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Targeted imaging of pulmonary
fibrosis by a cyclic peptide LyP-1

Jing Li%*%3:8, Rui Shu'%, Tian Peng'-®, Zifeng Yang?, MingziYang?, Fengjiao Hu?,
Zhanggqian Tao?, Ying Hong?, Zhiwei Cai?, Jing Jia?, Lu Wan*, Song Tian?, Zhi-Gang She'?,
Hongliang Li%?3*, Xiao-Jing Zhang'3*! & Ejuan Zhang®>**

Pulmonary fibrosis (PF) is an interstitial chronic lung disease characterized by interstitial inflammation
and extracellular matrix deposition, resulting in progressive lung dysfunction and ultimate respiratory
failure. However, lacking of precise and noninvasive tracers for fibrotic lesions limits timely diagnosis
and treatment. Here, we identified LyP-1, a cyclic peptide, as a specific and sensitive tracer for PF
detection using PET/CT imaging. FITC-LyP-1 selectively recognized fibrotic regions in bleomycin-
induced PF mice, indicating its targeting capability. The colocalization of FITC-LyP-1 with extracellular
collagen | within the fibrotic lesions validated its specificity, and further analysis revealed several
potential target molecules. In the in vivo application studies, radiolabeled [8Ga]Ga-LyP-1 showed
significantly increased lung uptake in PF mice, specifically enriching fibrotic regions on PET/CT
imaging. Notably, compared to CT imaging that showed increased mean lung density throughout the
phases after bleomycin-administration, lung uptake of [®8Ga]Ga-LyP-1 was only increased in the later
phase, indicating that LyP-1 recognizes the fibrous changes rather than the inflammatory cells in vivo.
These results suggest that the new radiotracer [8Ga]Ga-LyP-1 specifically detects the extracellular
matrix in fibrotic lungs. LyP-1 shows promise as a noninvasive tracer for assessing human pulmonary
fibrosis, offering potential for improved diagnostic accuracy and timely intervention.
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Pulmonary fibrosis (PF) is a frequent interstitial lung disease that leads to progressive lung structural
reconstruction, gas-exchange dysfunction, and ultimate respiratory failure or even death!?. It is estimated
that PF could be caused by more than 200 separate disorders, such as infection, chronic hypersensitivity
and autoimmune connective tissue diseases, or unknown origin. The common histological changes in PF
are characterized by chronic interstitial inflammation, proliferation and accumulation of myofibroblasts and
fibroblasts, and deposition of extracellular matrix, resulting in decreased lung compliance and oxygen exchange
capacity>*. To date, there is a lack of targeted and specific agent and regimen for the diagnosis and therapeutic
of PF°. Early-stage inflammatory suppression and later-stage fibrogenesis inhibition have not been successful in
halting disease progression or reducing mortality®’. Therefore, accurate detection and diagnosis of fibrosis in
the lung is highly recommended for the proactively clinical treatment as early as possible to circumvent potential
respiratory failure and mortality.

Currently, clinical detection and monitoring of PF is based on the combination of high-resolution computed
tomography (HRCT), pulmonary function tests, and peripheral blood biomarkers®®. However, these approaches
have limitations in accurately evaluating fibrotic activity and progression, as they are indirect measure of disease
outcome!®!!. Recent studies have highlighted the potential advantages of using radiotracers in positron emission
tomography (PET) to target certain functional molecular biomarkers in PF*%!*. Quinoline-based small-molecule
fibroblast activation protein inhibitors (FAPI), originally developed for cancer detection'*!%, are being explored
in the context of PF due to the activation of fibroblasts and upregulation of FAP expression observed in its
pathogenesis!®!”. Another tracer, '8F-fluorodeoxyglucose (['**F]FDG), can assess metabolic activity by detecting
increased uptake in infiltrated erythrocytes, inflammatory cells and proliferated myofibroblasts in inflammatory
and fibrotic lung tissue'®!°. However, these tracers primarily reflect histological changes that may occur in many
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other lung diseases, such as pneumonia or lung cancer, rather than directly demonstrating the extracellular matrix
deposition and fibrous formation, which are key events in tissue fibrogenesis. New sensitive and noninvasive
tracers that specifically recognize and discriminate the fibrotic pathological changes including fibrous structures,
fibroblast cell activation, and inflammatory responses are urgently required and under investigation?.

The cyclic peptide LyP-1, consisting of 9 amino acids including Cx7C, was originally identified via phage
display for its tumor cell recognition ability?!. The LyP-1 peptide demonstrates excellent water solubility and
stability due to its cyclic structure, formed by a disulfide bond between two cysteine residues?>?*. Its stability
and favorable biodistribution have been well documented in various tumor-targeting studies?*?>. This peptide
recognizes the mitochondrial protein p32, which is known to be overexpressed in tumor cells, tumor-associated
macrophages and activated inflammatory cells?. LyP-1 recognizes and accumulate in not only tumor tissues and
metastatic lesions, but also activated macrophages in atherosclerotic plaques?”-?3. The LyP-1 peptide has a unique
ability to penetrate the vessels, pseudocapsules of tumors, and solid fibrous tissues, enable it to reach the diseased
lesions and enter the target cells by the CendR motif?°. Despite the accumulation and activation of inflammatory
cells have been observed throughout the progress of lung fibrosis®, it remains uncertain whether LyP-1 peptide
can recognize and bind to fibrotic lung lesions.

In the previous studies, we found that LyP-1 bound with fibroblast-like cells in the atherosclerotic plaques
at a low-to-medium level (unpublished data), indicating its potential recognition of fibrous developing areas.
Therefore, this study aimed to characterize the recognition and accumulation of LyP-1 in the fibrotic lungs
of mice, and to investigate the value of LyP-1-based radioactive tracers for assessing disease progression in
bleomycin (BLM)-induced PF mouse models.

Results

LyP-1 recognizes the fibrotic lungs of BLM mice

Intratracheal administration of BLM induces lung injury typically progresses from the initial inflammatory
phase (within 14 days) to the fibrosis phase (after 14 days)*!~3%. Consistent with the previous studies, histological
analysis of lungs using hematoxylin and eosin (HE) and picrosirius red (PSR) staining revealed focal infiltration
of inflammatory cells with minimal fibrosis deposits at earlier stage (day 5). This was followed by progressive
fibrosis formation that led to dispersed lesions with thickened interstitial tissue, accumulated inflammatory
cells, significant fibrin deposition and focal consolidation of lung at later stage (day 15-18) (Fig. 1a). To assess
the fibrosis-targeting capability, LyP-1 and the control peptide ARA were labeled with fluorescein isothiocyanate
(FITC) and injected into the mice 18 days after BLM administration. Intravenous injection of FITC-labeled
peptides resulted in a strong green fluorescent signal was observed in the lungs of LyP-1-injected BLM mice at
2 h post-injection, while control mice or ARA-injected mice showed weak and nonspecific fluorescent (Fig. 1b).
Immunofluorescence analysis using an anti-FITC monoclonal antibody further confirmed the specific binding
of FITC-LyP-1 peptides in BLM-induced fibrotic lung tissues, as indicated by the highly overlapping fluorescent
signals with FITC autofluorescence (Fig. 1c). The consolidated fibrotic lesion areas exhibited moderate green
fluorescence intensity, stronger than the normal alveolar areas, accompanied by some filamentous and intense
fluoresce deposition. These results indicate the specific binding capability of LyP-1 to BLM-induced fibrotic lung
tissues in mice.

LyP-1 interacts with collagen I-positive components in PF lungs

In order to further investigate the targets recognized by LyP-1 in the fibrotic lung tissue, the localization of the
LyP-1 peptide was analyzed by co-staining with cell markers in the lungs of BLM mice. In contrast to previous
reports?’, LyP-1 did not co-locate with the majority of CD45+immune cells (Fig. 2a), F4/80 + macrophages
(Fig. 2b), a-SMAPEh smooth muscle cells (Fig. Sla). Although P32+ cells were found both in the alveolar
structure and fibrotic lesions, LyP-1 did not co-localize with P32+ cells (Fig. 2c). Upon co-staining with anti-
FITC and phalloidin, it was concluded that LyP-1 was not co-localized with phalloidin, while it appeared to be
distributed in the interspaces of phalloidin + cells in the fibrotic area (Fig. 2d). These results suggest that LyP-1
may predominantly bind to the noncellular components in the fibrotic lung tissue.

Positive staining for collagen I was observed in the fibrotic lesions, mainly located in the intercellular spaces
away from the cell nuclei*»*. The co-localization of LyP-1 peptide with deposited collagen I within these lesions
suggests its ability to recognize extracellular matrix components (Fig. 2e). A few LyP-1 peptide was partially
localized around a-SMA%™ myofibroblasts (Fig. S1b). Moreover, LyP-1 did not directly bind to or penetrate into
the primary cells isolated from the BLM-lungs (Fig. S2). These results indicate that LyP-1 may recognize collagen
I-positive components in BLM-induced fibrotic lung tissue but not the reported cell types.

LyP-1 recognizes and binds to the extracellular matrix proteins in the fibrotic lungs

To identify potential target proteins of LyP-1 in fibrotic lungs, mass spectrometry analysis was performed using
the proteins separated from the homogenate of control- or BLM-lung tissues by affinity chromatography on
immobilized LyP-1 or ARA peptides (Fig. 3a,b). The proteins that were increased in LyP-1-BLM sample in
comparison to those in LyP-1-control and ARA-BLM samples were identified as unique proteins specifically
captured by LyP-1 from the BLM-lungs (fold change >2, Table S1), with 38 proteins of which were expected
to be either secreted or subcellularly located in the extracellular matrix (Fig. 3c). These unique proteins were
intersected with the extracellular matrix proteins that were reported increased expression in the mouse lungs
after BLM treatment®®’, and 7 conserved proteins were further focused (Fig. 3d). These proteins, including
laminins, myosins, fibrinogen, and biglycan, were the potential targets of LyP-1 in the extracellular interspace of
fibrotic lung lesions (Fig. 3e). Mass spectrometry analysis shows that LyP-1 did not capture P32 from the BLM-
lung (Fig. 3a), which was consistent with IF analysis in the BLM-lung tissues (Fig. 2¢c). Therefore, it is evident
that LyP-1 specifically targets extracellular matrix proteins rather than P32 protein in the fibrotic lung tissues.
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Fig. 1. The LyP-1 peptide binds to fibrotic lung tissue in BLM-injured mice. (a) Lung tissues were harvested
from the BLM instilled mice at day 1, day 5 and day 18. Representative HE-stained and PSR-stained lung
sections at day 1, day 5 and day 18 after BLM instillation. (n =3 ~ 6 mice per group). (b) Mice were i.v. injected
with FITC-labeled ARA or LyP-1 peptides at day 18 after BLM instillation. Peptides were allowed to circulate
for 2 h, and lungs were harvested after perfusion for frozen sections. Peptides in the lung sections of control or
BLM instilled mice were visualized by direct observation of FITC fluorescence (green). (c) Peptides in the lung
sections of BLM instilled mice were further visualized by immunohistochemical staining with anti-fluorescein
antibody (anti-FITC; red) and were counterstained with 4,6-diamidino-2-phenylindole (DAPI; blue). The
threshold was equally enhanced for all samples using Image]. Representative sections of ARA or LyP-1 peptide
binding to lung tissue of control mice or BLM mice are shown (n=4~7 mice per group). Scale bar =100 pm.
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LyP-1 peptide selectively homes to the fibrotic lung in vivo

To further ascertain the distribution and binding of LyP-1 to diseased lung tissue in vivo, fluorescence imaging
of organs was carried out. Significantly stronger fluorescence was observed in the lungs of LyP-1-injected BLM
mice than in all the other groups at 2 h after FITC-labeled peptide injection, indicating the binding of LyP-1-
FITC to the lungs of BLM mice (Fig. 4a). The binding of LyP-1-FITC to control lungs was negligible, which was
in concordance with the fluorescence of frozen sections shown in Fig. 1. Weak binding of ARA-FITC to BLM
lungs was occasionally observed only in the mediastinal region of some animals. Strong fluorescent signals were
observed in the gallbladders and kidneys, suggesting that peptide was metabolized and excreted via the kidney.

Scientific Reports |

(2025) 15:8098 | https://doi.org/10.1038/s41598-024-78068-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

«Fig. 2. LyP-1 colocalizes with extracellular components such as collagen I. Mice were intravenously injected
with FITC-labeled ARA or LyP-1 peptides at day 18 after BLM instillation. Peptides were allowed to circulate
for 2 h, and lungs were harvested for frozen sections. The sections were stained for cell markers (shown in
red) including F4/80 (a) and CD45 (b), anti-P32 (c), the cytoskeleton marker phalloidin (d), collagen I (e),
and peptides using anti-fluorescein antibody (anti-FITC; shown in green) and were counterstained with
4,6-diamidino-2-phenylindole (DAPI; shown in blue). Immunofluorescence images showed the localization
of FITC-LyP-1 in the fibrotic region of lung sections from BLM mice. The threshold was equally enhanced for
all samples using Image]. Representative sections of ARA or LyP-1 peptide binding to lung tissue of BLM mice
are shown (n=4~ 6 mice per group), with scale bars of 25 um for the full field view. For magnified (zoom-in)
areas, scale bars represent 10 pm.

The binding of LyP-1-FITC and ARA-FITC to other organs was negligible (Fig. 4b). These results indicate that
LyP-1 may recognize the fibrotic lungs and home to the diseased lesions in animals.

Design, radiosynthesis and characterization of ®®Ga-radiolabeled LyP-1

To determine the distribution and enrichment of LyP-1 in vivo, radiolabeled LyP-1 was designed for PET/CT
imaging. To maintain the cyclic structure of the LyP-1 peptide as well as the CendR motif, DOTA was conjugated
with the -NH, of the cysteine at the N-terminus of LyP-1 either directly or via the 6-aminocaproic acid (ACP)
spacer (Fig. 5a). Without the spacer, DOTA-LyP-1 failed to be labeled by *GaCl, (Fig. 5b). ®*Ga-radiolabeled
DOTA-ACP-LyP-1 showed a sharp peak of successfully ®Ga-labeled LyP-1 by reverse-phase high-pressure
liquid chromatography (RP-HPLC) analysis, while approximately 50% of contaminated free ®Ga was detected.
Purification with C18 Sep-Pak resulted in>99% purity of [*®Ga]Ga-DOTA-ACP-LyP-1, which was renamed
[8Ga]Ga-LyP-1 for the following experiments (Fig. 5c). The synthesis procedures used consistently yielded
approximately 30% (decay corrected) radiochemical pure [%Ga]Ga-LyP-1. Ga radiolabeled DOTA-ACP-ARA
peptide ([*®Ga]Ga-ARA) was used as a control.

In vivo distribution and recognition of [(8Ga]Ga- LyP-1 in BLM-treated mice

Mice that received BLM or saline were used to detect the in vivo distribution of [**Ga]Ga-LyP-1 or [%Ga]Ga-
ARA at 1 h and 2 h after intravenous injection of radiolabeled peptides. The PET/CT images of [®Ga]Ga-ARA
and [®8Ga]Ga-LyP-1, along with the standardized uptake value (SUV) quantification of radioactivity content in
each organ, revealed low levels of radioactivity in the majority of organs except the kidney and bladder at 1 h
and were mildly decreased at 2 h post-injection (Fig. 6a, b), indicating that both of the ARA and LyP-1 peptides
are excreted rapidly via urine. Increased uptake of [%*Ga]Ga-LyP-1 was observed in the lungs of BLM-treated
mice at 1 h post-injection (p <0.05) and significantly decreased at 2 h. Conversely, almost no [**Ga]Ga-ARA was
detected in the same group of animals (Fig. 6b). These results suggest that [%*Ga]Ga-LyP-1 recognizes and binds
to the BLM-induced fibrotic lungs in vivo.

[®8GalGa- LyP-1 specifically binds to fibrotic sites in the lung

CT images showed a remarkably increased density in the lung tissue of BLM-treated mice, both at day 5 and day
18 after administration in comparison to the control counterparts (Fig. 7a,b; CT panel). While CT images at day
5 showed a reduction in lung transparency, CT images captured at day 18 displayed scattered, focal, or regional
consolidations with increased density in the BLM mice (Fig. 7a,b; CT panel). Quantitative analysis of mean lung
density of the CT images demonstrated a significant disparity between control groups and BLM groups at both
day 5 and day 18 (Fig. 7¢).

Consistent with the histological changes presented in Fig. 1a, increased uptake of ['®F]FDG in the lungs was
indicative of inflammation at day 5 following BLM instillation. In contrast, [*®Ga]Ga-LyP-1 uptake in the lungs
at this time point showed no significant differences between BLM and control mice, suggesting that [**Ga]Ga-
LyP-1 does not recognize inflammatory lesions (Fig. 7a, PET panel; Fig. 7d). However, [%8Ga] Ga-LyP-1 uptake
was increased in the lungs of BLM mice at 18 d. Fusion of PET and CT images revealed that the increase in
[°8Ga]Ga-LyP-1 uptake was mainly concentrated in the high-density areas of CT images, suggesting the specific
uptake of [*Ga]Ga-LyP-1 in fibrotic lung areas (Fig. 7b, PET panel). Volumes of interest (VOI) analysis of entire
lung tissue in [**Ga]Ga-LyP-1-injected BLM mice showed a significant increase in uptake at 1 h post-injection,
compared to that of [®Ga]Ga-LyP-1-injected control mice, [®*Ga]Ga-ARA-injected BLM mice and [**Ga]Ga-
ARA-injected control mice (Fig. 7e). In addition, the uptake of [%¥Ga]Ga-LyP-1 was positively correlated with
the mean density of the lung measured by CT (Fig. 7f). These results suggest that [%Ga]Ga-LyP-1 binds to
fibrotic but not inflammatory lesions in BLM-induced lung diseases.

CT images from control and BLM-receiving mice were analyzed based on the high-density lung areas (- 200
to 300 HU) and normal-density lung areas (—800 to —200 HU), which represent the non-aerated lung areas
(grey) and aerated lung areas (colored), respectively (Fig. 8a). BLM mice showed a noticeable decrease in the
percentage of aerated lung area in comparison to the control mice (Fig. 8b). The uptake of [**Ga]Ga-LyP-1 in the
lungs was increased in both the non-aerated lung areas and aerated lung areas, with a slightly higher mean SUV
(SUV__ ) in the non-aerated lung areas. In contrast, the control group showed similar uptake of [**Ga]Ga-LyP-1
in both non-aerated and aerated lung areas (Fig. 8¢). Furthermore, the SUV_ _ of the [*®Ga]Ga-LyP-1 uptake
of non-aerated lung areas was also strongly correlated with the mean intensity in the CT images of non-aerated
lung areas (Fig. 8d). These results further confirmed the specific binding of [**Ga]Ga-LyP-1 in fibrotic lung areas.
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Discussion
Fibrosis is a chronic, progressive, and end-stage pathological change in the interstitial lung diseases that is lack
of effective and specific treatment drugs and strategies. Accurate detect and diagnosis of fibrosis is closely related
to the clinical therapy and prognosis of PE. Specific tracers for the non-invasive detection of fibrosis are urgently
needed to promote early diagnosis, clinical staging, prognostic evaluation and pharmacodynamic monitoring
of the disease®®*. In this study, we revealed that the cyclic peptide LyP-1 could be used as a new tracer to
visualize fibrotic lesions in a BLM-induced PF mouse animal model. The uptake of LyP-1, whether conjugated
with fluorescein or the radionuclide, is selectively elevated in fibrotic lung lesions. Furthermore, by in vitro IF
Scientific Reports | (2025) 15:8098 | https://doi.org/10.1038/s41598-024-78068-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

«Fig. 3. Identification of the target protein of LyP-1. Proteins adsorbed by the LyP-1 or ARA peptide loaded
affinity chromatography beads were subjected to LC-MS/MS analysis. (a) Dot-plots for analysis of protein
intensity in the control or BLM-lungs adsorbed by LyP-1 peptide. Upregulated proteins were selected by a fold
change > 2 and signed in red dots. (b) Dot-plots for analysis of protein intensity in the BLM-lungs adsorbed
by LyP-1 or ARA peptide. Upregulated proteins were selected by a fold change >2 and signed in blue dots. (c)
Proteins shared by (a) and (b) were regarded as the unique proteins pooled by LyP-1, and their subcellular
location were clustered using UniProt database. (d) The LyP-1 unique proteins were intersected with the
pulmonary extracellular matrix proteins induced by BLM, and (e) the conserved proteins were shown in the
list. The reference proteomics resource was shown by the PMID of the original article.

staining of LyP-1 in fibrotic lung sections and in vivo PET/CT imaging, we demonstrated that LyP-1 recognizes
fibrosis by binding to collagen-deposited areas but not infiltrated inflammatory cells. Our findings indicate the
role of [**Ga]Ga-LyP-1 as a potential noninvasive tracer for the early detection of lung fibrosis.

Lung injury and inflammation are regarded as the key initiators in the pathogenesis of PF, leading to
the subsequent activation of a variety of cells, including but not limited to epithelial cells*®, macrophages*!,
fibroblasts, myofibroblasts and fibrocytes*2. Activation and accumulation of intrapulmonary inflammatory cells,
activation of fibroblasts/ myofibroblasts and deposition of extracellular matrix within the lung are considered
potential targets for noninvasive tracer development?***#4. LyP-1 is an appealing targeting molecule due to
its tissue and cell internalization activity, which provides unique advantages for entering and marking solid
lesions?’. In this study, we further illustrated that LyP-1 could recognize fibrotic lesions in the lung. Comparing
the distribution of LyP-1 in control or BLM mice, LyP-1 showed accumulated signals only in the fibrotic lungs
after BLM treatment, regardless of whether ex vivo detection of the fluorescence of FITC-conjugated LyP-1 in
major organs or in vivo monitoring of the radioactivity distribution of [®*Ga]Ga-LyP-1 in living mice was used.
The increase in the LyP-1 signal is correlated with the progress and severity of tissue damage. BLM-induced
pathological changes in the lungs could be characterized as inflammatory infiltration and alveolar destruction
at an early stage (in 7 days) and focal fibrosis formation along with decreased inflammation at a later stage (after
7 days)®. At the early stage, [%*Ga]Ga-LyP-1 accumulation was not detected in the BLM-treated lungs, while it
was significantly increased at later stages. This result indicates that LyP-1 tends to bind to fibrotic lesions rather
than inflammatory infiltration within the lung.

To date, several PET/CT tracers are under laboratory development, preclinical experiments, or clinical trials.
For example, ['8F]FDG has shown increased uptake in PET/CT imaging using a BLM-induced lung pulmonary
fibrosis mouse model and may provide information on disease severity, prognosis and postoperative acute
exacerbation in idiopathic PF patients*>~*”. FAPI-based PET shows elevated radioactivity in BLM-induced and
other lung disease mouse models as well*®->°. However, recognition of the deposited fibrin, collagen matrix and
fibrous deposition areas that lack FDG- or FAP-positive cells remains to be investigated. LyP-1 demonstrated
specific recognition of fibrotic lung regions, as confirmed by colocalization with collagen I in lung sections
and consistent findings from tissue fluorescent imaging and [*®Ga]Ga-LyP-1 PET/CT imaging in PF mice.
Importantly, we note that the majority of LyP-1 is located extracellularly, indicating that LyP-1 recognizes an
extracellular component that is different from that of FAPI, which bind to fibrocytes. In the PET/CT analysis,
CT images provide limited information to distinguish inflammation and subsequent fibrosis in the BLM mouse
model, while [*®Ga]Ga-LyP-1 specifically distinguishes the fibrotic phase of BLM mice. These findings highlight
the unique ability of [*3Ga]Ga-LyP-1 to specifically detect extracellular matrix deposition in the PF lung tissues,
distinguishing it from FAPI and FDG that recognize the cellular components.

P32 protein, as the reported target molecule of LyP-1 expressed on tumor cells and activated
F4/80 + macrophages, was predominantly observed in the relatively normal alveolar structure of BLM-mice
with a few in the fibrotic structure as well. P32 protein is predominantly located on the mitochondrial and
translocated to the cell membrane in specific conditions, where it is recognized by LyP-1 and involved in LyP-1
cleavage and endocytosis. Interestingly, LyP-1 was neither colocalized in these P32+ cells nor F4/80 + cells?’.
Our findings suggest that LyP-1 does not recognize the P32 protein in the lung no matter by IF co-staining or
affinity chromatography proteomic analysis. Instead, LyP-1 mainly colocalizes with the extracellular proteins in
the fibrotic lung samples. Affinity chromatography using LyP-1 peptide indicated several potential targets that
might be recognized by LyP-1 in the extracellular matrix, while the interaction between LyP-1 and these proteins
requires further experimental confirmation. Therefore, our study reveals potential novel target molecules of LyP-
1 in the fibrotic lung, which are worthy of further molecular biological identification and investigation.

LyP-1 is attractive due to its low immunogenicity, minimal toxicity, and high histocompatibility, all of
which have been well documented in both in vitro cytotoxicity tests and in vivo animal studies. LyP-1 has
been extensively utilized in various research applications in the forms of metal nanoparticles, semimetallic
nanomaterials, and conjugated drugs for PET/CT, CT, MRI imaging and therapeutic purposes in tumors,
including several pulmonary tumor cell lines?*?#2851-54_ Ag a result, it is challenging to use LyP-1-tagged tracer
for distinguishing lung fibrosis from lung cancer, particularly when lung cancer occurs secondary to pulmonary
fibrosis. Therefore, we recommend that LyP-1 can be considered a potential complementary diagnostic agent
rather than an independent one. The diagnosis of pulmonary fibrosis or lung cancer should always be based on
a comprehensive assessment of clinical symptoms, laboratory tests and characteristic CT imaging'®. Another
advantage of LyP-1-tagged tracers is that it can be used to noninvasively detecting the fibrosis progression.
Such detection is beneficial for monitoring the efficiency of clinical treatment. Further studies in our group
using [%8Ga]Ga-LyP-1 PETCT imaging will focus on exploring its efficacy in distinguishing human lung fibrotic
diseases from malignancies, as well as enhancing its diagnostic accuracy and clinical applicability.
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Fig. 4. LyP-1 selectively accumulates in the fibrotic lung in vivo. Mice were i.v. injected with FITC-labeled
ARA or LyP-1 peptides at day 18 after BLM instillation, and major mouse organs were collected at 2 h after
peptide injection. (a) Representative fluorescent images of major mouse organs in each group were obtained
by a Li-COR Odyssey infrared imaging system. (b) The average fluorescence intensity of FITC in each organ of
ARA- or LyP-1-injected control or BLM mice was analyzed. The results are presented as the mean+SD, n=7
mice per group. Statistical relevance was determined for each organ by Mann-Whitney test (for lungs), or one-
way ANOVA followed by the Bonferroni posttest (for other organs).
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Fig. 5. Design, radiolabeling and radiochemical purity of [**Ga]Ga-LyP-1. DOTA was conjugated to LyP-1
directly or indirectly via an aminocaproic acid (ACP) linker. DOTA conjugated peptides were radiolabeled
with $GaCl, at 100 °C for 10 min at pH 4.0 and purified by C18 Sep-Pak. (a) [**Ga]Ga-LyP-1 structure and
labeling condltlons (b) RP-HPLC chromatograms of purified [%Ga]Ga-DOTA-LyP-1 or (c) [**Ga]Ga-DOTA-
ACP-LyP-1.

Similar to previous in vivo distribution studies of LyP-1, [*®*Ga]Ga-LyP-1 is enriched in the liver and heart at a
high radioactivity level regardless of BLM treatment®>. However, histofluorescence imaging that was performed
after perfusion of free blood showed low levels of hepatic and cardiac fluorescence intensity, suggesting that
the accumulation of LyP-1 in the liver and heart is blood perfusion dependent but not disease specific. These
high levels of radioactivity in the liver or heart may cause quantitative error due to spillover effects and partial
volume effects®. As a result, although [%3Ga]Ga-LyP-1 uptake was mainly observed in the non-aerated lung
areas, no significant differences in [**Ga]Ga-LyP-1 uptake were found between non-aerated and aerated lung
areas due to the increased SUV that was affected by the radioactivity from the liver. In addition, the hepatic
artifacts produced by respiratory motion may also affect the measurement of SUV in the lower lobes of both
lungs, whereas pulmonary fibrosis predominantly occurs in these regions®. Factitious control of respiratory
rate or respiratory gated sampling may mitigate the effect of liver artifacts on pulmonary signals. Compared
to traditional CT, PET-CT using LyP-1-tagged tracer could show the biological properties of tissue pathology
by specifically targeting to fibrosis lesions, overcoming the limitations of CT that was based on the anatomical
changes. Meanwhile, specific targeting of LyP-1 to fibrosis allow it to distinguish fibrosis from inflammation, and
thus, LyP-1 may reduce the misdiagnosis caused by lung inflammation. Taken together, our results demonstrate
that [**Ga]Ga-LyP-1 detects the presence of fibrotic lesions in a pulmonary fibrosis mouse model by annotating
the extracellular fibrous matrix, making it a potential noninvasive candidate tracer for the clinical assessment of
human pulmonary fibrosis. These findings warrant further investigation to validate its efficiency across different
patient populations and disease stages, as well as to address challenges related to targeting specificity, binding
affinity, and pharmacokinetics.
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Fig. 6. PET/CT imaging with [*®Ga]Ga-LyP-1 shows specific enrichment in the fibrotic lung of BLM mice.
Mice were intravenously injected via the tail vein with 5.55-7.4 MBq of [*®®Ga]Ga-LyP-1 or [Ga]Ga-ARA.
PET/CT scans were acquired at 1 h and 2 h post-injection. (a) Representative whole-body PET/CT images
with [*Ga]Ga-LyP-1 or [Ga]Ga-ARA of control and BLM-receiving mice at day18 after BLM instillation.
Graph represents the [%Ga]Ga-LyP-1 or [®Ga]Ga-ARA uptake in SUV of control and BLM-receiving mice.
(b) The VOI of major mouse organs in (a) was gated, and the uptake of [**Ga]Ga-LyP-1 or [®*Ga]Ga-ARA by
each organ at 1 h and 2 h post-injection was analyzed. The results are presented as the mean = SD (n=3-5 mice
per group). *p <0.05, statistical relevance between the control-lung and BLM-lung tissues was determined by
unpaired t test.
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Fig. 7. PET/CT imaging with [*®Ga]Ga-LyP-1 specifically distinguishes the fibrotic phase of BLM mice. Mice
were intravenously injected via the tail vein with 5.55-7.4 MBq of ['®F]FDG, [%8Ga]Ga-LyP-1 or [®®Ga]Ga-
ARA. PET/CT scans were acquired at 1 h post-injection. (a) Representative lung PET/CT images with ['8F]
FDG or [*8Ga]Ga-LyP-1 of control and BLM-receiving mice at day 5 after BLM instillation. Graph represents
the ['F]FDG or [Ga]Ga-LyP-1 lung uptake in SUV of control and BLM-receiving mice. (b) Representative
lung PET/CT images with [**Ga]Ga-LyP-1 or [*®Ga]Ga-ARA of control and BLM-receiving mice at day18 after
BLM instillation. Graph represents the [%*Ga]Ga-LyP-1 or [*®Ga]Ga-ARA lung uptake in SUV of control and
BLM-receiving mice. (c) Graph represents the mean lung density quantified on CT images of (a) and (b). (d)
Graph represents the [1*F]FDG or [®Ga]Ga-LyP-1 lung uptake in SUV of control and BLM-receiving mice at
day 5, and (e) graph represents the [%Ga]Ga-LyP-1 or [*®Ga]Ga-ARA lung uptake in SUV of control and BLM-
receiving mice at day 18. All results are presented as mean + SD, n =4 mice per group (a, d) or n=>5 mice per
group (b, e). *p<0.05, ** p<0.01, ***p <0.001; statistical relevance was determined by Mann-Whitney test (c)
or Two-way ANOVA (d, e). (f) The correlation was analyzed between the mean lung density (HU) measured
on CT images and [*3Ga]Ga-LyP-1 uptake of corresponding lungs at day 18.
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Fig. 8. [%8Ga]Ga-LyP-1 specifically binds to the fibrotic sites in the lung. (a) Representative 3D reconstruction
of lung VOI segmentation of control and BLM-treated mice at day 18. Color represents normal-density lung
areas (— 800 to —200 HU) representative of aerated lungs; grey represents high-density lung areas (- 200 to 300
HU) representative of non-aerated lungs. (b) Graph represents the percentage of aerated lung on CT images.
() Graph represents the [*3Ga]Ga-LyP-1 lung uptake in SUV of control and BLM-receiving mice at day 18 in
aerated and non-aerated lung areas (segmented on CT images). All results are presented as the mean+SD, n=6
for control group, n=9 for BLM group. *p <0.05, **p <0.01, ***p < 0.001; statistical relevance was determined
by Mann-Whitney test (b) or Two-way ANOVA (c). (d) The correlation between the mean [*Ga]Ga-LyP-1
uptake by the VOI analysis of non-aerated lung areas and the mean lung intensity in the corresponding ROI of
CT images at day 18.

Materials and methods

Ethics statements

C57BL/6] male mice at 6-8 weeks of age were purchased from Beijing Vital River Laboratory Animal Technology
Company (Beijing, China) and were maintained under specific pathogen-free (SPF) conditions in the Center for
Animal Experiment of Wuhan University. The animals received humane care according to the Guide for the
Care and Use of Laboratory Animals published by the National Academy of Sciences and the National Institutes
of Health. All animal experiment programs were performed according to the Regulations for the Administration
of Affairs Concerning Experimental Animals in China (1988) and the Guidelines for Animal Care and Use,
Wuhan University. Animal experiments were reviewed and approved by the Animal Care and Use Committee
of Renmin Hospital of Wuhan University (permission number: 20191112, 202111064, 20201219A) and the
Experimental Animal Welfare and Ethics Committee, Zhongnan Hospital of Wuhan University (permission
number: ZN2022192).
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BLM-induced pulmonary fibrosis mouse model

The pulmonary fibrosis model and controls were established using 9-week-old male C57BL/6 mice as described
previously®*. Briefly, mice received a single dose of 2.5 mg/kg bleomycin (BLM) dissolved in 0.9% normal saline
at a volume of 8 uL/g by intratracheal injection under anesthesia (3% isoflurane) at day 0. After injection, animals
were upright for 1-3 min and gently rotated to ensure uniform distribution of BLM in the lungs. Control mice
received 0.9% normal saline following the same procedure. Starting from day 16, bleomycin-treated animals
exhibited significant weight loss and severe respiratory distress, and the mortality rate gradually increased. To
ensure the welfare of the animals, histological and imaging studies were conducted at an earlier phase (day 5) to
capture the inflammation and at a later phase (day 18) to assess the most pronounced pulmonary fibrotic lesions.
For some animals that were too weak at later phase after BLM administration, experiment was terminated for
histological sampling at around day 15-16.

Peptides

All peptides were synthesized, modified, and purchased from Top-Peptide Biotechnology Company (Shanghai,
China). For ex vivo and in vitro tracing, the cyclic peptide LyP-1 (CGNKRTRGC) was synthesized and modified
with either fluorescent dyes (FITC) or chelating agents (DOTA). A linear peptide ARA (ARALPSQRSR),
composed of nine random amino acids, was synthesized and modified in parallel to serve as a non-relevant
control for measuring background signals derived from the non-specific binding of peptides to tissues?!. Briefly,
peptide synthesis was carried out using solid-phase peptide synthesis (SPPS) following the Fmoc protection
strategy. For the cyclic peptide (LyP-1), disulfide bond formation was conducted through an oxidation reaction
under alkaline conditions. FITC or DOTA was then coupled to the -NH2 residue of the N-terminal cysteine of the
peptides via the ACP linker. The modified peptides were purified using reverse-phase high-performance liquid
chromatography. Peptide identity and purity were confirmed by mass spectrometry (MS) and high-performance
liquid chromatography (HPLC). All peptides reached a purity of > 95% and exhibited normal solubility in water.

Affinity chromatography and mass spectrometry analysis

For identifying LyP-1 binding proteins, mouse lungs were collected at day 18 after saline- or BLM-administration.
Lung tissues were lysed in PBS containing 200 mM n-octyl-beta-D-glucopyranoside and protease inhibitor
cocktail (Roche). The cleared lysate was loaded on to LyP-1 or ARA peptide coated Sulfolink-agarose beads
(Pierce, Waltham, MA) and incubated at 4 ‘C for 3-4 h. The columns were washed with wash buffer (75 mM
n-octyl-beta-D-glucopyranoside and protease inhibitor cocktail in PBS). The proteins on the beads were dissolved
by using SDS-loading buffer, and enriched by SDS-PAGE. Proteins in the polyacrylamide gel were subjected
to liquid chromatography-mass spectrometry (LC-MS/MS) analysis at the Shanghai Bioprofile Technology
(Shanghai, China). All mass spectra were analyzed with MaxQuant software version 2.0.1.0. The MS/MS spectra
were searched against the Mus musculus UniProt protein sequence database ([10090]-55260-20230321.fasta).
The subcellular location of the proteins was analyzed using the UniProt protein subcellular location database.

Radiosynthesis and purification of [®8Ga]Ga-LyP-1 and [%8Ga]Ga-ARA

88GaCl, was eluted with 4 mL of 0.05 M hydrochloric acid from a %8Ge/%*Ga generator (Isotope Technologies
Garching GmbH, Garching, Germany) at the Department of Nuclear Medicine of Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology. DOTA-conjugated peptide (2 mg/mL, 20
uL) was dissolved in 0.9 mL of 0.05 M sodium acetate buffer and incubated with 4 mL of %GaCl, at pH 4.0.
The reaction mixture was heated for 10 min at 100 °C. Then, ®*Ga-DOTA-conjugated peptides were purified
using a C18 Sep-Pak Light solid-phase extraction cartridge (Waters Corp., Milford, MA, USA) and eluted in
70% ethanol, and the eluate was dried under air flow and reconstituted in normal saline for injection58. The
radiochemical purity was determined by HPLC (Shimadzu, Kyoto, Japan). The purified [**Ga]Ga-LyP-1 and
[°8Ga]Ga-ARA were diluted for PET/CT imaging.

PET/CT imaging

Control (n=6) or BLM-treated (n=6) mice were used for the PET/CT study at day 5 or day 18 following BLM
administration. Mice were weighed, anesthetized through isoflurane (2%) inhalation and intravenously injected
via the tail vein with 5.55-7.4 MBq of [®®Ga]Ga-LyP-1 or [%*Ga]Ga-ARA. Radioactivity in the syringes was
measured using a calibrated gamma counter immediately before and after injection to determine the accurate
radioactivity content of the tracer administered to each animal, which was then used for the subsequent
calculation of lung radioactivity content in each individual. At 1 h or 2 h post-injection, mice were maintained
under anesthesia (1.5% isoflurane) and placed on the scanner bed in a prone position. PET/CT scans were
acquired using a TransPET® BioCaliburn® LH scanner (RAYCAN Technology Co., Ltd., Suzhou, China). A PET
acquisition (10 min) of a whole-body region was obtained followed by a CT scan of the same region. PET images
were reconstructed using the 3-dimensional ordered-subsets expectation maximum (3D-OSEM) algorithm with
attenuation correction®.

Image analysis

For visual interpretation, the fused PET/CT images were obtained using AMIDE software®. VOIs corresponding
to the lungs were manually drawn with 3D Slicer software (Version 3.10)%! for CT quantification and to
determine their radioactivity content. The lung radioactivity content was expressed in MBq and converted to the
SUV. In VOI analysis, mean lung density and SUV__ were measured*”. Semiautomatic segmentation was also
performed using 3D Slicer software (Version 3.10). Semiautomatic segmentation of VOIs on CT scans was based
on Hounsfield Unit (HU) thresholds, as described in previous publications*®%2, Specifically, a range of -800 to
-200 HU was used to delineate normal lung regions, corresponding to aerated lung tissue; while -200 to 300 HU
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was applied to segment non-aerated or fibrotic lung areas. This method employs the “Segment Editor” module
in 3D Slicer, which combines manual input with algorithmic tools to refine the segmentation boundaries,
thereby enhancing accuracy and efficiency. The segmented regions were validated by comparing the lung CT
images of control and BLM-treated animals. This semiautomatic segmentation enabled the quantification of
the radioactivity content of [*3Ga]Ga-LyP-1 or [Ga]Ga-ARA in both aerated and non-aerated lung tissues,
respectively.

Ex vivo fluorescence imaging of organs

The control or BLM-treated mice were intravenously injected with FITC-LyP-1 or FITC-ARA (200 nmol of
peptides per mouse diluted in 150 pL of saline) at day18 following modeling. Mice were anesthetized (0.5%
sodium pentobarbital) 2 h later and perfused with PBS via both the left and right ventricles of the heart to
remove the blood. The lungs and other organs were imaged with an IVIS Spectrum imaging system with an
excitation laser at 488 nm (PerkinElmer, USA). The mean fluorescence intensity of each organ was quantified
using Living Image software Version 4.7.3 (PerkinElmer, USA) to reflect the amount of peptide enrichment
in the organs. For quantification of the fluorescence intensity of the liver, the gallbladder was removed before
imaging to reduce the fluorescence background. After imaging, the lungs were harvested in 10% formalin or in
4% paraformaldehyde for further histological analysis.

Histopathology examinations

Lung samples were fixed in 10% neutral buffered formalin for at least 48 h and processed by routine paraffin
embedding. Two 5 pm longitudinal consecutive sections were stained using HE (Beyotime, Shanghai, China)
and PSR (Solarbio). The degrees of pulmonary alveolitis and pulmonary fibrosis were observed under an optical
microscope according to HE and PSR staining.

Immunofluorescence (IF) analysis

The following antibodies were used for IF staining: rabbit-anti-FITC (Thermo, A889), mouse-anti-FITC (Biolight,
TMO0044GeM10-A2F), anti-CD45 (BD Bioscience, 553076), anti-F4/80 (Abcam, ab6640), anti-aSMA (Abcam,
ab7817), anti-collagen I (SouthernBiotech, 1310-01), anti-P32 (Abclonal, A1883), Alexa Fluor 555 labeled-
phalloidin (Beyotime, China), and Alexa568- or Alexa488-conjugated secondary antibodies (Invitrogen, UK).

Collected lung tissues were fixed with 4% paraformaldehyde for 2 h, dehydrated in 15% sucrose overnight,
frozen in OCT (Sakura, Japan), and sliced into 8-um sections®. The sections were penetrated with 0.2% Triton-X
100 PBS for 10 min, blocked with 10% BSA, incubated with primary antibodies overnight at 4 °C, incubated with
fluorescently labeled corresponding secondary antibodies, stained with 0.3% Sudan Black (Solarbio) for 5 min,
and mounted with DAPI-containing mounting medium.

Costaining of anti-CD45/anti-FITC, anti-F4/80/anti-FITC, and anti-aSMA/anti-FITC, anti-P32/anti-
FITC was performed by admixture of primary antibodies. For the co-staining of anti-collagen I/anti-FITC,
the DendronFluor TSA multicolor fluorescent labeling kit (Histova biotechnology, Beijing, China) was used
according to the manufacturer’s instructions.

A confocal laser scanning microscope (TCS SP8, Leica, Germany) was used to obtain images. The following
channels were utilized: Alexa488 (excitation at 488 nm, emission at 525 nm), Alexa568 (excitation at 561 nm,
emission at 570 nm), and DAPI (excitation at 405 nm, emission at 450 nm). All excitation light sources were
argon ion lasers. A 63 x oil immersion objective lens (NA = 1.4) was employed to ensure high-resolution imaging.
Image analysis was performed using ImageJ software (National Institutes of Health, USA).

Statistical analyses

Statistical analyses were performed using GraphPad Prism software version 8 (GraphPad Software Inc., San
Diego, USA). Statistical differences were analyzed by unpaired Student’s t test, one-way ANOVA followed
by Bonferroni posttest, or Mann-Whitney test. The p values<0.05 were considered significant. All data are
presented as the mean + SD. Asterisks mark significant differences between different groups (* indicates p <0.05,
**indicates p <0.01, and *** indicates p <0.001). All experiments are representative of at least three independent
experiments.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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