and resolution as assessed by Ishak scoring,

https://doi.org/10.1172/jci.insight.91506 5
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Figure 4. Gd-Hyd-enhanced MRI of hepatic fibrosis progression and regression. Mice were treated with vehicle (n = 12) or CCl, for 6 weeks (n=12), for12
weeks (n = 9), or for 6 weeks followed by 6 weeks of withdrawal (WD, n = 7). Fibrosis in the liver was assessed by (A) Sirius Red staining, (B) Ishak scoring,
(€) collagen proportional area (CPA), (D) hydroxyproline (HYP), and (E and F) LoxI1 and LoxI2 gene expression. (G) MRI without Gd-Hyd could not distinguish
diseased mice. (H) After Gd-Hyd injection, liver enhancement was proportional to the extent of disease, quantified by the change in contrast-to-noise ratio
(ACNR) (I). Scale bar: 100 pum. L, liver; S, stomach; M, muscle. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ANOVA.

CPA, HYP quantification, and LoxlI1 and LoxI2 mRNA expression. Taken together, these results show that
Gd-Hyd noninvasively tracked disease progression and resolution in a CCl -induced liver fibrosis model.

Discussion

Current noninvasive methods to assess tissue fibrosis and fibrogenesis are limited. High-resolution com-
puted tomography (HRCT) is invaluable in diagnosing idiopathic pulmonary fibrosis and relies on spe-
cific patterns of opacification in the lungs. Increased fibrosis is indicated by increased areas and density
of opacification. HRCT cannot distinguish active fibrogenesis from stable disease, however. Elastography
methods using ultrasound or MR are increasingly used in the liver to detect fibrosis. These methods assess
tissue stiffness, which increases with increasing fibrosis. These methods are weighted to more advanced
disease, however, and lack sensitivity to the specific detection of active fibrogenesis.

We present here a fibrogenesis-sensing MRI contrast agent, Gd-Hyd, which targets the high micromo-
lar concentration of allysine present during active fibrosis. Gd-Hyd enables noninvasive and direct inves-
tigation of the changes in the extracellular matrix microenvironment in vivo. The simple and scalable
chemistry of Gd-Hyd, its immediate target localization after injection, its fast background washout, and
the standard imaging protocols utilized here suggest a clinically translatable paradigm that is universal for
monitoring of fibrotic disease progression and treatment response across organ systems.

During fibrogenesis, matrix proteins are overexpressed and LOX catalyzes oxidation of matrix (mostly
collagen) lysine residues to the aldehyde allysine. These protein aldehydes then undergo noncatalytic con-
densation reactions to create stable crosslinks (see Supplemental Scheme 3). Matrix allysine represents an
attractive molecular marker of fibrogenesis. In the absence of active disease, LOX family member expres-
sion levels drop and the allysine residues will eventually undergo condensation/crosslinking reactions and
disappear. We directly quantified the amount of allysine present in lung tissue by HPLC. In the lung, ally-
sine was elevated at 1 week after bleomycin challenge, reached significantly increased levels at 2 weeks after

insight.jci.org  https://doi.org/10.1172/jci.insight.91506 6
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bleomycin, but was significantly reduced 4 weeks after bleomycin insult, at which point the injury became
a stable fibroelastic scar (29, 30). Allysine production could be blocked by treating bleomycin-injured mice
with the pan-LOX inhibitor BAPN. MRI with Gd-Hyd noninvasively tracked these changes in allysine and
could distinguish active fibrogenesis occurring at 2 weeks after bleomycin from the stable scar present at
4 weeks after bleomycin. On the other hand, HYP, a common measure of total collagen, was not a good
marker of fibrogenesis in this model, with similar levels observed at both 2 and 4 weeks after bleomycin. Of
note, many antifibrotics currently being tested have been shown to reduce LOX family gene expression, and
therefore Gd-Hyd could be an early, noninvasive measure of reduced fibrogenesis in clinical trials.

Among molecular imaging techniques currently being developed, MRI offers many benefits over nucle-
ar imaging techniques: much higher spatial resolution, no ionizing radiation, excellent soft tissue contrast,
and the ability to generate multiple image contrasts. The main limitation of molecular MRI is detection
sensitivity, which is in the micromolar range for MRI probes. The allysine levels measured in fibrotic lung
were greater than 100 uM (100 nmol/g), making allysine an attractive MRI target. Gd-Hyd was rationally
designed to image fibrogenesis with an eye to clinical translation. The probe chemistry is simple, robust,
and amenable to large-scale synthesis, utilizing a key intermediate that has already been manufactured
for clinical development (31). The DOTA chelator used in Gd-Hyd is also used in the most stable com-
mercial MRI contrast agent Gd-DOTA that has no reported cases of nephrogenic systemic fibrosis. Gd-
Hyd showed no release of Gd when challenged with zinc and phosphate under conditions where many
approved MRI contrast agents will release Gd (Supplemental Figure 5), and was stable when incubated in
serum for 24 hours (Supplemental Figure 6).

Gd-Hyd was designed to be small, anionic, and very hydrophilic to minimize nonspecific protein bind-
ing, to prevent cellular uptake, to enable rapid penetration into tissue interstitium, and to promote rapid
renal elimination. When injected intravenously into the bloodstream, Gd-Hyd target localization is imme-
diate with fast washout from nontarget organs, resulting in a strong target-to-background signal. The rapid
uptake allows a baseline scan and a Gd-Hyd—enhanced scan to be acquired in the same imaging session,
which is important for clinical workflow. The binding to allysine is reversible and overall elimination of
gadolinium from the body is fast and complete with more than 99.5% cleared from the body after 24 hours
(Supplemental Table 1). The rapid washout and subsequent clearance of Gd-Hyd also enables longitudinal
serial imaging to track disease and treatment response. Here, we demonstrated repeated imaging feasibility
in 2 instances: imaging the same 2-week post-bleomycin mouse with Gd-Hyd and Gd-DiMe on consecutive
days, and imaging the same mouse at 2 and 4 weeks after bleomycin or PBS instillation. Furthermore, the
imaging performed here utilized standard T1-weighted protocols that are available on commercial clinical
scanners. Gd-Hyd imaging is thus well suited for translation into human patients to track disease progres-
sion and treatment response.

Gd-Hyd-specific detection of active fibrogenesis is complementary to state-of-the-art preclinical and
clinical imaging methods to assess fibrosis. The spatial resolution of MRI is comparable to CT for both
small animal and human imaging. While CT can stage pulmonary fibrosis, Gd-Hyd—enhanced MRI can
report locally on regions of active fibrogenesis. In the liver, Gd-Hyd—enhanced MRI can be performed in
the same study as MR elastography to provide complementary measures of fibrosis and fibrogenesis, as has
been shown for other molecular imaging approaches (32).

There are some limitations to this report. The allysine target of Gd-Hyd is the product of LOX enzyme
activity and the collagen substrate. We showed that Gd-Hyd—enhanced MRI detected fibrogenesis 1 week
after bleomycin challenge when LOX activity was significantly elevated but HYP, a collagen surrogate, was
not significantly increased over basal levels. However, we did not identify the earliest time point that Gd-Hyd
could detect lung or liver injury. For simplicity we referred to LOX oxidation of collagen since this is the
most abundant matrix protein, but other matrix proteins may be transformed. In the bleomycin model we
showed that elastin is also increased with injury, although the highest elastin levels were observed 28 days
after bleomycin when fibrosis is becoming more stable and Gd-Hyd imaging was decreased. In other dis-
eases where elastogenesis is prominent, such as atherosclerosis or aneurysm, Gd-Hyd may also prove useful
to assess disease activity.

In summary, the common collagen biology of fibrosis coupled with the low background signal from
Gd-Hyd suggests that this probe would have broad applicability. In addition to the lung and liver stud-
ies shown here, Gd-Hyd—enhanced targeted molecular MRI would be able to detect and stage fibrosis in
multiple other organs and tissues, including the heart in cardiomyopathy, myocardial infarction, and atrial
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fibrillation, the intestine in inflammatory bowel disease, the kidney in diabetic nephropathy, muscle in mus-
cular dystrophy, arteries in atherosclerosis, and tumor stroma in cancers such as pancreatic cancer. Thus,
Gd-Hyd should have broad applicability in the clinic where it could be used to identify patients with active
fibrogenesis in a number of disease settings.

Methods
Full descriptions of materials and methods used are detailed in the supplemental material.

Molecular probe synthesis and characterization. Gd-Hyd was synthesized in a 3-step reaction designed based
on the stable Gd-DOTA chelate. Gd-Hyd interaction with aldehyde was characterized in an in vitro binding
assay with aldehyde-functionalized BSA, and with relaxivity measurements. Gd-Hyd binding to allysine-
rich porcine aorta tissue was further demonstrated. Gd-DiMe control probe was included in the assays to
determine Gd-Hyd specificity. Probe pharmacokinetics in vivo and serum stability were also assessed.

MRI and quantification. All animal experiments were performed in compliance with institutional
guidelines and were approved by the Institutional Animal Care and Use Committee at the Massachu-
setts General Hospital. A total of 87 C57BL6 mice were included in the pulmonary fibrosis study. Fifty-
two mice were intratracheally injected with 2.5 units of bleomycin per kg body weight, and imaged
either (a) after 1 week when injury is mild (n = 9), (b) after 2 weeks when injury is severe (n = 16),
(c) after daily intraperitoneal injection of LOX inhibitor BAPN (n# = 12), or PBS (n = 15) for 2 weeks.
Another 17 mice were injected with 1 unit of bleomycin per kg body weight and sacrificed at 1 week (n
= 5) or 2 weeks (n = 5), or serially imaged at 2 and 4 weeks and sacrificed (# = 7). Sham control mice
were intratracheally injected with PBS (n = 18). 3D MR images were acquired on a 4.7 Tesla Bruker
scanner with the ultrashort echo time sequence before and 12 minutes after bolus intravenous probe
injection (0.1 mmol/kg body weight).

A total of 66 A/J mice were included in the hepatic fibrosis study. Liver fibrosis was induced by chronic
oral gavage of CCl, for 6 weeks (n = 19) or 12 weeks (# = 13). In a subset of animals, CCl, was withdrawn
after 6 weeks (n = 7) to allow fibrosis resolution. Sham control mice were fed vehicle only (» = 24). 3D
FLASH images were acquired on a 4.7 Tesla Bruker scanner before and 15 minutes after bolus intravenous
probe injection (0.1 mmol/kg body weight).

Images were analyzed and quantified in Osirix by defining the region of interest that encompasses
the diseased tissue, the muscle as control, and the background signal. CNR was determined by normal-
izing the probe enhancement in the diseased tissue to muscle. ACNR was then computed by subtracting
the CNR after probe injection from the CNR before probe injection. Statistical analysis was performed
in GraphPad Prism.

Tissue histology and biochemical analysis. All animals were sacrificed after imaging and the diseased tis-
sue was harvested. A portion was fixed and processed for H&E staining, Sirius Red/fast green staining,
Verhoeft’s elastin staining, pathology scoring, and CPA quantification. The remaining fresh tissue was
analyzed for gene expression changes, LOX activity, HYP measurements, and allysine levels.

Statistics. Statistical analyses were performed using GraphPad Prism. Results are expressed as the mean
+ 1 SEM unless otherwise noted. One-way ANOVA, followed by post-hoc Tukey tests with 2-tailed distri-
bution was performed to analyze data among groups of 3 or more. Student’s ¢ test compared data between
control and 1 experimental group. P less than 0.05 was considered significant.
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