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Invariably fatal and with a particularly fast progression, pulmonary
fibrosis (PF) is currently devoid of curative treatment options. Routine
clinical diagnosis relies on breathing tests and visualizing the changes
in lung structure by CT, but anatomic information is often not sufficient
to identify early signs of progressive PF. For more efficient diagnosis,
additional imaging techniques were investigated in combination with
CT, such as '®F-FDG PET, although with limited success because of
lack of disease specificity. Therefore, novel molecular targets enabling
specific diagnosis are investigated, in particular for molecular imaging
techniques. Methods: In this study, we used a *Cu-radiolabeled plate-
let glycoprotein VI fusion protein (**Cu-GPVI-Fc) targeting extracellular
matrix (ECM) fibers as a PET tracer to observe longitudinal ECM remo-
deling in a bleomycin-induced PF mouse model. Results: **Cu-GPVI-Fc
showed significant uptake in fibrotic lungs, matching histology results.
Contrary to '®F-FDG PET measurements, ®*Cu-GPVI-Fc uptake was
linked entirely to the fibrotic activity of tissue and not was susceptible
to inflammation. Conclusion: Our study highlights ®*Cu-GPVI-Fc as a
specific tracer for ECM remodeling in PF, with clear therapy-monitoring
and clinical translation potential.
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Pulmonary fibrosis (PF) is a fatal disease with a mean life ex-
pectancy of 3-5 y after diagnosis (/,2). It can originate from a myr-
iad of factors such as age or exposure to chemicals and often rapidly
progresses (3). Early identification of progressive forms of PF is cru-
cial in populations presenting with interstitial lung diseases on CT.
PF treatment outcome has been shown to significantly improve after
an early treatment start (4), particularly since the only currently
approved drugs against PF (pirfenidone and nintedanib) merely slow
disease progression (5). Although PF is relatively easy to diagnose
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clinically in its advanced stage despite unspecific symptoms due to
the characteristic lung honeycombing visible on CT, early stages of
progressive fibrosing interstitial lung disease remain difficult to iden-
tify (6). High-resolution CT can provide higher sensitivity and better
recognition of abnormalities in potential PF patients than can regular
CT, justifying its current central role in PF diagnosis (7,8), but early
screening of interstitial lung disease populations cannot rely on high-
resolution CT alone as it provides only a snapshot of anatomic struc-
tures. Accessing early biomarkers of the disease, ideally by imaging
methods, might provide early screening of patients at risk of progres-
sive fibrosing interstitial lung disease, as well as providing monitoring
of disease progression and a novel way to assess treatment efficacy.
8E_FDG PET imaging has shown moderate success in PF patients
(9-11), as this radiotracer reflects only glucose uptake; cannot distin-
guish between inflammation, fibrosis, and malignant cell proliferation;
and can thus provide misleading results.

In PF, tissue is remodeled through increased deposition of extra-
cellular matrix (ECM) fibers such as collagen I-III, fibronectin,
and fibrinogen, which mark disease onset and early progression. As
such, these fibers represent ideal biomarkers for early PF diagnosis,
and radiotracers targeting individual fibers such as collagen I have
been developed and have shown promising results preclinically
and clinically (/2). However, no current radiotracers can provide
an overall picture of ECM remodeling during progressive PF. Inter-
estingly, with platelet glycoprotein VI (GPVI), nature provides a mol-
ecule able to target several ECM fibers, such as collagen IHII,
fibronectin, and fibrinogen (/3—15). GPVI is naturally expressed on
the surface of platelets and megakaryocytes and plays a crucial role
in their aggregation during wound repair due to its high affinity
after dimerization for these ECM fibers (16,17). To capitalize on
this high affinity, an IgG1 GPVI fusion protein (GPVI-Fc) mimick-
ing highly affine GPVI dimers has been synthesized and initially
investigated as an antithrombotic agent (/8). Imaging using fluores-
cent GPVI-Fc and a **Cu-radiolabeled GPVI-Fc, °*Cu-NOTA-
GPVI-Fc (**Cu-GPVI-Fc), showed the potential of this targeting
vector in thrombosis imaging (/9,20) as well as in several models
presenting a fibrotic component such as rheumatoid arthritis and
cutaneous delayed-type hypersensitivity reaction (27). Although
some of these diseases are predominantly inflammatory, with fibro-
sis appearing at a later stage, tracer uptake might correlate with
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changes in the ECM and be shown on in vivo imaging experiments
and ex vivo histology.

In the current study, we investigated the potential of **Cu-
GPVI-Fc for early detection of PF and monitoring of its progres-
sion in a bleomycin-induced PF mouse model. Our objective was
to visualize and quantify progressive PF longitudinally, noninva-
sively, and with high disease specificity and to study the potential
of the approach in comparison to '®F-FDG PET imaging of PF.

MATERIALS AND METHODS

The full version of the Materials and Methods can be found in
the supplemental materials (available at http://jnm.snmjournals.org).
Figure 1 shows the study workflow.

Radiotracer Synthesis

8E-FDG was produced using a TRACERIab MX module (GE Health-
care) with radiochemical purity of over 95%. ®*Cu-GPVI-Fc was pro-
duced as described previously with a radiochemical purity of over 95%
(21). To perform isotype experiments, NOTA-GPVI-Fc was denatured
according to the procedure developed by Akazawa-Ogawa et al. (22) by
incubation for 30 min at 70°C and subsequently radiolabeled using the
same procedure as with stock NOTA-GPVI-Fc with a radiochemical
purity of over 70%. Denatured **Cu-GPVI-Fc is referred to here as radio-
labeled isotype.

PF Model

Animal experiments were performed in accordance with the German
Animal Protection Law protocols for animal use and care, approved by
the Regierungsprasidium Tubingen (NTP-ID 00034862-5-7). In short,
1 mg of bleomycin per kilogram of body weight in 50 pwL of saline
was deposited intratracheally in 8-wk-old C57BL/6J female mice
(50 pL of saline only in control animals) on day 0, following the proce-
dure described by Walters and Kleeberger (23). For ethical reasons,
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FIGURE 1. Experimental workflow for longitudinal PF imaging. Day O:

intratracheal deposition of bleomycin (BLM) or saline. Days 3, 7, 14, 21, and
28 after bleomycin deposition: PET and MRI scans after radiotracer injec-
tion. After in vivo imaging: euthanasia, biodistribution, microscopy imaging.
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animals losing more than 20% of their body weight or showing signs
of significant suffering were euthanized and not included in the study.
The group size for each experiment can be found in the supplemental
materials.

PET and MRI

High-resolution PET scans were performed using Inveon small-
animal PET scanners (Siemens Healthcare) with Inveon Acquisition
Workplace software, version 2.1.272 (Siemens Medical Solutions). Trac-
ers (1 per animal group) were injected in the tail vein (12 = 1.2 MBq):
8F_-FDG was injected 5 s after the start of a 1-h dynamic scan followed
by an 827-s transmission scan; **Cu-GPVI-Fc was imaged with a
10-min static scan at 3, 24, and 48 h after injection. Each PET scan
was followed by MRI sequences for anatomic reference using a 7-T
small-animal scanner (ClinScan; Bruker Biospin MRI GmbH) with Para-
vision software, version 6.0.1 (Bruker Corp.). PET images were coregis-
tered with MR images using fiducial markers and analyzed with Inveon
Research Workplace software (Siemens Healthcare) by drawing regions
of interest on the MR images and applying them to the PET images for
volumetric quantification of radiotracer accumulation in the entire lung
for **Cu-radiotracer—injected animals and in the right lung lobes for
F-FDG-injected animals.

Biodistribution

The mice were killed using CO, and perfused with 20 mL of 4°C
phosphate-buffered saline through the right ventricle. Organ samples
were explanted for activity measurements ex vivo using a 2480 WIZ-
ARD? automatic y-counter from PerkinElmer.

Histology

For hematoxylin and eosin and Masson trichrome staining, perfused
lungs were fixated in formalin, embedded in paraffin, and cut into 5-pm-
thick slices using a microtome (Leica). All samples were scanned with a
Nanozoomer (Hamamatsu) and processed with CaseViewer (3DHIS-
TECH). Photomicrographic images were acquired with an Axioskop 2
Plus microscope (Zeiss) equipped with a laser optic system (ProgRes C10
Plus camera; Jenoptik) and software. The final images were prepared with
Adobe Photoshop CS6. Scoring of inflammation was based on hematoxy-
lin- and eosin-stained sections as follows: 0 (no inflammation), 1 (mild
inflammation), 2 (moderate inflammation), or 3 (prominent inflamma-
tion). Fibrosis was scored following the modified Ashcroft scale (24).

For fluorescence microscopy, frozen lung slices were labeled with
antifibronectin, antifibrinogen, anticollagen I, anticollagen II, or antic-
ollagen III primary antibodies. For secondary antibody, antirabbit Cy3
was used to visualize ECM fibers, and antihuman IgG-Cy5 was used
to visualize NOTA-GPVI-Fc. Nuclei were stained using YO-PRO-1,
and images were acquired using an LSM 800 system (Zeiss) with
ZEN software (version 2.3, blue edition).

Data Evaluation and Statistics

Statistical analysis was performed using ordinary 1-way ANOVA
(multiple-comparison test based on Dunnett correction) in GraphPad
Prism, version 9.0.1. For comparison of lungs at different time points,
groups were compared with the respective controls. For ex vivo bio-
distribution comparison of different organs, mixed-effects analysis
was used, and groups were compared with the respective controls. For
comparison between uptake of ®*Cu-GPVI-Fc and the radiolabeled
isotype control, the unpaired ¢ test was used. For histologic scoring
evaluation, 2-way ANOVA was used. The results show each individ-
ual data point together with the mean of each group and its SD.
~y-counter results from 1 mouse in the '®F-FDG study were identified
as an outlier by the Grubbs test, originating from a user error during
ex vivo uptake measurement, and were removed from further statisti-
cal ex vivo evaluation.
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FIGURE 2. Representative images of ®*Cu-GPVI-Fc accumulation 48 h after radiotracer injection
in animals that received intratracheal saline (control) or bleomycin 14 or 21 d after deposition.
(A) Maximume-intensity-projection PET images fused with single-slice MR images (n = 4-9). (B) Corre-
sponding quantification of in vivo tracer uptake in lungs. (C) Corresponding quantification of ex vivo

deposition than in control (7.44 £ 1.26 %ID/g,
6.17 = 2.35 %ID/g, and 3.41 = 0.75 %ID/g;
P = 0.0001 and P = 0.01, respectively)
(Fig. 2C). Analysis of ex vivo tracer biodis-
tribution showed limited changes in other
organs (Supplemental Fig. 2), with only the
blood pool signal being lower 28 d after depo-
sition than in control (2.45 = 0.59 %ID/g to
291 = 0.41 %ID/g, P = 0.05). Pathologic
changes were clearly visible in hematoxylin
and eosin and Masson trichrome histology
sections (Fig. 3A). Mild and focal inflamma-
tory infiltrates were seen on day 3 after deposi-
tion, followed by more intense inflammatory
infiltrates and minimal fibrosis on day 7.
Fibrosis peaked at 14 d after deposition, fol-
lowed by a small reduction in fibrotic areas
at 21 and 28 d (Supplemental Fig. 3). Scoring
(Fig. 3B) highlighted a significant increase in
inflammation on days 7 (2.00 = 0) and 14
(2.00 = 0) after deposition, followed by a
decline on day 21 (1.00 = 0). Days 3 and 28
after deposition did not display a significant
increase in immune cell infiltration compared

tracer uptake in lungs. *P < 0.05. **P = 0.01. ***P < 0.0001. Ctrl = control.

RESULTS

%4Cu-GPVI-Fc Imaging of PF
Progression in Bleomycin Model
Imaging measurements were performed
3,7, 14, 21, and 28 d after deposition of
bleomycin (Fig. 1). **Cu-GPVI-Fc distribu-
tion was quantified during PF progression
after MRI-guided organ segmentation to
investigate ECM remodeling in bleomycin-
exposed mice. Preliminary experiments per-
formed 3, 24, and 48 h after injection of
64Cu-GPVI-Fc indicated that the optimal
uptake ratio in diseased animals could be
attained 48 h after tracer injection (Supple-
mental Fig. 1). Pulmonary uptake of **Cu-
GPVI-Fc 48 h after injection was visibly
increased in vivo 7, 14, and 21 d after deposi-
tion compared with control (Fig. 2A). Quanti-
fication of in vivo measurements (Fig. 2B)
showed no significant difference in radio-
tracer accumulation 3 d after deposition
from that in control. Afterward, lung uptake
was significantly higher than in control from
7 d after deposition, peaking at 14 d with a
contrast ratio of 1.74, till 21 d after deposi-
tion (3.54 £ 0.26 percentage injected dose
[%ID)/em®, 4.32 *= 0.60 %ID/cm?, and
341 = 1.06 %ID/cm?, respectively). At 28 d
after deposition, no significantly increased
uptake compared with control was observed.
Ex vivo measurement of $*Cu-GPVI-Fc
accumulation in the lungs confirmed a sig-
nificantly higher uptake 14 and 21 d after
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FIGURE 3. (A) Hematoxylin and eosin and Masson trichrome staining in control animals and
animals on days 3, 7, 14, 21, and 28 after bleomycin deposition. (B) Histologic scoring of inflamma-
tion and modified Ashcroft score (n = 4-5) in mouse lungs compared with controls. (C) Fluorescence
microscopy for colocalization of GPVI-Fc with extracellular matrix fibers of collagen -l and
with fibronectin and fibrinogen. Nuclei stain added for cell localization. *P < 0.05. ***P = 0.0001.
Col = collagen; Ctrl = control; ECM = extracellular matrix; H&E = hematoxylin and eosin; MT =
Masson trichrome; Nuc = nuclei.
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FIGURE 4. Uptake specificity of ®*Cu-GPVI-Fc. (A) Representative maximum-intensity-
projection PET images fused with single-slice MR images 14 d after bleomycin deposition
in control animals (1 = 9), bleomycin-induced PF animals injected with ®*Cu-GPVI-Fc (n = 9),
and bleomycin-induced PF animals injected with denatured ®*Cu-GPVI-Fc (n = 4). (B) Corre-
sponding quantification of in vivo tracer uptake in lungs. (C) Corresponding quantification of
ex vivo tracer uptake in lungs. ***P =< 0.0001. -BLM = no bleomycin (control); +BLM = bleomy-
cin-induced; denat. = denaturated.

obtained from entire lung sections, comprising both healthy paren-
chyma and fibrotic areas, was higher than in control on day 7 after

deposition (1.27 = 0.28) but peaked on days 14 (2.72 = 0.44)and 21 P = 0.05).
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FIGURE 5. '®F-FDG PET imaging of mice with bleomycin-induced PF. (A) Representative single-
slice PET images fused with single-slice MR images 14 and 21 d after bleomycin deposition and in
control animals (n = 4-5). (B) Mean in vivo tracer uptake in the right lung lobe. (C) Ex vivo tracer
uptake in same lobe. *P =< 0.05. P =< 0.01. P = 0.001.

PET IMAGING OF PULMONARY FIBROSIS  *

(1.96 = 0.42). Day 28 after deposition pres-
ented a minor increase in fibrosis compared
with control (1.29 * 0.9). Fluorescence
microscopy showed colocalization of GPVI-
Fc and ECM fibers, such as collagen I-111,
fibronectin, and fibrinogen, 14 d after deposi-
tion, with collagen III and fibronectin show-
ing extensive colocalization (Fig. 3C).

Specificity of **Cu-GPVI-Fc for Fibrosis
To further investigate **Cu-GPVI-Fc spec-
ificity toward fibrosis in mouse lungs after
bleomycin deposition, we performed binding
experiments using a heat-denatured **Cu-
radiolabeled GPVI-Fc (isotype). Decreased
uptake of the isotype was visible 14 d after
deposition compared with intact ®*Cu-
GPVI-Fc (Fig. 4A) 48 h after tracer injec-
tion (246 = 0.56 %ID/ecm® to 4.32 =
0.60 %ID/cm>, P < 0.0001) (Fig. 4B), con-
firmed by ex vivo measurement (4.37 =
0.48 %ID/g and 7.44 = 1.26 %ID/g, P <
0.0001) (Fig. 4C). The radiolabeled isotype
showed accumulation in diseased animals
close to the accumulation of **Cu-GPVI-F¢
in control animals. Ex vivo biodistribu-
tion (Supplemental Fig. 4) showed a sig-
nificantly decreased uptake in all measured
organs compared with intact *4Cu-GPVI-
Fc, except in the spleen, with a significantly

increased uptake of the radiolabeled isotype compared with intact
64Cu-GPVI-Fc (16.55 = 3.93 %ID/g and 9.02 + 2.43 %ID/g,

18F-FDG Imaging of PF in Bleomycin-
Inoculated Mice

To visualize glucose metabolism during
progression of PF, we used '®F-FDG PET
in a distinct set of animals as it is consid-
ered the reference radiotracer even in PF
imaging research (Fig. 5A) (25). Quantifi-
cation of radiotracer accumulation in vivo
(Fig. 5B) showed a significantly increased
uptake at all time points, remaining stable
throughout the course of the experiment
(4.70 % 0.56 %ID/cm’ in control and 7.77 *
0.92 %ID/cm® on day 3, 7.82 = 1.14 %ID/
em® on day 7, 7.39 = 1.45 %ID/cm® on
day 14, 6.74 = 0.41 %ID/cm® on day 21,
and 7.21 = 1.46 %ID/cm> on day 28, with
P =0.001, P < 0.001, P < 0.01, P < 0.05,
and P = 0.01, respectively). This behavior
was also seen ex vivo (Fig. 5C) on days 3,
7, 14, and 21 after deposition (4.65 = 0.58
%ID/g in control and 14.10 = 3.74 %ID/g,
12.17 £ 1.49 %ID/g, 12.20 * 3.52 %ID/g,
and 13.70 = 2.92 %ID/g, with P < 0.01,
P = 0.05, P = 0.05,and P = 0.01) but not
day 28 (10.30 = 3.91 %ID/g). A complete
biodistribution analysis, however, showed
no difference in uptake in other organs
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(Supplemental Fig. 5). Blood glucose levels had no influence on
8F_FDG uptake in this experiment (Supplemental Table 1).

DISCUSSION

In this study, we used PET imaging of the ECM fibers targeting
radiotracer **Cu-GPVI-Fc to monitor fibrosis progression in a
bleomycin murine model of PF, and we investigated its potential
for early and specific diagnosis of the disease. We showed that the
significantly increased pulmonary uptake of **Cu-GPVI-Fc found
at 14 and 21 d after deposition aligned with both ex vivo biodistri-
bution analysis and histologic validation, with Ashcroft scoring
highlighting acute fibrosis during the second and third weeks of
disease progression. These findings are in line with the reported
PF progression in this model, with a second- and third-week peak
fibrotic activity (23,26,27). Seven days after deposition, however,
a small increase in ®*Cu-GPVI-Fc accumulation could be seen
in vivo but not confirmed ex vivo. To dismiss the possibility of
inflammation-driven ®*Cu-GPVI-Fc accumulation in bleomycin-
deposited animals, as the bleomycin model shows early inflamma-
tion during the first 2 wk in contrast to the human presentation of
the disease (23,26,27), we performed radiolabeled isotype experi-
ments using heat-denatured GPVI-Fc. No specific lung accumula-
tion of the isotype radiotracer could be seen in vivo 14 d after
deposition, a time point presenting both fibrosis and inflammation.
Although a signal coming from the heart could be seen in control
and diseased animals using ®*Cu-GPVI-Fc, the isotype showed a
reduction in heart signal, likely because of the overall reduced circu-
lation time of the radiotracer due to denaturation of the Fc fragment
of the protein. In addition, fluorescence microscopy highlighted colo-
calization of NOTA-GPVI-Fc¢ with different ECM fibers, such as
collagen I-IIl, fibronectin, and fibrinogen. Interestingly, radiotracer
accumulation was reduced 28 d after deposition, as was Masson tri-
chrome staining. This corresponds to the so-called resolution phase
of the disease, characteristic of the bleomycin animal model (28).
Taken together, these findings underline the specific binding poten-
tial of the tracer during progressive fibrosis and its accuracy to detect
early PF progression in vivo.

As a reference point, '3F-FDG experiments were performed
in vivo following the same experimental plan. The increase in
8E.FDG PET uptake at all time points after deposition, covering
inflammatory and fibrotic stages in the mouse model, highlights the
poor specificity of '8F-FDG for PF, as '8F-FDG merely reports glu-
cose uptake regardless of its origin, including the inflammatory
phase present during the first week of the bleomycin murine model.
This finding showcases the potential of **Cu-GPVI-Fc for early and
specific detection of progressive fibrosis. Achieving a good correla-
tion between '8F-FDG PET imaging and a positive PF diagnosis
requires complex, expensive, and time-consuming measurements—
impractical in clinical routine (/0)—which might be avoided by the
use of a specific radiotracer. Furthermore, changes in '|F-FDG
uptake were not detectable in a clinical study 3 mo after pirfenidone
treatment (29), significantly limiting the use of ®F-FDG in the clinic
for early PF diagnosis and therapy monitoring and underlining the
need for specific noninvasive detection of progressive PF.

Different tracers targeting ECM changes have been reported
(30). In particular, collagen I-targeting PET showed a behavior
similar to that of ®*Cu-GPVI-Fc, with similar results over time
in vivo in mice (/2). In addition, this collagen I tracer was used in
rats (31), with results comparable to ours albeit with a shifted timeline

944

likely due to the difference in model species. *®Ga-pentixafor, target-
ing CXCRA4, a protein upregulated in cancer as well as during pro-
gressive PF, has shown promising results in clinical trials, including
a correlation between evolution of uptake and pirfenidone treatment
outcome (32). Significant work on the fibroblast activation protein
highlighted its involvement in the progression of PF and initiated the
use of fibroblast activation protein—targeted radiotracers for PF imag-
ing (33), which are also leading to promising results in the clinic
(34). In contrast, **Cu-GPVI-Fc targets multiple collagen subtypes
(I, 11, and IIT) as well as fibronectin and fibrinogen (/3—15), which
are found in lung fibrotic regions with high amounts of myofibro-
blasts and are known to synergize to drive ECM remodeling (35).
Thus, **Cu-GPVI-Fc may provide an alternative, more complete
view of disease progression, possibly allowing for earlier detection
of progressive forms of PF.

CONCLUSION

Here, we showed that ®*Cu-GPVI-Fc displays specific uptake
during the progressive stage of PF in the bleomycin mouse model
but not during the initial inflammatory phase specific to the bleo-
mycin model. This specific uptake was confirmed ex vivo and pro-
vides a new approach by targeting multiple ECM components,
giving access to a broad picture of PF progression. Therefore,
64Cu-GPVI-Fc represents a new tool to image PF progression
in vivo, with high clinical translation potential, able to distinguish
between progressive fibrosis and inflammation effectively.
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KEY POINTS

QUESTION: Can ECM disruption be applied as an early marker
to depict progressive PF in a preclinical mouse model using
84Cu-GPVI-Fc PET imaging?

PERTINENT FINDINGS: A preclinical bleomycin-induced PF
mouse model was studied longitudinally using PET imaging of
54Cu-GPVI-Fc. The radiotracer showed high specificity toward the
fibrotic phase of the disease model in vivo, as shown by histology
and fluorescence microscopy ex vivo.

IMPLICATIONS FOR PATIENT CARE: %“Cu-GPVI-Fc PET imaging
might help in early stratification of patients showing interstitial lung
disease on classic high-resolution CT and in identifying early signs
of progressive fibrosis without an invasive biopsy, therefore leading
to an earlier treatment start.
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