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Abstract
Background  Fibroblast activation protein-α (FAPα) is a marker of activated fibroblasts that can be selectively 
targeted by an inhibitor (FAPI) and visualised by PET/CT imaging. We evaluated whether the measurement of FAPα in 
bronchoalveolar lavage fluids (BALF) and the uptake of FAPI by PET/CT could be used as biomarkers of fibrogenesis.

Methods  The dynamics of lung uptake of 18F-labeled FAPI ([18F]FAPI-74) was assessed in the bleomycin mouse model 
at various time points and using different concentrations of bleomycin by PET/CT. FAPα was measured in BALFs from 
these bleomycin-treated and control mice. FAPα levels were also assessed in BALFs from controls and patients with 
idiopathic pulmonary fibrosis (IPF).

Results  Bleomycin-treated mice presented a significantly higher uptake of [18F]FAPI-74 during lung fibrinogenesis 
(days 10 and 16 after instillation) compared to control mice. No significant difference was observed at initial 
inflammatory phase (3 days) and when fibrosis was already established (28 days). [18F]FAPI-74 tracer was unable 
to show a dose-response to bleomycin treatment. On the other hand, BALF FAPα levels were steeply higher in 
bleomycin-treated mice at day 10 and a significant dose-response effect was observed. Moreover, FAPα levels were 
strongly correlated with lung fibrosis as measured by the modified Aschroft histological analysis, hydroxyproline and 
the percentage of weight loss. Importantly, higher levels of FAPα were observed in IPF patients where the disease was 
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Background
Interstitial lung diseases (ILDs) comprise a wide and het-
erogenous group of pulmonary pathologies with a vari-
able amount of inflammation and/or fibrosis. They can 
develop as a result of occupational and/or environmental 
exposure or as manifestation from other diseases (e.g., 
connective tissue diseases). In a substantial proportion of 
patients, no etiology is identified and the ILD is catego-
rised as idiopathic [1, 2]. Idiopathic pulmonary fibrosis 
(IPF) is the most common form of idiopathic intersti-
tial pneumonias, with an estimated incidence of 2.1–6.3 
cases/105 person-years [1, 3, 4]. Without treatment, the 
median survival of IPF patients is 2.5–3.5 years [5]. The 
diagnosis of IPF is based on a multidisciplinary approach 
involving clinical, radiological and pathological examina-
tions [4, 6]. After the exclusion of a secondary cause, a 
high-resolution computed tomography (HRCT) allows to 
evaluate the lung parenchyma and to eventually identify 
patterns of usual interstitial pneumonia (UIP) [6]. In the 
absence of an UIP pattern on HRCT, a lung biopsy is rec-
ommended for pathological examination and identifica-
tion of an UIP pattern [6]. The evolution of the disease is 
unpredictable. While the majority of patients suffer from 
a slow degradation of their respiratory function, in some 
of them, a rapid degradation is observed. Acute exacerba-
tions can also occur and are associated with a poor out-
come [5]. A close follow-up of IPF patients is therefore 
recommended with a monitoring of clinical symptoms, 
functional parameters such as the forced vital capac-
ity (FVC), the diffusion capacity of the lungs for carbon 
monoxide (DLCO), six-minute walking tests and thoracic 
imaging [7]. These elements allow the clinicians to cal-
culate a prognostic score: the GAP score [8, 9]. Various 
biomarkers were studied to better establish the progno-
sis of IPF patients. Among them, increased serum con-
centration of metalloproteinase-7, cancer antigen 19 − 9 
and surfactant protein A and D seemed to be associated 
with a worse prognosis of the disease [10–14]. However, 
these biomarkers, the GAP score and the HRCT abnor-
malities mostly reflect the severity of the disease but do 
not allow the evaluation of the response to antifibrotic 

treatments nor the intrinsic activity of the fibrotic disease 
at a selected time point.

A new biomarker candidate of IPF is the fibroblast acti-
vation protein-α (FAPα). FAPα is a transmembrane serine 
protease, expressed at the surface of activated fibroblasts 
and myofibroblasts [15, 16]. FAPα detection by immuno-
histochemistry was previously studied in lung tissues and 
showed that FAPα was not expressed in normal lung tis-
sue nor emphysema but well in fibroblast foci and fibrotic 
interstitium of IPF patients [17]. Recently, a radiotracer 
based on a specific enzymatic inhibitor of FAPα (FAPI) 
was developed and showed a high specificity for cancer-
associated fibroblasts both in murine and human tumors 
[18, 19]. FAPI labelled with Gallium-68 (68Ga) was then 
used to evaluate patients with IPF and lung tumors. Dif-
ferent uptake dynamics were observed in IPF lesions 
and lung tumors and a positive correlation was observed 
between lung density and FAPI uptake [20]. These stud-
ies indicate that FAPα is a specific marker of lung fibro-
sis and therefore, the use of FAPα as a biomarker seems 
to be a promising tool to evaluate fibrogenesis and 
responses to antifibrotic treatments. To test this hypothe-
sis, we studied FAPα expression in a mouse model of lung 
fibrosis. More precisely, we evaluated the concentration 
of FAPα in bronchoalveolar lavage fluids (BALF) and the 
uptake of FAPI coupled with Fluor-18 ([18F]FAPI-74) in 
bleomycin-treated mice by PET/CT scan. We then evalu-
ated the presence of FAPα in BALFs from IPF patients 
and correlated the results with the severity of the disease.

Materials and methods
Mice and lung fibrosis model
Eight to ten weeks old C57BL/6 female mice (Charles 
River, Wilmongton, USA) were used for this study. They 
were kept in a specific-pathogen-free-like environment 
with access to food and water at will. Lung fibrosis was 
induced with a single dose of an intratracheal instillation 
of bleomycin (doses ranging from 0.005U to 0.04U/60μL/
mouse) or 60μL of NaCl 0.9% for the controls [21]. Mice 
were anaesthetised with a mix of Xylazine (0.07 mg/mL, 
Rompun, Bayer, Germany) and Ketamine (0.36  mg/mL, 
Nimatek, Dechra, UK). At various time points, mice were 

progressing as compared to stable patients and controls. Moreover, patients with FAPα BALF levels higher than 192.5 
pg/mL presented a higher risk of progression, transplantation or death compared to patients with lower levels.

Conclusions  Our preclinical data highlight a specific increase of [18F]FAPI-74 lung uptake during the fibrotic phase 
of the bleomycin murine model. The measurement of FAPα in BALF appears to be a promising marker of the fibrotic 
activity in preclinical models of lung fibrosis and in IPF patients. Further studies are required to confirm the role of 
FAPα in BALF as biomarker of IPF activity and assess the relationship between FAPα levels in BALF and [18F]FAPI-74 
uptake on PET/CT in patients with fibrotic lung disease.
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sacrificed by exsanguination for lung and BALFs collec-
tion. Some mice received orally once a day 60 mg/kg of 
nintedanib resuspended in 1% Tween 80 or 1% Tween 80 
alone, starting one day after the bleomycin instillation for 
9 days. All experimental procedures were reviewed and 
approved by the local Ethics committee for animal wel-
fare of the Université libre de Bruxelles (ULB) (reference: 
201,801).

PET/CT imaging
FAPI was a gift from the society SOFIE/iTheranostics 
(Dulles, USA). It was coupled with the radioisotope 18F, 
produced by the cyclotron of the department of nuclear 
medicine of Brussels University Hospital, Brussels, Bel-
gium. From 2.05 to 5.68 MBq of [18F]FAPI-74 diluted in 
100 to 200μL of NaCl 0.9% were intravenously injected 
in mice. PET/CT imaging was then performed under 
isoflurane anaesthesia, from 0 to 110 min after the injec-
tion of the radiotracer using a preclinical PET/CT tomo-
graph (NanoScanPET-CT, Mediso, Hungary). The areas 
of interest (both lungs) were automatically identified on 
CT then manually corrected for each mouse (Additional 
Fig.  1A). The muscle uptake was assessed in the right 
quadriceps. The mean activity in each area of interest was 
expressed in Bq/mL and was then divided by the ratio 
A0 (injected activity decay-corrected at the start of PET 
acquisition (Bq) to animal weight (g)) to obtain the mean 
standardised uptake value (SUVmean). A ratio between 
the lung uptake and the muscle uptake (ratio lung to 
muscle or RLM) was also calculated in order to normalise 
the activity measured in the lung.

Qualitative and quantitative assessment of fibrosis and 
fibrogenesis in mice
Lungs from control and bleomycin-treated mice were 
obtained after dissection. Left lungs were fixed with 4% 
paraformaldehyde and then embedded in paraffin. Tis-
sues sections (4  μm) were stained with Masson’s tri-
chrome. Ashcroft modified score was used to evaluate 
fibrotic changes [22]. Eight fields at 20x magnification 
were analysed. Right lungs were directly stored at -80 °C. 
Some of these lungs were used to measure hydroxypro-
line (OH-proline) as previously described [23]. Others 
were used to perform quantitative reverse transcription 
polymerase chain reactions (RT-PCR). Briefly, lungs 
were homogenised at 4  °C and then RNA was extracted 
and purified with Rneasy Mini Kit (Qiagen, Hilden, 
Germany). Samples were then reverse transcripted into 
cDNA and products were analysed by quantitative RT-
PCR. The amplification reaction was performed using 
SYBR green (Bio-Rad, Hercules, USA) and compared 
with a standard curve. All expression values were cor-
rected with glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) as housekeeping gene. Primers are listed in 
Additional Table 1.

BALFs were obtained at various time points by flushing 
lungs with 1mL of NaCl 0.9%. Supernatant was collected 
after a 10-minute centrifugation at 300 g and then stored 
at -80  °C for further analysis. Measurements of FAPα, 
monocyte chemoattractant protein-1 (MCP-1) and inter-
leukin 6 (IL-6) on BALF were performed using ELISA kit 
(R&D systems, Minneapolis, USA). Samples were ana-
lysed in duplicates and according to the manufacturer 
instructions.

Collection of patients bronchoalveolar lavages and clinical 
data
BALFs were collected from patients in the process of the 
diagnosis of their ILD. The IPF diagnosis was thereafter 
confirmed by a multidisciplinary discussion and based on 
the 2018 ATS/ERS/JRS/ALAT Clinical Practice Guideline 
[6]. Control BALF samples were obtained from patients 
with a pulmonary nodule, from non-infected lung trans-
plant patients with normal HRCT, patient with asthma 
or chronic cough. Clinical data were gathered from the 
patient’s medical record including age, gender, body mass 
index (BMI), tobacco, hypertension, diabetes, and disease 
progression. The presence of an acute exacerbation was 
considered as a respiratory deterioration for less than a 
month associated with new bilateral groundglass opaci-
ties or a consolidation on HRCT, not fully explained by 
cardiac failure or fluid overload [24]. The progression of 
the disease was based on the 2022 ATS/ERS/JRS/ALAT 
Clinical Practice Guideline [25]. Patients with a progres-
sive disease presented at least two of the following crite-
ria: worsening of the symptoms, worsening of the fibrotic 
features on HRCT, more than 5% worsening of the FVC 
(absolute values) or more than 10% worsening of DLCO 
in 12 months (absolute values). Plasma and BALF FAPα 
levels were measured by ELISA (R&D systems, Minne-
apolis, USA). All samples were analysed in duplicates and 
according to the manufacturer’s instructions.

Lung tissue sample collection and immunohistochemistry
Immunohistochemical staining was performed on for-
malin-fixed paraffin-embedded lung samples from IPF 
patients. Tissue sections (4 μm) were subjected to stan-
dard immunohistochemistry on a PT Link and an Auto-
stainer Link 48 (Agilent Technologies Belgium S.A./N.V., 
Diegem, Belgium). Briefly, tissue sections were deparaf-
finized, rehydrated and were subject to antigen retrieval 
using EnVision FLEX Target Retrieval High pH Solution 
(EDTA, pH9; Agilent), for 20 min at 97  °C. Then, slides 
were incubated with peroxydase blocking solution for 
5  min and with the rabbit monoclonal anti-FAPα anti-
body for 30  min (dilution 1:200, Abcam, Cambridge, 
UK). The slides were washed and incubated with the 
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EnVision + System-HRAP labelled Polymer anti-rabbit 
Ig antibody for 30  min (Agilent). Immunostaining was 
revealed by incubation with diaminobenzidine and 
hydrogen peroxydase (Agilent). The slides were coun-
terstained with hematoxylin for 5  min, dehydrated and 
mounted. They were digitized at 20x using a Nano-
Zoomer 2.0 HT (Hamamatsu, Hamamatsu-City, Japan) 
before assessment.

Statistical analysis
All data were tested for normality using the Shapiro-Wilk 
test and according to the distribution, parametric or non-
parametric tests were applied. Differences between the 
groups were assessed by one-way ANOVA or Kruskal-
Wallis test. Holm’s Sidak or Dunn’s tests were used as 
post-hoc tests. When only two groups were compared, 
student t or Mann-Whitney tests were performed. Two-
way ANOVA was used for the comparison of 2 indepen-
dent variables followed by Bonferroni’s correction for 
multiple comparisons. Data are reported as mean ± stan-
dard deviation (SD) or median with interquartile range. 
For correlation analysis, parametric Pearson or non-
parametric Spearman correlation were performed and 
data are reported as Pearson or Spearman r and p-value. 
Kaplan-Meier survival curves were generated and a 
log-rank test was applied to compare the two groups of 
patients. The analysis was done on Graph Pad Prism 8 
(San Diego, USA) and all significance levels were fixed at 
0.05.

Results
The pulmonary uptake of [18F]FAPI-74 is a marker of 
fibrogenesis in bleomycin-treated mice
To determine the optimal window for the [18F]FAPI-74 
PET acquisition, we analysed the dynamics of the tracer 
uptake in control mice and mice treated with bleomycin 
(0.01 or 0.02U/mouse) at day 10 post-instillation. Con-
tinuous (dynamic) acquisitions from time zero (injec-
tion of the radiotracer) up to 90 min (with sub-analyses 
of 10 min) were performed. An early and intense uptake 
of the tracer in the lungs and the heart was observed in 
all mice during the first 10  min, probably linked to the 
vascular distribution of [18F]FAPI-74. Afterwards, reten-
tion of the radiotracer was observed in the lungs of bleo-
mycin-treated mice. The optimal window for analysis of 
[18F]FAPI-74 uptake was between 40 and 90  min post-
injection as tracer uptake remained stable in the lungs 
(Additional Fig.  1B). We observed a higher and signifi-
cant uptake of [18F]FAPI-74 in bleomycin-treated mice 
(0.02U/mouse) compared to control mice at 10 and 16 
days post-instillation (Fig. 1A-B; Table 1).

This difference was observed during all time frames 
at day 10. At day 16, the significant time windows were 
40–50, 50–60, 60–70 and 70–80  min post injection of 

the [18F]FAPI-74. As bleomycin-treated mice tend to lose 
weight, [18F]FAPI-74 lung uptake was normalised by the 
uptake in the quadriceps (RLM, Fig. 1C-D) to correct for 
weight-loss. The RLM confirmed a significant and higher 
uptake of [18F]FAPI-74 at day 10 during the time periods 
of 60–70 and 80–90 min after injection and for all time 
windows analysed at day 16 (Fig. 1C and D).

Bleomycin-treated mice developed a significant fibro-
sis, as confirmed by the evaluation of the mean lung 
density on CT scan (controls: -217.2 ± 47.9 HU; bleomy-
cin-treated mice at day 10: -97.6 HU ± 90.5; bleomycin-
treated mice at day 16: -103.0 HU ± 68.0, mean ± SD, 
p < 0.01, Fig.  1F), the Ashcroft modified scale (controls: 
3.32 ± 1.15; bleomycin-treated mice at day 10: 5.32 ± 0.76; 
bleomycin-treated mice at day 16: 5.80 ± 0.73, mean ± SD, 
p < 0.001, Fig. 1G) and the measurement of lung OH-pro-
line content (controls: 123.5 μg ± 14.3; bleomycin-treated 
mice at day 10: 180.9  μg ± 22.9; bleomycin-treated mice 
at day 16: 220.9 μg ± 34.8, mean ± SD, p < 0.0001, Fig. 1H). 
Moreover, a significant and positive correlation was 
observed between the SUVmean measured between 50 
and 60  min after the radiotracer injection and the lung 
density (r = 0.83, p < 0.0001, Fig.  1I), the Ashcroft modi-
fied scale (r = 0.52, p < 0.05, Fig.  1J) and lung content of 
OH-proline (r = 0.83, p < 0.0001, Fig. 1K).

To determine the time-course of lung [18F]FAPI-74 
uptake, PET/CT imaging were performed at days 3, 10, 
16 and 28 post-instillation in controls and bleomycin-
treated mice (0.02U/mouse). The acquisitions were done 
between 50 and 90  min with 10  min subanalysis post-
injection of the radiotracer. A significantly higher uptake 
of the radiotracer, evaluated by the SUVmean and the 
RLM, was observed at days 10 and 16 with no statistical 
difference at days 3 and 28 (Fig. 2A-B; Table 2).

The development of a significant fibrosis was confirmed 
by the Ashcroft modified scale (day 3: controls 1.47 ± 0.25 
versus bleomycin 2.80 ± 0.76, p < 0.001; day 10: controls 
0.85 ± 0.26 versus bleomycin 4.35 ± 0.44, p < 0.0001; day 
16: controls 1.11 ± 0.36 versus bleomycin 4.10 ± 0.39, 
p < 0.0001; day 28: controls 0.60 ± 0.19 versus bleomycin 
3.3 ± 0.73, p < 0.0001, mean ± SD, Fig.  2C). The develop-
ment of an early inflammatory response in the bleomycin 
model was confirmed by a significant increase of MCP-1 
and IL-6 mRNA levels at day 3 in bleomycin-treated mice 
compared to controls (p < 0.01 and p < 0.0001, respec-
tively). No significant difference was observed at days 10, 
16 and 28 for these pro-inflammatory genes (Fig. 2D-E).

We have then performed a dose response experiment 
(0.005U, 0.01U and 0.02U/mouse) at day 10 post-instilla-
tion of bleomycin and analysed lung [18F]FAPI-74 uptake. 
The SUVmean did not significantly differ between the 4 
groups (controls: 0.22  g/mL ± 0.02; bleomycin 0.005U: 
0.21  g/mL ± 0.04; bleomycin 0.01U: 0.22  g/mL ± 0.05; 
bleomycin 0.02U: 0.24  g/mL ± 0.04, mean ± SD, p = NS, 
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Fig. 1  Bleomycin-treated mice present a higher uptake of [18F]FAPI-74 compared to control mice: Assessment of lung [18F]FAPI-74 uptake in control 
(white column bars) and bleomycin-treated (black column bars) mice at days 10 and 16 after instillation. Acquisitions were performed between 40 and 
90 min after the radiotracer injection with subanalyses every 10 min. The lung uptake was respectively evaluated by the calculation of the mean standard-
ized uptake value (SUVmean) (A-B) and the ratio between the uptake in lungs and the uptake in muscle (RLM) (C-D). Data are presented as mean with 
standard deviation and statistics analysis was performed using Two-Way ANOVA followed by Bonferroni correction test for multiple comparisons. E. Rep-
resentative uptake of [18F]FAPI-74 at day 10 after instillation in a control (left) and a bleomycin-treated mice (right). F-H. Evaluation of the development of 
pulmonary fibrosis in bleomycin-treated mice (black column bars) compared to control mice (white column bars) at day 10 and 16 after instillation by the 
measurement of lung density (F), the Ashcroft modified scale (G) and the hydroxyproline (OH-proline) content of the right lung (H). Data are presented 
as mean with standard deviation and statistics analysis was performed using One-Way ANOVA followed by Holm-Sidak’s post-hoc test for multiple com-
parisons. I-K. Fibrosis parameters were correlated with the SUVmean obtained between 50 and 60 min after the radiotracer injection. The r corresponds 
to the Pearson coefficient for parametric correlation. Controls: n = 4–5; bleomycin-treated: n = 7–10. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001
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Additional Fig.  2). Regarding the RLM, a significant 
increase of [18F]FAPI-74 lung uptake was observed for 
the highest bleomycin dose (0.02U) compared to con-
trol mice (controls: 1.4 ± 0.16 versus bleomycin 0.02U: 
2.02 ± 0.41, mean ± SD, p < 0.05) but no significant dif-
ference was observed with the lower doses (bleomycin 
0.005U: 1.73 ± 0.28 and bleomycin 0.01U: 1.49 ± 0.23, 
mean ± SD, Additional Fig.  2B). The measurement of 
OH-proline showed a trend toward higher values in 
mice treated with higher bleomycin doses. However, 
it was only significant between the dose of 0.005 and 

0.02 (controls: 117.20  μg ± 4.88; bleomycin 0.005U: 
112.2  μg ± 13.27; bleomycin 0.01U: 135.1  μg ± 26.73; 
bleomycin 0.02U: 152.3  μg ± 24.98, mean ± SD, p < 0.05, 
Supplemental Fig.  2C). A moderate correlation was 
seen between the lung content of OH-proline and the 
SUVmean and the RLM (r = 0.49, p < 0.05 and r = 0.53, 
p < 0.05, respectively). On the contrary, we observed 
a dose response effect for the Ashcroft modified scale 
(controls: 1.08 ± 0.26; bleomycin 0.005U: 3.8 ± 0.18; bleo-
mycin 0.01U: 4.35 ± 0.46; bleomycin 0.02U: 5.26 ± 0.49, 
mean ± SD, p < 0.0001, Supplemental Fig.  2D). No 

Table 1  Evolution of the lung uptake of [18F]FAPI-74 at days 10 and 16 after instillation
Day 10 Day 16
Controls (n = 4) Bleomycin

(n = 7)
p-value Controls

(n = 5)
Bleomycin
(n = 7)

p-
value

SUVmean 40–50 (g/mL) 0.17 ± 0.03 0.26 ± 0.04 0.0029 0.19 ± 0.03 0.27 ± 0.04 0.0037
SUVmean 50–60 (g/mL) 0.15 ± 0.02 0.23 ± 0.04 0.0019 0.17 ± 0.03 0.25 ± 0.05 0.0065
SUVmean 60–70 (g/mL) 0.14 ± 0.02 0.21 ± 0.03 0.0037 0.16 ± 0.03 0.23 ± 0.04 0.0182
SUVmean 70–80 (g/mL) 0.13 ± 0.02 0.20 ± 0.03 0.0064 0.14 ± 0.03 0.21 ± 0.04 0.0379
SUVmean 80–90 (g/mL) 0.12 ± 0.02 0.18 ± 0.03 0.0142 0.13 ± 0.02 0.19 ± 0.04 0.0650
The standardised uptake value (SUVmean) was measured between 40 and 90 min after injection with subanalyses of 10 min. Data are presented as mean ± Standard 
deviation. Statistical analysis was performed using a Two-Way ANOVA followed by Bonferroni correction test for multiple comparisons. Bold p-value indicate a 
significant difference

Fig. 2  The pulmonary uptake of [18F]FAPI-74 is a marker of fibrogenesis in bleomycin-treated mice: A-B. Time-course of the [18F]FAPI-74 lung uptake 
measured between 60 and 70 min after the radiotracer injection at day 3 (D3), day 10 (D10), day 16 (D16) and day 28 (D28) after instillation in bleomycin-
treated (black column bars) and control mice (white column bars). C. Evaluation of lung fibrosis at D3, D10, D16 and D28 using the Ashcroft modified 
scale. Data are presented as mean with standard deviation and statistical analysis was performed using Two-Way ANOVA followed by Bonferroni’s correc-
tion test for multiple comparisons. D-E. Evaluation of the inflammatory response based on the RNA expression of MCP-1 and IL-6, normalized by GAPDH. 
Data are presented as median with interquartile range and statistical analysis was performed using Two-Way ANOVA followed by Bonferroni correction 
test for multiple comparisons. Controls n = 4–10; bleomycin-treated: n = 6–15. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001
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correlation was highlighted between the SUVmean and 
the Ashcroft modified scale (r = 0.18, p = NS) but a mod-
erate correlation was observed between the RLM and the 
Ashcroft modified scale (r = 0.55, p < 0.05).

The measurement of FAPα in BALF is a marker of 
fibrogenesis in bleomycin-treated mice
In order to evaluate whether FAPα in BALF could be used 
as a biomarker of fibrogenesis, we measured it in BALF 
obtained from the mice experiments described above. 
Interestingly, FAPα was significantly increased in BALF 
from bleomycin-treated mice (0.02U/mouse) at day 10 
post-instillation compared to control mice (controls: 
528.0 pg/mL (277.0-639.0) versus bleomycin: 11455.0 
pg/mL (275.0-13831.0), median (CI 95%), p < 0.001). No 
significant difference was observed at days 3, 16 and 28 
post-instillation with a trend for higher FAPα in BALF at 
day 16 (Fig. 3A).

Using a dose range of bleomycin (0.005U, 0.01U, 0.02U 
and 0.04U/mouse), a dose-dependent increase of FAPα in 
BALF was observed at day 10 post-instillation (Fig. 3B). 
Furthermore, a strong correlation between FAPα concen-
tration in BALF and the Ashcroft modified scale (r = 0.77, 
p < 0.0001), the concentration of OH-proline in the right 
lung (r = 0.78, p < 0.0001) and the percentage of weight 
loss (r=-0.70, p < 0.001) was observed. Interestingly, the 
correlation with the concentration of IL-6 in BALF was 
only moderate (r = 0.60, p < 0.001) (Fig. 3C-F). A moder-
ate correlation between the RLM and FAPα in BALF was 
seen (r = 0.56, p < 0.05). Moreover, FAPα was measured 
in BALF from mice instilled with bleomycin (0.01U/
mouse) and then treated for 1 week with nintedanib or 
vehicle. BALF from mice instilled with NaCl 0.9% and 
receiving vehicle for 1 week were chosen as controls. 
FAPα was undetectable in control mice and was signifi-
cantly decreased in mice receiving nintedanib compared 
to the non-treated mice (controls: 0 pg/mL ± 0; ninte-
danib-treated: 8641.0 pg/mL ± 4209.0; vehicle-treated: 
14,746 pg/mL ± 3938, mean ± SD, p < 0.001, Fig.  4A). 
The Ashcroft modified scale confirmed that bleomycin-
treated mice developed a significant fibrosis compared 

to controls. Although a trend for a lower score was 
observed in nintedanib-treated as compared to the vehi-
cle-treated mice, no significant difference was observed 
(controls: 0.31 ± 0.24; nintedanib-treated: 3.85 ± 0.64; 
vehicle-treated: 4.47 ± 0.18, mean ± SD, p < 0.01, Fig.  4B). 
Interestingly, a strong correlation was observed between 
the FAPα concentration in BALF and the Ashcroft modi-
fied scale (r = 0.95, p < 0.0001, Fig. 4C).

FAPα is a marker of fibrosis and progression in IPF patients
BALFs were collected from 27 patients with IPF as part 
of the current protocol for disease diagnosis and from 2 
patients during an acute exacerbation according to the 
2016 International Working Group [24]. As controls, we 
selected 19 patients where bronchoalveolar lavages were 
performed for the assessment of a pulmonary nodule, 
during bronchoscopy for chronic cough, or performed 
as routine screening for graft rejection after lung trans-
plantation. Baseline characteristics are summarised in 
Additional Table 2. IPF patients were older than controls 
(68.5 ± 9.5 years versus 56.2 ± 12.5, mean ± SD, p < 0.001) 
and more controls presented hypertension (13 controls 
(68.4%) versus 9 IPF patients (31.0%)). No difference in 
clinical characteristic was observed regarding gender, 
BMI, diabetes, tobacco consumption and lung function 
tests between IPF patients and controls. Regarding the 
severity of IPF patients, the mean predicted FVC was 
assessed at 83.46% ± 18.00, the median predicted DLCO 
at 51.50% (40.00–58.00) and the GAP score at 3.46 ± 1.36.

FAPα was significantly higher in IPF patients compared 
to controls (190.0 pg/mL (135.0-265.0) versus 45.0pg/mL 
(0.0-153.0), median (95% CI), p < 0.0001) (Fig. 5A).

Seventeen IPF patients had a follow-up of at least 12 
months and could be categorised as stable or progressors 
according to the 2022 ATS/ERS/JRS/ALAT Clinical Prac-
tice Guideline [25]. Patients with a progressive disease 
presented at least two of the following criteria: worsen-
ing of the symptoms, worsening of the fibrotic features 
on HRCT, more than 5% worsening of the FVC (abso-
lute values) or more than 10% worsening of DLCO in 12 
months (absolute values). Ten patients (58.8%) were con-
sidered as stable and seven as progressors (41.2%). Pro-
gressors patients presented higher and significant levels 
of BALF FAPα compared to controls and stable patients 
(progressors: 246.0 pg/mL (195.0-439.0) versus controls: 
45.0 pg/mL (0.0-153.0) and stable: 137.0 pg/mL (122.0-
178.0), median (95% CI), p < 0.0001 and p < 0.05 respec-
tively). No significant difference was observed between 
controls and stable patients (Fig. 5B). In the two patients 
with an acute exacerbation, high FAPα concentrations 
were measured (819.0 pg/mL and 237.0 pg/mL, respec-
tively, Fig. 5A, red points).

A receiver operating characteristic (ROC) curve was 
generated to evaluate the predictive value of FAPα BALF 

Table 2  Kinetic of lung uptake of [18F]FAPI-74 in control 
compared to bleomycin-treated mice

SUVmean 
controls 60–70 
(g/mL)

SUVmean 
bleomycin 
60–70 (g/mL)

p-
value

Day 3 0.12 ± 0.02 0.15 ± 0.02 0.2974
Day 10 0.11 ± 0.01 0.16 ± 0.03 0.0405
Day 16 0.11 ± 0.03 0.15 ± 0.06 0.0207
Day 28 0.09 ± 0.02 0.11 ± 0.02 0.4464
Data show the standardised uptake value (SUVmean) measured between 60 
and 70  min after the tracer injection and are presented as mean ± Standard 
deviation. Statistical analysis was performed using a Two-Way ANOVA followed 
by Bonferroni correction test for multiple comparisons. Bold p-value indicate a 
significant difference
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Fig. 3  The measurement of FAPα in BALF is a marker of lung fibrogenesis: (A) Time-course of the concentration of FAPα in BALF day 3 (D3), day 10 (D10), 
day 16 (D16) and day 28 (D28) after instillation in bleomycin (black column bars) or 0,9% NaCl (control) mice (white column bars). Data are presented as 
mean with standard deviation and statistical analysis was performed using Two-Way ANOVA followed by Bonferroni correction test for multiple com-
parisons. Controls: n = 5–6; bleomcyin-treated mice: n = 6–8. (B) Effect of various doses of bleomycin (0,005, 0,01, 0,02 and 0,04U/mouse) on the FAPα 
BALF concentration at day 10 after bleomycin instillation. Data are presented as mean with standard deviation and statistical analysis was performed 
using One-Way ANOVA followed by Holm-Sidak’s post-hoc test. Controls: n = 24; 0.005U bleomycin-treated mice (B0.005), n = 13; 0.01U bleomycin-treated 
mice (B0.01), n = 13; 0.02U bleomycin-treated mice (B0.02), n = 14; 0.04U bleomycin-treated mice (B0.04), n = 7. C-F. Correlations between FAPα BALF 
concentration, the Ashcroft modified scale (C), the percentage of weight loss (expressed by the area under the curve (AUC)) (D), the concentration of 
hydroxyproline (OH-proline) (E) and the concentration of interleukin-6 (IL6) (F). The r corresponds to the Pearson coefficient for parametric correlation. *: 
p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001
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concentration on the risk of progression. It showed that 
FAPα levels higher than 192.5 pg/mL predicted the risk 
of progression with a sensitivity of 100.0%, a specificity of 
90.9%, a positive predictive value of 87.5% and a negative 
predictive value of 100.0% (Fig. 5C).

The progression free survival was further analysed in 
IPF patients with a follow-up of at least 12 months and 
separated according to the FAPα BALF cut-off concentra-
tion of 192.5 pg/mL. The endpoint was considered as the 
time before a progression according to the 2022 guide-
lines [25], a lung transplantation or death and regrouped 
as the term survival. Patients with the highest FAPα lev-
els presented a significantly lower survival compared to 
patients with FAPα levels lower than 192.5 pg/mL (haz-
ard ratio: 3.50 (0.10-12.25), p < 0.05, Fig. 5D).

FAPα is expressed by activated fibroblasts, myofibroblasts 
and hyperplastic alveolar cells
As previously demonstrated, a staining for FAPα was 
observed in activated fibroblasts and myofibroblasts in 
fibrotic interstitium and fibroblast foci (Fig.  6A) [17]. 
Moreover, a staining was also highlighted in hyperplastic 
alveolar cells that was not previously described (Fig. 6B). 
No staining in alveolar macrophages was observed 
(Fig. 6B).

Discussion
The present study aimed to evaluate the role of FAPα 
assessment either by PET/CT using a 18F-labelled FAPα 
inhibitor and by dosing FAPα BALF levels by ELISA. 
Regarding [18F]FAPI-74 imaging in an in vivo mouse 
model of lung fibrosis, we showed that this radiotracer 
is a useful tool to investigate fibrotic activity. Indeed, a 
higher and significant uptake of [18F]FAPI-74 is observed 
at days 10 and 16 post-bleomycin instillation, the period 

when fibrogenesis occurs in the lung, but neither at day 3, 
during the early inflammatory phase nor at day 28, dur-
ing the late fibrotic stage of the model when fibrosis is 
installed but without further progression. Our results are 
consistent with recent reports in the literature. Rosen-
krans et al. evaluated the lung uptake of [68Ga]FAPI-46 
in a mouse bleomycin model and observed a higher 
and significant lung uptake of the radiotracer at 7 and 
14 days with the highest uptake seen at day 14 [26]. 
Another study successfully used [68Ga]FAPI-46 to dis-
criminate lesions of lung carcinoma and lung fibrosis in 
ILD patients [20]. Finally, Yang et al. used [68Ga]FAPI-04 
and observed a higher uptake of the radiotracer in lung 
from IPF patients compared to controls and the FAPI 
SUVtotal was negatively correlated with DLCO [27]. 
Therefore, [18F]FAPI-74 PET imaging could provide addi-
tional information to respiratory function and HRCT, 
since these methods evaluate the impact and severity 
of the disease rather than the intrinsic fibrotic activity. 
Thus, [18F]FAPI-74 PET imaging could be an important 
tool to determine the activity of the disease, its prognosis 
and to support the decision to prescribe a specific anti-
fibrotic therapy, especially in non IPF fibrotic disease (for 
example ILD secondary to inflammatory disease) helping 
to decide between the initiation of an antiinflammatory 
drug alone or in combination with an antifibrotic one.

[18F]FAPI-74 PET/CT imaging appears to be a bet-
ter biomarker of the fibrosis activity as compared to 
[18F]FDG. Indeed our group previously showed, in the 
bleomycin model, that [18F]FDG PET/CT imaging had 
a significant and higher uptake in lungs from bleomy-
cin-treated mice during the fibrotic phase of the model 
but also when fibrotic activity is not yet present or 
already stable, i.e. during the inflammatory and the late 
fibrotic phases [23]. Here we show that [18F]FAPI-74 

Fig. 4  Effect of an antifibrotic treatment on FAPα levels in BALFs from bleomycin-treated mice: (A) Measurement of the concentration of FAPα in BALFs 
from control mice (CTRL) and bleomycin-treated mice (0.01U/mouse) eight days after instillation. Bleomycin-treated mice received nintedanib (NTD) or 
the vehicle orally once a day. Data are presented as mean with standard deviation and statistical analysis was performed using One-Way ANOVA followed 
by Holm-Sidak’s post-hoc test. (B) Evaluation of the Ashcroft modified scale. (C) Correlation of Ashcroft modified scale and FAPα concentration in BALF 
(C). Data are presented as median with interquartile range and statistic analysis was performed using Kruskal-Wallis test followed by Dunn’s post-hoc 
test. The r represents the Spearman r for non-parametric correlation. CTRL (0,9%NaCl) : n = 4; nintedanib: n = 5; vehicle (1% Tween 80): n = 5. *: p < 0.05; **: 
p < 0.01; ***: p < 0.001; ****: p < 0.0001
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Fig. 6  Representative anti-FAPα staining in a fibroblast foci (A), fibrotic interstitium (white arrows) and hyperplastic alveolar cells (gray arrows) (B). Ab-
sence of alveolar macrophages staining (black arrows). Field magnification: 200x

 

Fig. 5  FAPα concentration in BALF is higher in IPF patients: (A) Measurement of FAPα in BALF from patients with idiopathic pulmonary fibrosis (IPF) 
compared to controls (CTRL). Red points correspond to patients with an acute exacerbation. Data are presented as median with interquartile range and 
statistical analysis was performed using Mann-Whitney test. CTRL: n = 19 and IPF patients: n = 29. (B) Comparison of the FAPα BAL concentration between 
stable and IPF patients with a progressive phenotype (progressor) and controls (CTRL). Data are presented as median with interquartile range and sta-
tistical analysis was performed using Kruskal-Wallis test followed by Dunn’s post-hoc test. CTRL: n = 19; stable IPF patients n = 10; progressor IPF patients 
n = 7. (C) ROC analysis of the risk of progression based on FAPα BALF concentration. (D) Kaplan-Meier curves showing the progression free survival of IPF 
patients with lower or higher FAPα BALF concentration of 192.5 pg/mL. Progression was defined as having either disease progression as defined in the 
2022 guidelines, a lung transplantation or death. *: p < 0.05; ****: p < 0.0001
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PET imaging is reflecting the current active fibrogen-
esis as its uptake is only observed during the fibrogen-
esis period. Another advantage compared to [18F]FDG is 
that [18F]FAPI-74 PET imaging is unaffected by changes 
in lung density. Indeed, even if [18F]FDG uptake in IPF 
patients is associated with decrease in respiratory func-
tion and clinical severity [28, 29], when a correction for 
lung density is applied, no significant correlation between 
[18F]FDG uptake and one-year prognosis was observed in 
a cohort of IPF patients [30]. [18F]FDG PET/CT was also 
unable to assess the early response to antifibrotic treat-
ment [31]. On the contrary, [18F]FAPI-74 PET imaging 
appears more specific to fibrogenesis and is not affected 
by changes in lung density as no uptake is noticed in 
dense organs such as the brain or the liver in normal 
condition.

Our study identified one important limitation of 
[18F]FAPI-74 PET/CT imaging in the bleomycin model. 
The determination of regions of interest in mice is chal-
lenging due to the presence of non-specific uptake by 
the thoracic wall and spine (Additional Fig. 1C). The dif-
ficulty to discriminate lung uptake from the uptake in the 
surrounding tissue reduced the precision of measure-
ments. Of note, as the human lung is bigger, this issue 
is not applicable in patients with fibrotic ILDs. This is 
probably one of the reasons why we failed to demonstrate 
a clear dose-response effect on the [18F]FAPI-74 lung 
uptake in our mouse model and the fact that only at the 
highest dose of bleomycin (0.02U) a higher uptake of the 
tracer was measurable in the lungs.

Beside PET/CT evaluation of [18F]FAPI-74 lung 
uptake, we identified in the BALF of bleomycin-treated 
mice a significant increase of the FAPα protein as 
assessed by ELISA. In line with our results, Yang et al. 
reported an increase of the protein expression of FAPα 
in homogenised lungs from bleomycin-treated mice as 
compared to controls [27]. Interestingly, contrary to what 
we observed for the pulmonary uptake of [18F]FAPI-74, a 
strong and significant dose response effect was observed 
on FAPα levels in BALF in experiments with variable 
doses of bleomycin. Furthermore, strong correlations 
between FAPα concentration in BALF and the Ashcroft 
modified scale, the concentration of OH-proline in the 
lungs, and the weight loss were identified. This suggest 
that BALF concentration of FAPα has a better sensitiv-
ity than [18F]FAPI-74 PET/CT imaging, in the bleomy-
cin model. The lung fibrosis is commonly evaluated by 
the measurement of OH-proline. However, no dose-
response effect was observed in our experiment at day 
10 after bleomycin instillation, on the contrary of FAPα 
BALF concentration. We thus think that FAPα is a bet-
ter and early marker of fibrosis. BALF FAPα concen-
tration appears also better than the Ashcroft modified 
scale. Indeed, this latter is a semi-quantitative method to 

evaluate fibrosis with an inter-observer variability [22]. 
Moreover, no significant difference was observed in the 
Ashcroft modified scale between mice receiving or not 
nintedanib as antifibrotic treatment, on the contrary of 
a significant decrease of their BALF FAPα concentration. 
Altogether, BALF FAPα concentration appears then use-
ful to monitor therapeutic response in preclinical models 
of lung fibrosis and probably more sensible than the mea-
surement of OH-proline and the Ashcroft modified scale.

In humans, we further confirmed the interest of FAPα 
measurement in BALF. To our knowledge, we are the 
first to report that the concentration of FAPα in BALF is 
significantly higher in IPF patients. Moreover, the higher 
levels were found in patients with a progressive form 
of IPF and, in two cases, during an acute exacerbation. 
Accordingly, our data showed an interesting prognostic 
role of FAPα measurement in BALF using a cut-off value 
of 192.5 pg/mL. This confirms the potential of this bio-
marker in the follow-up of patients affected by a disease 
characterised by its unpredictable course made of peri-
ods of stability, steady progression and acute worsening. 
The measurement of FAPα in BALF by ELISA seems a 
useful, easy and cheap way to evaluate the fibrotic activity 
in the lungs. It could be implemented in the management 
of ILD patients and have prognostic value at the diag-
nosis. The immunohistochemistry analysis allowed us 
to identify the cell populations expressing FAPα, includ-
ing activated fibroblasts and myofibroblasts, as already 
described [17] but also alveolar epithelial cells that 
appeared hyperplastic. This population could be respon-
sible of the higher FAPα concentration in BALF, follow-
ing desquamation in the alveolar lumen or through direct 
secretion. Given that there is a soluble form of FAPα, 
also known as α2-antiplasmin cleaving enzyme [32], the 
increased expression of FAPα on alveolar epithelial cells 
or activated fibroblasts and myofibroblasts could lead to 
the higher FAPα concentration in BALF. On the contrary, 
alveolar macrophages, the main cell population found 
in BALF [6] did not seem to express FAPα. Arnold et al. 
identified a population of cancer-associated macrophages 
expressing FAPα and that presented characteristics of 
alternatively activated macrophages [33]. However, to 
our knowledge, FAPα is not expressed by alveolar mac-
rophages and based in our data they does not seem to be 
the source of the FAPα detected in BALF. Further stud-
ies should be performed to identify the cell population(s) 
that lead to higher FAPα BALF levels.

Our study has some limitations. IPF patients and con-
trols were not matched by age and IPF patients were 
significantly older than controls. However, the impact 
of age on FAPα levels is probably limited as no strong 
association has been demonstrated in the limited avail-
able literature: in a cohort of patients with oesopha-
geal squamous cell carcinoma, no significant difference 
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of plasma FAPα concentration was observed between 
patients older or younger than 62 years old [34]. Also, 
another group measured FAPα concentration in plasma 
samples from patients with ST-elevation myocardial 
infarction (STEMI) and healthy donors. Contrary to our 
results, the group with the higher FAPα levels in plasma 
(healthy donors) was younger than STEMI patients [35]. 
Another important limitation is that our study was per-
formed on a very small cohort of patients from a single 
center. Therefore, multicenter studies should be initiated 
to validate the use of BALF FAPα as a biomarker of lung 
fibrosis and prognosis of IPF. Unfortunately, bronchoal-
veolar lavage is an invasive act associated with some 
risk of exacerbation of the underlying disease [36, 37]. 
Therefore, it could not be repeated periodically to assess 
changes in the fibrotic activity of the disease. Further 
research could focus on the determination of FAPα in 
other biological fluids such as plasma, induced sputum or 
even exhaled breath condensates.

Conclusions
Our preclinical data demonstrate the specific increase 
of [18F]FAPI-74 lung uptake during the fibrotic phase of 
the bleomycin model. These data announce a promising 
clinical translation into a valuable PET/CT evaluation of 
patients with fibrotic ILD. We also identify that determi-
nation of FAPα concentration in BALF could be an out-
standing marker of the fibrotic activity in preclinical lung 
fibrosis models and in IPF patients. Further studies are 
required to confirm these initial results.
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