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Abstract

Purpose: The lack of effective molecular biomarkers to monitor idiopathic pulmonary fibrosis 

(IPF) activity or treatment response remains an unmet clinical need. Herein, we determined the 

utility of fibroblast activation protein inhibitor for positron emission tomography (FAPI PET) 

imaging in a mouse model of pulmonary fibrosis.

Methods: Pulmonary fibrosis was induced by intratracheal administration of bleomycin (1 U/kg) 

while intratracheal saline was administered to control mice. Subgroups from each cohort (n=3–
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5) underwent dynamic 1 h PET/CT after intravenously injecting FAPI-46 radiolabeled with 

gallium-68 ([68Ga]Ga-FAPI-46) at 7 d and 14 d following disease induction. Animals were 

sacrificed following imaging for ex vivo gamma counting and histologic correlation. [68Ga]Ga-

FAPI-46 uptake was quantified and reported as percent injected activity per cc (%IA/cc) or percent 

injected activity (%IA). Lung CT density in Hounsfield units (HU) was also correlated with 

histologic examinations of lung fibrosis.

Results: CT only detected differences in the fibrotic response at 14 d post-bleomycin 

administration. [68Ga]Ga-FAPI-46 lung uptake was significantly higher in the bleomycin group 

than in control subjects at 7 d and 14 d. Significantly (P=0.0012) increased [68Ga]Ga-FAPI-46 

lung uptake in the bleomycin groups at 14 d (1.01±0.12 %IA/cc) vs. 7 d (0.33±0.09 %IA/cc) at 60 

min post-injection of the tracer was observed. These findings were consistent with an increase in 

both fibrinogenesis and FAP expression as seen in histology.

Conclusion: CT was unable to assess disease activity in a murine model of IPF. Conversely, 

FAPI PET detected both the presence and activity of lung fibrogenesis, making it a promising tool 

for assessing early disease activity and evaluating the efficacy of therapeutic interventions in lung 

fibrosis patients.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and irreversible form of fibrotic lung 

disease affecting approximately 130,000 patients in the United States. IPF carries a poor 

prognosis, with a five-year survival rate of 20–40% [1–3]. Currently, clinicians utilize 

a combination of high-resolution computed tomography (CT), pulmonary function test, 

and biopsy/histology to detect, monitor, and manage IPF. While CT provides excellent 

anatomic information of the lung structure and disease sequela, it does not provide adequate 

information regarding functional disease activity. Alternatively, biopsies characterize disease 

activity but are invasive and carry inherent risks of morbidity and mortality [4, 5]. 

Overall, diagnostic methods detect morphological and functional lung features that are 

often non-specific and appear at later stages of the disease, resulting in misdiagnosis, 

repeated diagnostic testing, and unnecessary or ineffective treatments [6]. Therefore, there 

is an urgent clinical need for a sensitive noninvasive tool to diagnose early disease 

activity, monitor therapeutic response, and advance our understanding of the course of this 

debilitating disease.

Fibroblasts are the principal effector cells driving lung fibrogenesis in IPF [7]. During 

injury, fibroblast activation results in their migration, proliferation, and remodeling of the 

lung extracellular matrix, leading to progressive functional deterioration and ultimately lung 

failure [8]. Fibroblast activation protein-α (FAP) is a serine protease selectively expressed 

on activated stromal fibroblasts during tissue remodeling and is associated with pulmonary 

fibrosis [9, 10]. Since FAP expression is relatively low in healthy tissues, this enzyme has 
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become an attractive molecular target for diverse disease diagnosis and treatment, including 

epithelial cancers, wound healing, and inflammatory conditions [11–13]. Radiolabeled 

quinoline-based small molecule fibroblast activation protein inhibitors (FAPI) have been 

employed as positron emission tomography (PET) radiotracers to noninvasively and 

quantitatively assess FAP expression [14]. Importantly for preclinical studies, human and 

murine fibroblast activation protein have an 89% shared sequence identity, and the catalytic 

domain is conserved.[15, 16] FAPI-derivates have a high affinity for human and murine FAP, 

although lower affinity for murine FAP than human FAP has been noted.[17] To date, the 

focus of FAPI PET studies has been cancer detection, given that FAP expression is found 

in 90% of all epithelial neoplasms [18, 19]. In comparison, the potential of FAPI PET for 

evaluating non-oncologic disease processes, such as pulmonary fibrosis, remains relatively 

underexplored.

In this study, we evaluated the potential of FAPI-46 radiolabeled with gallium-68 ([68Ga]Ga-

FAPI-46) to noninvasively detect disease activity in a well-established murine model of 

pulmonary fibrosis [20]. More importantly, since fibroblast activation and FAP expression 

precedes fibrogenesis [21, 22], we set out to demonstrate that [68Ga]Ga-FAPI-46 is uniquely 

suited to detect lung fibrosis and monitor disease activity sensitively.

Materials and Methods

Materials

FAPI-46 was provided by SOFIE (Dulles, VA). Anti-FAP antibody was purchase from 

Abcam (Ab53066). All materials were used as received without further purification.

Radiosynthesis and purification of [68Ga]Ga-FAPI-46 and [68Ga]Ga-DOTA
68GaCl3 was eluted in 0.1 M HCl from a germanium-68/gallium-68 generator (Eckert and 

Zeigler, Inc.) at the Clinical radiopharmaceutical facility of the University of Wisconsin-

Madison and FAPI-46 was radiolabeled as previously described [23–25]. Briefly, a 1 

mL 68GaCl3 (5–10 mCi) generator fraction was incubated with FAPI-46 (5 nmol/mCi) 

at 95°C for 15 min in a 0.17 M sodium acetate containing 0.1% sodium ascorbate as 

previously reported [23]. [68Ga]Ga-FAPI-46 was purified using reverse-phase solid-phase 

extraction with an Oasis HLB light cartridge (Waters), eluted in neat ethanol, and the 

eluate was dried under a nitrogen flow and reconstituted in normal saline for injection. 

Radiochemical yield was determined by radio-instant thin layer chromatography (iTLC) 

with paper-backed silica plates and 50 mM EDTA as mobile phase. Reverse-phase high-

performance liquid chromatography (HPLC) using a C18 column (250 × 3.00 mm, Luna 

5μ 100 Å; Phenomenex) and a water (A): acetonitrile (B) multistep gradient (5% B: 0–2 

min; 5–65% B: 2–30 min; 65–90% B: 30–35 min; 90–5% B: 35–45 min) was carried out to 

confirm radiochemical yield and determine radiochemical purity.

[68Ga]Ga-DOTA was prepared using the same radiolabeling procedure for [68Ga]Ga-

FAPI-46. Briefly, a 1 mL 68GaCl3 (5–10 mCi; 185 – 370 MBq) generator fraction was 

incubated with DOTA (0.14 nmol/MBq; 5 nmol/mCi) at 95°C for 15 min in a 0.17 M 

sodium acetate (pH = 5.5) buffer containing 0.1% sodium ascorbate. Radiochemical yields 

Rosenkrans et al. Page 3

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2022 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were confirmed by TLC using MeOH/NH4OH (1:1) as the mobile phase. [68Ga]Ga-DOTA 

was diluted for imaging without purification.

Lung Fibrosis Animal Model

The pulmonary fibrosis model and controls were established using 12–16-week-old female 

and male C57BL/6J mice that were anesthetized with ketamine (100 mg/kg; Zoetis, Inc., 

Parsippany-Troy Hills, NJ) and xylazine (15 mg/kg; Akorn Pharmaceuticals, Lake Forest, 

IL). Bleomycin (1 U/kg; Teva Pharmaceuticals, Inc.) dissolved in 50 μL 0.9% normal saline 

irrigation (Baxter, Madison, WI) was instilled intratracheally into the lung of the animals as 

previously reported [20, 26]. Control mice were given 0.9% normal saline under the same 

procedure. Mice were used for imaging studies at 7 d and 14 d following lung injury.

PET/CT imaging and biodistribution

PET/CT scans were acquired using an Inveon small-animal PET/CT scanner (Siemens, 

Knoxville, TN). CT images were obtained using the following parameters: 80 kVp, 900 μA, 

and a nominal axial resolution of 105 μm. Volumes of interest (VOI) from CT images were 

quantified in Hounsfield units (HU). For dynamic PET scanning at 7 d and 14 d following 

lung injury, mice (n=3) were anesthetized with isoflurane (2%) and the lateral tail vein 

catheterized. Animals were then placed in the scanner in a prone position and administered 

approximately 0.8–3.8 MBq (20–100 μCi) [68Ga]Ga-FAPI-46 intravenous bolus, which 

varied due to the decay of Ga-68 over the study. The specific activity of [68Ga]Ga-FAPI-46 

ranged from 0.8–4.8 GBq/μmol over the course of the dynamic scans. One-hour dynamic 

list-mode PET scans (46 frames) were acquired and reconstructed using an OSEM3D/MAP 

algorithm. Imaging frames were binned as follows: 12 × 5 s, 6 × 10 s, 6 × 30 s, 10 × 60 s, 

6 × 150 s, and 6 × 300 s. Additional mice were injected with approximately 3.8 MBq (100 

μCi) of [68Ga]Ga-FAPI-46 for static PET image acquisition at 1 h post-injection (p.i.). Static 

PET/CT using [18F]FDG purchased from SOFIE (Dulles, VA) was performed in bleomycin 

and control mice at 60 min p.i. at 6 d and 13 d following PF disease induction. PET/CT 

at 1 h p.i. using non-specific [68Ga]Ga-DOTA was performed the next day with the same 

cohort of mice used for [18F]FDG PET/CT. Following the 1 h imaging period in [68Ga]Ga-

FAPI-46 PET/CT, the mice were euthanized, and the major organs were collected for ex 
vivo biodistribution. Tissue samples were wet-weighed and counted in an automatic gamma 

counter (Wizard 2; Perkin Elmer; Waltham, MA) to quantify tracer uptake. Biodistribution 

data was calculated in percent injected activity (%IA) for the lungs or %IA per gram of 

tissue (%IA/g) for all other organs of interest.

Image Analysis

Co-registered PET/CT images were displayed as maximum intensity projections at different 

timepoints post [68Ga]Ga-FAPI-46 injection. Quantitative analysis of the dynamic PET 

images was carried out in an Inveon Research Workstation (Siemens, Knoxville, TN). 

Volumes of interest (VOI) of the whole lung were drawn in CT images using an automatic 

thresholding tool. Whole lung CT VOI were analyzed by comparing the HU in each voxel 

and determining the relative percentages in various windows (< −600, −500 to −400, −400 

to −300, −200 to −100, −100 to 0, and 0 to 100) as previously described [27, 28]. VOI of 

other organs of interest were drawn manually, and time-activity curves of each VOI were 
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generated. Quantitative PET imaging data were reported as percent injected activity per 

cubic centimeter of tissue (%IA/cc).

Histology

Following imaging studies, mice were euthanized, and the lungs were inflated and fixed 

with 10% formalin overnight and then transferred to 70% ethanol for storage. Lung tissue 

samples were processed by the UWCCC Translational Research Initiatives in Pathology 

(TRIP) lab using previously reported methods [20]. Tissues were embedded in paraffin 

for Masson’s trichrome staining and immunohistochemical (IHC) staining of FAP. IHC 

was performed with an anti-FAP antibody (ab53066; Abcam) at an antibody dilution of 

1:50. Human breast cancer tissue available through the TRIP lab was used as a positive 

control. Omission of the primary antibody was used for the negative control. Stained slides 

were imaged using Leica Aperio AT2 digital pathology slide scanner. Ashcroft scoring was 

performed to quantify the degree of fibrosis of Masson Trichrome’s stained lung tissue 

samples as previously described [29].

Statistical analysis

Data and statistical analyses were performed using GraphPad 7.0 (Prism). Quantitative data 

are expressed as mean ± standard deviation. P values were calculated using the Student’s 

t-test. A p < 0.05 value was considered statistically significant.

Results

Radiosynthesis of [68Ga]Ga-FAPI-46 and [68Ga]Ga-DOTA

[68Ga]Ga-FAPI-46 radiosynthesis was accomplished in 15 min with quantitative yields 

(97.8% ± 0.6%) at a molar activity of 7.4 GBq/μmol at the end of chemistry. Radio-

HPLC of the radiolabeling reaction showed two measurable radio peaks corresponding 

to unlabeled 68Ga and [68Ga]Ga-FAPI-46 with retention times of 1.3 min and 8.9 min, 

respectively. The calculated radiochemical yield based on area integration analysis of the 

radio-chromatograms was 98.4% (Figure S1). Free 68Ga was undetectable by radio-HPLC in 

the purified [68Ga]Ga-FAPI-46 product.

CT imaging

CT density of mice administered bleomycin or saline controls was measured at 7 d and 14 

d following substance administration (n=5–7; Figure 1, Table S1). The fibrotic response of 

mice was compared by comparing the relative percentage of CT attenuation values in the 

voxels of the whole lung VOI. The highest CT attenuation ranges (−200 to +100) correlated 

with increased density observed with edema or fibrosis. Bleomycin treated mice at 14 d had 

the highest percentage of voxels (12.4 ± 7.7 %), which was significantly higher compared to 

saline control mice at 14 d (0.2 ± 0.3 %; P = 0.006) and bleomycin treated mice at 7 d (2.0 

± 1.7 %; P = 0.004). Importantly, CT found no significant differences were found between 

bleomycin treated mice and control mice at 7 d (2.0 ± 1.7 % vs 0.7 ± 0.5 %, respectively; 

P = 0.15) nor between control mice at 7 d and 14 d (P = 0.08). Moreover, a significant 

decrease in the low range HU voxel percentages (−500 to −400 HU) corresponding to 

lung aeration was found for bleomycin treated mice at 14 d (26.7 ± 8.8 %) compared to 
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bleomycin treated mice at 7 d (36.9 ± 4.4%; P = 0.018) or control mice at either time point 

(7 d: 37.9 ± 4.5 %, P = 0.027; 14 d: 41.2 ± 6.3 %, P = 0.0011). Additionally, differences 

in saline control mice at 7 d and 14 d was not significant (P=0.71). Thus, CT was only able 

to detect statistically significant differences between mice treated with bleomycin and saline 

control at 14 d post instillation.

PET/CT imaging with [68Ga]Ga-FAPI-46

We then evaluated the potential of [68Ga]Ga-FAPI-46 to detect fibrotic activity in the lungs 

using 1 h dynamic PET/CT at 7 d and 14 d following the induction of the bleomycin-injury 

model (Figure 2, Table S2–S3). In all mice, both imaging timepoints showed rapid uptake 

of [68Ga]Ga-FAPI-46 in the lungs, followed by slow tracer elimination. Similar uptake 

and clearance of [68Ga]Ga-FAPI-46 was observed in the blood and liver (Figure S2–S3). 

Peak uptake of [68Ga]Ga-FAPI-46 in the kidneys of bleomycin mice was slightly delayed 

with slower clearance compared to control mice, which may be due to off target effects of 

renally eliminated bleomycin [30]. Using a two-phase exponential decay fit of the [68Ga]Ga-

FAPI-46 time-activity curve of the blood pool, we estimated comparable slow and fast 

circulation half-lives in bleomycin (slow: 6.1 min, fast: 0.23 min) and control (slow: 5.8 

min, fast: 0.23 min) mice (Table S4), at 7 d after bleomycin instillation. A similar analysis 

of [68Ga]Ga-FAPI-46 in the blood pool at 14 d after bleomycin injury found slow and fast 

half-lives of bleomycin (slow: 3.2 min, fast: 0.15 min) and control (slow: 6.1 min, fast: 

0.58 min) mice (Table S5). Kidneys had the highest and most prolonged uptake among 

the analyzed tissues, evidencing renal elimination as the primary route of excretion for 

[68Ga]Ga-FAPI-46. All other analyzed tissues displayed marginal [68Ga]Ga-FAPI-46 uptake 

below 4 %IA/cc.

Significantly higher [68Ga]Ga-FAPI-46 uptake in the lungs of diseased mice compared to 

healthy mice was found as early as 15 min p.i. of the radiotracer for imaging studies at 7 

d and 14 d following lung injury. Based on these findings, we compared tracer uptake at 

30 min and 60 min p.i. to evaluate the ability of [68Ga]Ga-FAPI-46 to detect changes in 

disease activity in the lungs between 7 d and 14 d (Figure 3). Both 30 min and 60 min p.i. 

[68Ga]Ga-FAPI-46 PET/CT static images identified fibroblast activation in the lungs of mice 

treated with bleomycin compared to controls for both post-injury timepoints. VOI analysis 

of the whole lung at 7 d post bleomycin administration revealed a 1.8-fold higher uptake 

in bleomycin (0.76±0.13 %IA/cc) vs. control (0.43±0.04 %IA/cc mice; p=0.014) at 30 min 

p.i., and 2.6-fold higher uptake in bleomycin mice (0.33±0.09 %IA/cc) vs. control mice 

(0.13±0.06; p=0.007) at 60 min p.i. These differences increased further to 2.2-fold higher 

uptake at 30 min p.i. (1.47±0.15 %IA/cc vs. 0.66±0.15 %IA/cc; p=0.0025) and 4-fold higher 

uptake at 60 min p.i. (1.01±0.12 %IA/cc vs. 0.25±0.15 %IA/cc; p=0.0003) in bleomycin vs. 

controls, at 14 d post-bleomycin instillation. Importantly, uptake in the lungs significantly 

increased at 30 min p.i. from 0.76±0.13 %IA/cc to 1.47±0.15 %IA/cc (p=0.0035) as injury 

progressed from 7 d to 14 d after bleomycin administration, indicating increased fibroblast 

activity and fibrogenesis. Similarly, 60 min p.i. [68Ga]Ga-FAPI-46 uptake in the fibrotic lung 

also increased significantly from 0.33±0.09 %IA/cc at 7 d to 1.01±0.12 %IA/cc (p=0.0012) 

at 14 d. In comparison, VOI quantification of whole lung uptake in control mice at 7 d 

vs. 14 d was not significant at 30 min p.i. (0.43 ± 0.04 %IA/cc vs 0.66 ± 0.15 %IA/cc; 
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p = 0.06) nor at 60 min p.i. (0.13 ± 0.06 %IA/cc vs 0.25 ± 0.15 %IA/cc; p = 0.12). Ex 
vivo biodistribution studies following the imaging studies at 7 d and 14 d, corroborated 

[68Ga]Ga-FAPI-46 quantitative PET imaging data at 60 min p.i. and provided additional 

information on normal tissue distribution of the radiotracer (Figure 4, Figure S4–S5, Table 

S6–S7). Consistently, significantly higher lung uptake in bleomycin mice was observed 

compared to control mice at 7 d (bleomycin: 0.21±0.03 %IA, control: 0.05±0.02 %IA, 

p=0.0013). At 14 d after model induction, overall lung uptake for bleomycin mice compared 

to control was also significantly higher (bleomycin: 0.59±0.39 %IA, control: 0.08±0.06 

%IA, p=0.024).

PET/CT imaging with [18F]FDG and [68Ga]Ga-DOTA

Other biological phenomena such as blood flow, edema, or inflammation may lead to non-

specific lung uptake of [68Ga]Ga-FAPI-46 in bleomycin mice. To determine the contribution 

of these factors and confirm the specifity of [68Ga]Ga-FAPI-46, control PET/CT studies 

were performed using [18F]FDG. Previous studies have found that [18F]FDG, a glucose 

metabolism radiotracer, can visualize the inflammatory and fibrotic processes during PF 

[31]. As such, we compared [18F]FDG PET to FAPI PET by acquiring images at 60 min 

p.i. at 6 d and 13 d following PF disease induction (Figure 5). Notably, VOI analysis found 

1.7-fold higher uptake of [18F]FDG in the lungs of bleomycin mice (4.57±0.95 %IA/cc) 

compared to control mice (2.67±0.67 %IA/cc) at 6 d following bleomycin administration. 

However, the lung uptake in bleomycin mice (3.88±0.95 %IA/cc) slightly decreased at 13 

d following disease induction to 1.4-fold higher than control mice (2.75±0.25 %IA/cc). 

Moreover, high background of [18F]FDG in the heart and central nervous system may 

introduce signal spillover effects that complicate VOI analysis of lungs in preclinical studies.

Additional control imaging studies in bleomycin and control mice were performed using 

[68Ga]Ga-DOTA, the chelator portion of FAPI-46 with no targeting properties (Figure S5). 

PET/CT using [68Ga]Ga-DOTA was performed at 60 min p.i. at 7 d and 14 d following 

bleomycin or saline administration, and VOI analysis found negligible lung uptake in all 

groups and timepoints. No significant differences between mice given bleomycin or control 

was found.

Histology and immunohistochemistry

To correlate [68Ga]Ga-FAPI-46 lung uptake with in situ FAP expression and fibrosis, 

the whole lungs of imaged mice were perfused and harvested for histopathological 

characterization of fibrosis and FAP expression (Figure 6a, Figure S6–S7). Masson’s 

trichrome staining showed marked collagen deposition in the lungs of diseased mice, which 

progressively worsened from 7 d to 14 d after lung injury. Minimal fibrosis was observed 

in mice intratracheally treated with saline. Ashcroft histopathological scoring of lung tissue 

found a significant fibrotic response in mice treated with bleomycin compared to saline 

controls at both 7 d (control = 0.04 ± 0.08, bleomycin = 0.45 ± 0.09; p = 0.004) and 14 d 

(control = 0.03 ± 0.03, bleomycin = 1.14 ± 0.53; p = 0.022) post instillation (Figure 6b). 

While not significantly different (p=0.088), Ashcroft score of mice treated with bleomycin 

increased from 7 d to 14 d post instillation, demonstrating increased fibrosis disease activity. 

Importantly, Ashcroft histopathological scoring correlated with FAPI PET data.
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Similarly, immunohistochemical analysis of FAP expression revealed notable FAP staining 

in the lungs of mice administered bleomycin. Both the intensity and density of FAP staining 

were markedly higher at 14 d following bleomycin-instillation than at 7 d or in control mice; 

the latter displayed negligible FAP expression. It is important to note that FAP IHC staining 

had significant background staining that could be optimized in future studies. However, 

fibrotic lesions stained positive for FAP expression above background and correlated with 

Trichrome staining. Overall, increased [68Ga]Ga-FAPI-46 uptake correlated qualitatively 

with higher FAP expression and the degree of lung fibrosis.

Discussion

IPF is a chronic and progressive lung disease without a known cause. Patients often present 

with exertional dyspnea that may occur in conjunction with a dry cough and have a poor 

quality of life [32]. A timely IPF diagnosis is among the most difficult challenges patients 

and clinicians face because of the non-specific symptoms of early disease, which overlap 

with those of other common pulmonary diseases or aging [6]. Currently, clinical diagnosis of 

IPF relies on CT imaging and invasive lung tissue biopsy in selected patients. Lung biopsies 

carry considerable risk in elderly patients, the most common IPF patient demographic 

[33]. CT features can be non-diagnostic, do not provide information of disease activity, 

or provide biological information on the underlying pathology. Consequently, patients can 

be symptomatic for more than 5 years before an IPF diagnosis is made, making early 

therapeutic interventions unattainable [34]. There is an urgent need for novel noninvasive 

diagnostic methods and prognostic methods that rely on biomarkers relevant to IPF in the 

clinic.

IPF is a disorder of aberrant epithelial injury and dysregulated tissue repair [35]. Activated 

fibroblasts have been identified as the key effector cells that mediate the extracellular matrix 

remodeling in pulmonary fibrosis [36]. Positive feedback from fibroblasts and an aberrant 

extracellular matrix lead to progressive fibrotic scarring, functional decline, and ultimately 

lung failure [37]. FAP, which is not expressed in healthy adult lungs, is selectively expressed 

in activated fibroblasts during the pathogenic tissue remodeling that occurs during chronic 

inflammation, wound healing, or fibrosis [9, 38–40]. Previous studies have shown that FAP 

expression increases in murine models of pulmonary fibrosis and correlates with severity 

of lung injury [41]. However, conflicting accounts on the role of FAP in lung fibrogenesis 

exist. While Fan and colleagues reported that FAP protects lungs by degrading matrix and 

reducing collagen content, other studies found that a FAP inhibitor had anti-fibrotic effects 

and slowed disease progression [42, 43]. Although FAP was found in the fibrotic foci of 

adult human IPF patients, the significance of FAP expression during the different stages 

of the disease remains unclear [9]. Recently, Röhrich et al. evaluated FAPI-PET in human 

subjects with fibrotic interstitial lung disease (fILD) and lung cancer [44]. FAPI-PET uptake 

was markedly increased in fibrotic lesions, which was also detected histologically. Another 

recent study by Bergmann et al. found that FAPI-PET uptake increased in the fibrotic 

lung regions of patients with systemic sclerosis-associated interstitial lung disease [45]. 

Moreover, fibrotic activity and disease activity were correlated to fibroblast activation. These 

promising results of FAPI-PET in interstitial lung diseases subtypes highlight the need for 
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further investigation into the role FAP in IPF pathogenesis and progression, as well as its 

role as a potential biomarker for early disease activity.

We investigated whether [68Ga]Ga-FAPI-46 PET/CT can detect in vivo FAP expression and 

monitor the disease severity noninvasively in a mouse model of pulmonary fibrosis. Our 

results showed that [68Ga]Ga-FAPI-46 PET was able to detect lung injury in a bleomycin 

pulmonary fibrosis model and detect increased fibrogenesis in a model of pulmonary 

fibrosis. Dynamic PET revealed statistically higher lung uptake of [68Ga]Ga-FAPI-46 in 

bleomycin treated mice compared with saline controls even at 7 d following injury when 

relatively low levels of fibrosis (collagen deposition) are observed. Importantly, we detected 

an increase in lung uptake of [68Ga]Ga-FAPI-46 in diseased animals from 7 d to 14 d 

that was consistent with the heightened FAP expression and extracellular matrix deposition 

observed by histology in the pulmonary fibrosis model at 14 d [46]. Moreover, Ashcroft 

scoring of lung tissue similarly reflected [68Ga]Ga-FAPI-46 lung uptake observed in VOI 

quantification and ex vivo biodistribution analysis. It should be noted that the imaging 

study at 7 d post-bleomycin occurred during the acute inflammatory phase of the bleomycin 

animal model that may confound [68Ga]Ga-FAPI-46 PET imaging results by increasing 

non-specific radiotracer uptake [47–49]. However, the imaging study at 14 d post-bleomycin 

was performed during the peak pro-fibrotic phase, in which inflammation has largely 

subsided [49, 50]. Importantly, when [18F]FDG was employed for monitoring PF disease 

activity, the lung uptake was highest during the inflammatory phase of the model (6 d 

post induction) and slightly decreased, although not significantly, during the profibrotic 

phase of the model (13 d post induction), indicating reduced lung inflammation at the 

latter timepoint. Moreover, PET quantification of [18F]FDG uptake was complicated by high 

metabolic uptake in the heart and central nervous system. Other control PET studies using 

non-targeted [68Ga]Ga-DOTA found negligible lung uptake in mice treated with saline or 

bleomycin. Taken together, these studies indicate that [68Ga]Ga-FAPI-46 specifically targets 

FAP and that non-specifc uptake or inflammation had little contribution to the increased 

[68Ga]Ga-FAPI-46 lung uptake observed in diseased lungs at 14 d following bleomycin 

instillation. In future studies, we will determine the sensitivity of [68Ga]Ga-FAPI-46 PET 

to detect disease activity longitudinally in slower-progressing, more specific, models of 

pulmonary fibrosis that better resemble the course of the human disease [51].

Notably, CT only detected differences between bleomycin treated mice and control mice at 

14 post blemycin instillation. Moreover, CT assessment at early timepoints is compliated 

by the presence of CT-opaque pulmonary edema during the inflammatory phase of the 

bleomycin model. The radiological confounding factors together with the fact that CT can 

only detect architectural changes on lung tissue, are the reason why CT provides limited 

information about disease activity and fails to predict the evolution or treatment response 

in IPF patients [52]. Therefore, noninvasive imaging modalities such as [68Ga]Ga-FAPI-46 

PET providing not only spatial but also functional information about disease activity pose 

tremendous benefits for early diagnosis of IPF.

Other PET and MR molecular agents have been tested for noninvasively detecting 

pulmonary fibrosis based on different aspects of IPF pathobiology, including enhance 

glucose metabolism, or the expression of cathepsin proteases, collagen type I, integrin αvβ6, 
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chemokine receptor 2, and others [52–59]. Of these, 18F-fluorodeoxyglucose ([18F]-FDG) 

PET/CT has been utilized the most in clinical studies and has been able to detect severe IPF. 

However, [18F]-FDG PET/CT visualizes elevated glucose metabolism that occurs in cells 

during inflammatory processes and is non-specific to any IPF-specific molecular targets 

[60]. Previous studies using [18F]-FDG uptake peaked at 14 d post-bleomycin administration 

and was significantly higher compared to saline controls at the late fibrotic phase of the 

model (24 d post-bleomycin administration), which was attributed to increased glucose 

of proliferating fibroblasts or myfibroblasts producing collagen but lacks specificity [41]. 

Compared to these radiotracers, [68Ga]Ga-FAPI-46 PET has several advantages as a specific 

biomarker for the detection of IPF. Since fibroblasts drive fibrogenesis [61], detecting 

activated fibroblasts using FAPI PET may enable real-time assessment of disease activity 

in addition to prognostic information, which current imaging modalities do not provide. 

Furthermore, FAPI PET could be employed to assess individual therapeutic responses to 

pharmaceutical agents targeting fibroblast activation. Finally, since activated fibroblasts 

are the initiators of tissue fibrosis, FAPI PET could more sensitively detect pro-fibrotic 

disease earlier than other agents during the molecular events leading to IPF. Thus, patients 

with IPF could be inequivocally diagnosed earlier resulting in more timely interventions 

and potentially better treatment outcomes. Finally, the breadth of applications for FAPI 

PET agents is highlighted by their use in various preclinical and clinical investigations 

for detecting pathologyaclly activated fibroblast, which have established the safety and 

sensitivity of these tracers in non-oncological diseases, as well as different cancer types.

Conclusion

The ability of FAPI PET to successfully detect both presence and disease activity in a 

murine model of pulmonary fibrosis makes it a promising tool for clinical evaluation of lung 

fibrosis in humans. By annotating the fibroblast activation protein expression, noninvasive 

PET with [68Ga]Ga-FAPI-46 has the potential to detect the early onset of fibrotic injury 

at earlier stages of the disease where current diagnostic tools such as high resolution-lung 

CT or spirometry provide inadequate diagnostic sensitivity. Our results warrant further 

exploration of [68Ga]Ga-FAPI-46 PET for the detection of pulmonary fibrosis and other 

fibrotic diseases in humans.
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Figure 1. 
Longitudinal CT imaging in a murine model of bleomycin-induced lung fibrosis. (a) 

Representative CT images of bleomycin and saline control mice at 7 d and 14 d 

following substance administration. Yellow arrows indicate lung volume (n = 5–7). CT 

attenuation voxel distributions of bleomycin and control mice at (b) 7 d and (c) 14 d 

post bleomycin. Groups were compared by Two-way ANOVA with Sidak’s correction for 

multiple comparisons (* P < 0.05). Percentage of CT attenuation voxels were compared in 

the range of (d) −200 to + 100 HU to access extent of fibrosis and (e) −500 to −400 HU 

to assess lung aeration. CT only found differences between bleomycin and control mice at 

14 d post instillation. P values were calculated using Student’s two-tailed t-test (*P<0.05, 

**P<0.01).
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Figure 2. 
Dynamic PET/CT using [68Ga]Ga-FAPI-46 in a murine model of bleomycin-induced lung 

fibrosis. (a) Mice were intratracheally given bleomycin or saline as a control, and dynamic 

PET/CT was performed at 7 d and 14 d following bleomycin. Whole-lung time activity 

curves at (b) 7 d and (c) 14 d showed significantly higher uptake in injured lung vs. control, 

15 min post-injection of [68Ga]Ga-FAPI-46 (n = 3–5). Green arrows indicate lung volume. 

Lungs highlighted by yellow arrows. P values were calculated using Student’s two-tailed 

t-test (*P<0.05, **P<0.01, ***P<0.001).
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Figure 3. 
Detection of activated fibroblasts with [68Ga]Ga-FAPI-46 PET/CT in a murine model of 

bleomycin-induced lung fibrosis. PET/CT and VOI quantification of [68Ga]Ga-FAPI-46 

uptake in bleomycin and control mice found significantly higher [68Ga]Ga-FAPI-46 uptake 

in the lungs of injured mice at (a, c) 30 min and (b, d) 60 min post-injection (n = 3–5). 

Lungs highlighted by yellow arrows. P values were calculated using Student’s two-tailed 

t-test (*P<0.05, **P<0.01, ***P<0.001).
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Figure 4. 
Ex vivo biodistribution studies. Overall lung uptake was significantly higher in mice 

administered bleomycin compared to controls at both 7 d and 14 d following the procedure 

(n = 3–5). P values were calculated using Student’s two-tailed t-test (*P<0.05, **P<0.01).
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Figure 5. 
[18F]FDG PET/CT of pulmonary fibrosis. (a) PET/CT and (b) VOI quantification of 

[18F]FDG in bleomycin and control mice found significantly higher lung uptake in injured 

mice at 60 min post-injection (n = 3–4) at 7 d and 14 d following pulmonary fibrosis 

induction. However, background was higher and lung uptake slightly decreased from 7 d 

to 14 d following bleomycin administration. Lungs highlighted by yellow arrows. P values 

were calculated using Student’s t-test (*P<0.05, **P<0.01)
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Figure 6. 
Longitudinal histology of healthy lung and fibrotic lung. (a) Tissue staining revealed higher 

fibroblast activation protein expression and increased fibrosis in bleomycin injured mouse 

lung tissue than controls. Marked increase in both intensity and density of FAP expression 

and collagen deposition was observed between 7 d to 14 d post-bleomycin administration. 

Scale bar: 200 μm. (b) Ashcroft score of fibrosis for Masson’s Trichrome staining of 

bleomycin administered and control mice. P values were calculated using Student’s two-

tailed t-test (*P<0.05, **P<0.01).
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