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Utilizing MRI, [18F]FDG-PET and
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tracer to assess inflammation and
fibrogenesis in a reproducible lung
injury rat model: a multimodal
imaging study
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Objective: Accurate imaging biomarkers that indicate disease progression at an
early stage are highly important to enable timely mitigation of symptoms in
progressive lung disease. In this context, reproducible experimental models and
readouts are key. Here, we aim to show reproducibility of a lung injury rat
model by inducing disease and assessing disease progression by multi-modal
non-invasive imaging techniques at two different research sites. Furthermore,
we evaluated the potential of fibroblast activating protein (FAP) as an imaging
biomarker in the early stage of lung fibrosis.
Methods: An initial lung injury rat model was set up at one research site (Lund
University, Lund, Sweden) and repeated at a second site (Radboudumc,
Nijmegen, The Netherlands). To induce lung injury, Sprague-Dawley rats
received intratracheal instillation of bleomycin as one single dose (1,000 iU in
200 µL) or saline as control. Thereafter, longitudinal images were acquired to
track inflammation in the lungs, at 1 and 2 weeks after the bleomycin challenge
by magnetic resonance imaging (MRI) and [18F]FDG-PET. After the final [18F]
FDG-PET scan, rats received an intravenous tracer [89Zr]Zr-DFO-28H1 (anti-FAP
antibody) and were imaged at day 15 to track fibrogenesis. Upon termination,
bronchoalveolar lavage (BAL) was performed to assess cell and protein
concentration. Subsequently, the biodistribution of [89Zr]Zr-DFO-28H1 was
measured ex vivo and the spatial distribution in lung tissue was studied by
autoradiography. Lung sections were stained and fibrosis assessed using the
modified Ashcroft score.
Results: Bleomycin-challenged rats showed body weight loss and increased
numbers of immune cells and protein concentrations after BAL compared with
control animals. The initiation and progression of the disease were reproduced
at both research sites. Lung lesions in bleomycin-exposed rats were visualized
by MRI and confirmed by histology. [18F]FDG uptake was higher in the lungs of
bleomycin-challenged rats compared with the controls, similar to that observed
in the Lund study. [89Zr]Zr-DFO-28H1 tracer uptake in the lung was increased in
bleomycin-challenged rats compared with control rats (p=0.03).
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Conclusion: Here, we demonstrate a reproducible lung injury model and
monitored disease progression using conventional imaging biomarkers MRI and
[18F]FDG-PET. Furthermore, we showed the first proof-of-concept of FAP
imaging. This reproducible and robust animal model and imaging experimental
set-up allows for future research on new therapeutics or biomarkers in lung
disease.
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Introduction

Imaging is increasingly employed in the diagnostics and follow-

up of treatment in various types of fibrotic lung diseases (1–3). The

detection of fibrosis progression at an early stage is essential for the

optimal mitigation of symptoms and disease. With continuous

technical development of different imaging modalities, as well as

increasingly automated workflows of image processing, new

imaging biomarkers for lung disease are expected to emerge

(4, 5). Therefore, it is of great importance to have reproducible

animal models that can be replicated by scientists globally, across

different labs.

Animal models of lung injury, mimicking human pathology,

can be induced by various compounds and different exposure

regimes. The most commonly used agent for the induction of

lung injury is bleomycin, by administration directly into the lung

as an intratracheal (i.t.) instillation (6–8). Bleomycin is a

chemotherapeutic drug, mainly employed in the clinical setting

for the treatment of testicular cancer and Hodgkin’s lymphoma,

and is well-known for its toxic effects, including lung injury

(9–11). When bleomycin is used to induce lung injury in animal

models, inflammation will be initiated followed by fibrotic scar

formation (12, 13). These dynamics in disease transition and

progression can be used to study various types of pathologies

and imaging biomarkers.

Having a robust lung injury model that is easily reproducible is

key in the development of disease biomarkers. In particular, non-

invasive and longitudinal follow-up imaging studies are preferred

to track disease progression (4, 14, 15). Employing magnetic

resonance imaging (MRI) to assess lung disease has increasingly

been explored. MRI offers the flexibility of testing different

sequences and exploring contrast mechanisms in order to detect

lesions of different properties. Depending on the existing

pathology, MRI can be used to assess inflammation and edema

as well as fibrosis in the lung tissue, hence favoring longitudinal

studies with a robust workflow that can be achieved in the search

for unique imaging biomarkers during disease progression (16–18).

Typically, the initial bleomycin-induced inflammation in the

lung results in increased energy demand within the inflamed

lung areas (19). This alteration of metabolism can be tracked by

the most commonly used radiotracer in positron emission

tomography (PET) imaging: the synthetic glucose molecule

fludeoxyglucose coupled to radioactive fluorine ([18F]FDG)
02
(20–22). Once the initial inflammation ceases, wound-healing

processes, such as fibrogenesis, are initiated. During fibrogenesis,

fibroblasts will be induced (23–25), along with the increased

production of components of the extracellular matrix (ECM),

e.g., collagens, glycoproteins, fibronectin, and proteoglycans (13,

26, 27). Previously explored imaging biomarkers in the

bleomycin model involved the assessment of lesions using MRI

during inflammation and fibrosis, as well as PET tracers

mapping disease progression in terms of increased uptake of

[18F]FDG and Collagen type I tracer uptake within the lung (28–

35). For tracking early-onset fibrosis, new emerging radiotracers

for fibroblast activating protein (FAP) could be used to track the

presence of activated fibroblasts in tissue (25, 36). The antibody

28H1 specifically binds FAP, and when radiolabeled, it can be

used to visualize fibrotic processes (37, 38). Therefore, it may be

a reliable tool to study the onset of fibrogenesis at an early stage

of lung disease.

Here, we aim to (1) reproduce the animal model of

intratracheal exposure with bleomycin for the induction of lung

injury in rats at another research site, (2) reproduce imaging

biomarkers using MRI and [18F]FDG for the assessment of

disease progression, and (3) match the imaging data processing

from scans generated at two different research sites. Furthermore,

using the reproduced set-up, we explored the potential of a novel

imaging biomarker to track early fibrogenesis by targeting

fibroblast activation using radiolabeled 28H1.
Materials and methods

Ethical approval, animals, and experimental
set-up

The initial animal experiments were performed at Lund

University, Lund, Sweden, and were reviewed and approved by

the Ethical Committee of Lund/Malmö, Sweden (permit numbers

4003/2017 and 3226/2017). Experimental details for these studies

are published and described in detail elsewhere (29). In the

present study, parts of the data from the published study (29),

i.e., experiments previously performed by the research site in

Lund, are presented within the results section where they are

compared to the new data generated at Radboudumc, Nijmegen,

the Netherlands.
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The animal experiments were then reproduced at the second

research site at Radboudumc and were approved by the Dutch

central committee on animal research and the local ethical

committee on animal research of the Radboudumc (protocol

number 2017-0028). All animal experiments were performed

according to the local institutional guidelines and reported

following the ARRIVE guidelines (39). Therefore, the

experimental details below only describe the procedures

performed at Radboudumc, unless stated otherwise. Studies at

Radboudumc were matched as closely as possible to the Lund

study with regard to animal welfare, housing conditions, imaging

protocols, termination procedures, and histology assessment.

Table 1 shows the main similarities and discrepancies between

the experimental procedures between the two sites.

At Radboudumc, male Sprague-Dawley rats (Envigo, Horst, the

Netherlands, aged 6–8 weeks, weighing 250–350 g) were assessed
TABLE 1 Summary of techniques and methods used to reproduce the lung
injury model in rats, imaging biomarkers and data processing, at both
research sites.

Comparing parameter Sites

Nijmegen Lund
Bleomycin Manufacturer SIGMA-ALDRICH®

Lot: B5507-15UN
SIGMA-ALDRICH®

Lot: B5507-15UN

Administration
route

i.t. i.t.

Dose 1,000 iU 1,000 iU

MRI Vendor Bruker Bruker

Field strength 7T 9.4T

Sequence FLASH UTE

Echo (TE) 0.71 ms 1.0 ms

[18F]FDG-
PET

Vendor Siemens Nano-PET Mediso

Tracer activity 30 MBq 30 MBq

Acquisition
time

20 min 20 min

Reconstruction
parameters

OSEM MLEM

Attenuation
correction

Transmission scan CT scan

PET image
processing

Software VivoQuantTM (InVicro) VivoQuantTM

(InVicro)

Histology Staining
technique

H&E H&E

Masson’s-trichromea Masson’s-trichrome

FAP
(immunohistochemistry)

—

Quantification
method

Modified Ashcroft
scorea

Modified Ashcroft
score

BAL
analysis

Cells Total counts Total counts

Differential countsa Differential counts

Supernatant Total protein
concentration

Total protein
concentration

Additional
methods

RT-qPCR — Gene profiling from
lung tissue
homogenates

In vivo imaging [89Zr]Zr-28H1 PET of
the lung

—

Ex vivo tracer
uptake

Autoradiography (lung)
and ex vivo
biodistribution

—

aThese methods were performed at the Nijmegen research site, but quantification

was performed by the team in Lund.
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daily for their general wellbeing. The animals had unlimited

access to food and water in a controlled environment in

individually ventilated cages, with the temperature regulated at

22°C ± 1 °C and a humidity of 55% ± 10%, with 12 h dark/light

cycles. Rats were acclimatized for ≥7 days before any

experimental procedure and were randomly allocated to the two

experimental groups receiving either saline or bleomycin

instillation via the i.t. route. Soft wet food was provided inside

the cage for the animals exposed to bleomycin to prevent severe

body weight loss. This was replaced by normal chow when the

weight of the animals stabilized.

The experimental set-up is illustrated in Figure 1A. In

Group 1, the model was characterized by terminal sample

collections at days 7 and 21 after the induction of lung injury.

Group 2 included the longitudinal imaging, where animals

were imaged at days 7, 14, and 15 after instillation. Imaging

sessions were performed using MRI, PET, and computed

tomography (CT). The animal groups from the experiments at

the Nijmegen site corresponded to the groups in the Lund

study (Figure 1B).
Bleomycin challenge

Bleomycin (Sigma Aldrich, St. Louis, MO, USA) was

administered as a single i.t. dose on day 0, with a concentration

of 1,000 iU, dissolved in 200 µL saline. The control animals

received the same volume of saline. The administration of

bleomycin was performed on lightly sedated animals, which were

placed in a supine position on a board with a decline of

approximately 45°. The i.t. administration was performed using a

syringe connected to a blunt cannula with a small steel marble at

the top. Once the cannula passed the larynx, 200 µL of

bleomycin was administered (or saline in control animals),

followed by a 100 µL air puff immediately afterwards to increase

distribution.
FAP tracer conjugation and radiolabeling

Human IgG1 antihuman/mouse FAP antibody 28H1 (kindly

provided by Roche; Basel Switzerland) was conjugated with p-

SCN-Bn-deferoxamine (ITC-DFO; Macrocyclics, Plano, TX,

USA) in 1 M NaHCO3, pH 9.5 using a 30-fold molar excess of

ITC-DFO for 1 h on a shaker at room temperature. Unbound

chelator was removed via dialysis (Slide-A-Lyzer cassette,

MWCO 20000; ThermoScientific, Waltham, MA, USA) against

5 L of metal free phosphate-buffered saline (PBS; pH 7.4)

containing 2 g/L Chelex (Bio-Rad, Hercules, CA, USA). DFO-

modified 28H1 was radiolabeled with [89Zr]Zr(oxalate)2. First,

the pH of [89Zr]Zr(oxalate)2 was adjusted to pH 7.4 using 2 M

Na2CO3 before adding 0.5 M HEPES (pH 7.4). Subsequently,

28H1-DFO was added and incubated at 37 °C at 300 rpm for

1 h. The radiolabeling efficiency was determined using iTLC on

silica gels chromatography strips (ITLC-SG; Agilent

Technologies, Santa Clara, CA, USA) with 0.1 M sodium citrate
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FIGURE 1

Study layouts of the workflow during imaging and sample collection. (A) Study conducted at the Nijmegen site, with animals from Group 1 being
terminated at day 7 (week 1) and day 21 (week 3), for model characterization and confirmation of reproducibility, while Group 2 was imaged
longitudinally for 2 weeks. (B) The study layout of the Lund study included Group 1 with terminal sampling at time points week 1, 2 and 3
postinstillation. The purple boxes indicate termination days. Similarly, longitudinal imaging was performed in animal Group 2 at the research site Lund,
using multimodality approach with combined MRI and PET/CT.

Boswinkel et al. 10.3389/fnume.2023.1306251
buffer (Sigma Aldrich, St. Louis, MO, USA) as mobile phase.

Radiolabeling efficiency exceeded 95% with a specific activity of

0.25 MBq/µg.
Longitudinal imaging workflow

Experimental design and timeline
Rats assigned to Group 2 were imaged by [18F]FDG-PET and

MRI at days 7 and 14. The workflow consisted of anesthetizing

the animal, measuring blood glucose (Accu-Chek Aviva; Roche,

Basel, Switzerland), and injecting 30 MBq of [18F]FDG
Frontiers in Nuclear Medicine 04
intravenously in the tail vein. Subsequently, the anesthetized rat

was transferred to a heated animal bed, followed by MRI and

thereafter PET imaging at 60 min after the [18F]FDG injection.

At day 14, after the [18F]FDG-PET and MRI scan session, rats

were injected with tracer [89Zr]Zr-DFO-28H1 (5 MBq, 20 µg)

and imaged by PET and CT the following day (Figure 1A). The

animals were kept anesthetized during the scan sessions by

providing 2%–3% isoflurane, using carrier gas O2 mixed with

medical air (ratio 1:2). The different imaging modalities were

combined in one workflow, constantly keeping the animal under

anesthesia and in the same bed to facilitate coregistration. Rats were

terminated after the last imaging session via an intraperitoneal
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overdose of pentobarbital sodium (Euthasol 20%; AST farma,

Oudewater, NL).

Magnetic resonance imaging
MRI at Radboudumc was performed using a preclinical 7T

MR system (ClinScan; Bruker BioSpin, Ettlingen, Germany)

interfaced with a clinical user interface (Syngo VB15; Siemens

Healthcare, Erlangen, Germany). Rats were positioned supine on

a 4 × 1 array receive-only coil, which was combined with an

86 mm diameter transmit whole-body coil. Breathing was

measured using an air cushion and breathing speed was

maintained at approximately 60 breaths per minute. Body

temperature was measured using a rectal fiber optical

thermometer and maintained at 37 °C using heated air. 2D

gradient echo images were acquired using the fast low angle shot

(FLASH) sequence with a slice thickness of 1 mm, field of view

of 64 mm × 64 mm and a matrix of 256 × 256, resulting in an in-

plane resolution of 0.25 mm × 0.25 mm. Acquisition parameters

were as follows: repetition time (TR) = 203 ms; 40 slices; flip

angle (FA) = 25°; 16 averages; and echo time (TE) = 0.71 ms.

Positron emission tomography
PET imaging at Radboudumc was performed using an Inveon

animal PET scanner (Siemens Preclinical Solutions, Erlangen,

Germany). The [18F]FDG-PET acquisition time was 20 min and

the [89Zr]Zr-DFO-28H1 PET acquisition time was 30 min.

Transmission scans (5 min, Co-57 source) were acquired for all

PET scans. Reconstruction was performed using the Inveon

Acquisition Workplace software with an iterative 3D ordered

subset expectation maximization using maximum a priori with

shifted Poisson distribution algorithm with the following

parameters: matrix = 256 × 256 × 161; pixel size = 0.4 mm ×

0.4 mm × 0.8 mm; and a corresponding beta of 0.05 mm.

Computed tomography
After FAP imaging on day 15, CT imaging was performed

using a U-SPECTII/CT (MILabs, Utrecht, The Netherlands) to

facilitate MRI and PET image overlay. Animals were scanned in

one bed position with a spatial resolution of 160 μm, 65 kV, and

0.615 mA. Scans were reconstructed with MILabs reconstruction

software.
Imaging data analysis

All acquired images were transferred to Lund University, where

the DICOM raw-data files were uploaded onto the image analysis

software platform VivoQuantTM (InVicro v.2021). Images from

different imaging modalities acquired at the same time point

were coregistered. Subsequently, the 2D transverse slices from the

MRI scans served as the template for segmentation of the lung

region of interest (ROI) and was guided by the software tool

Spline Tool for optimal segmentation flow. Further details on

how the lung ROI was segmented are presented as an ROI atlas

for each 2D slice (Supplementary Figure S1A). The MRI signal

was processed according to the line intersect method where
Frontiers in Nuclear Medicine 05
histogram analysis generated a signal threshold to identify the

so-called high-signal vs. normal lung signal intensity (29), also

illustrated by a schematic image in Supplementary Figure S1B.

Image data from the same ROI were then processed further to

assess total lung volume, lung MRI signal, and PET tracer uptake

in the lung.

The [18F]FDG and [89Zr]Zr-DFO-28H1 uptake was presented as

fraction uptake (% activity in the lung of the total injected activity).
Termination and sample collection

After an overdose of pentobarbital sodium, heartbeat and

breathing arrest occurred. Immediately thereafter, BAL was

performed using PBS, which flowed into the lungs via

tracheostomy tubing, for 2 min, followed by collection of the

lavage fluid. This procedure was performed twice; thereafter, BAL

fluid (BALF) was immediately put on ice. Subsequently, the right

lung lobes were ligated off and the left lung was insufflated with

4% paraformaldehyde. The right lung lobes were dissected and

snap frozen in −70 °C until use and the left lung lobe was

fixated using 4% formalin for 3 days, before being embedded in

paraffin blocks.

In Group 2, other relevant organs and tissues were collected to

determine the biodistribution of [89Zr]Zr-DFO-28H1 ex vivo.

Radioactivity was measured in the blood, muscle, heart, liver,

spleen, pancreas, stomach, duodenum, kidney, knee, femur, and

bone marrow.
Analyzing BAL cells and supernatants

BALF was spun down (1,000 g, 10 min, at 4 °C) and

supernatant was stored at −20 °C until analysis. The cell pellet

was resuspended in 1 mL PBS and counted. The cell suspensions

were diluted and approximately 50,000 cells were used to

generate cytospins.

After drying, the cytospins were stained with May-Grünwald

and Giemsa stain (Sigma Aldrich, St. Louis, MO, USA) and a

differential count was performed. A minimum of 400 cells were

counted from each sample replicate, and a mean value was

generated from two to three replicates from each sample. The

differential cell counts were performed by two persons

independently, generating mean counts for each BAL sample.

The total protein concentration was determined in BALF using

the Bradford Protein Assay kit from Bio-Rad (#5000006; Hercules,

CA, USA), according to the manufacturer’s instructions.
Ex vivo biodistribution of [89Zr]Zr-DFO-
28H1

Lung tissues were weighed and measured on a multichannel

analyzer (MCA) with a well-type sodium iodide (NaI) crystal

before BAL was performed. The other relevant organs (blood,

muscle, heart, liver, spleen, pancreas, stomach, duodenum,
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kidney, knee, femur, and bone marrow) were dissected, weighed,

and assessed for activity, using a γ-counter (Wizard; Perkin-

Elmer, Waltham, MA, USA). The results are presented as a

percentage of the injected activity per gram tissue (%IA/g).
Histology staining and analysis

The left lung was sectioned (4 µm) in the sagittal plane at four

different positions to obtain clear visualization of the widespread

lesions throughout the whole left lung lobe, generating sections

I–IV. The sections were then stained with hematoxylin and eosin

(H&E; Klinipath, Duiven, NL; Merck, Darmstadt, Germany) and

Masson’s trichrome (Polysciences, Hirschberg an der Bergstrasse,

Germany).

The histology staining and assessment of lesions was the main

method used for the confirmation of methodological transfer. To

determine if the bleomycin instillation reached the trachea

optimally, histology slides were initially evaluated qualitatively.

Those slides appearing as healthy and normal lung tissue

sections, even though they belonged to the bleomycin group (n =

2, rats 3 and 8), were considered as non-optimal instilled

bleomycin administration and these rats were removed from the

study. The remaining histology slides were included in the final

evaluation for quantitative assessment, evaluated by two

observers for each sample, and scored independently and blindly,

using the modified Ashcroft score scale (40). Scoring was

performed manually using a microscope and assessed over the

entire FOV of the tissue sections. The final mean score from the

whole section was presented for each left lung section (I–IV) of

each rat, at termination week 1, 2, or 3. Total scores were

presented graphically, and representative images were shown

from one control and one bleomycin-challenged rat.

Further on, paraffin-embedded and sectioned tissue slices from

Group 2 were stained for FAP. Tissue sections were deparaffinated

and rehydrated, followed by antigen retrieval (1× TBE + 0.05%

Tween-20, 10 min, 96 °C) and peroxidase blocking using a 3%

H2O2. After washing, the sections were blocked with endogenous

Biotin/Avidin (Vector, Newark, CA, USA) and 20% Normal Goat

serum (Bodinco, Alkmaar, The Netherlands), followed by 60 min

of incubation with anti-FAP antibody at RT (1:200 dilution from

Abcam, Cambridge, UK; Ab207178). After washing, sections were

incubated with a biotinylated secondary anti-rabbit IgG antibody

(Vector, Newark, CA, USA) and subsequently Biotin/Streptavidine

Complex (Vector, Newark, CA, USA). The staining was visualized

with 3,30-diaminobenzidine (DAB) (Immunologic, Arnhem, The

Netherlands) and counterstained with H&E (Klinipath, Duiven,

The Netherlands). Stained sections were dehydrated and mounted

using Permount (Fisher Scientific, Waltham, MA, USA).
Autoradiography

Formalin-fixed and paraffin-embedded left lung lobe sections

(4 μm) from Group 2 were exposed to a Fujifilm BAS cassette

2025 (Fuji Photo Film) for 7 days. Phosphor-luminescent plates
Frontiers in Nuclear Medicine 06
were scanned using a phosphor imager (Typhoon FLA 7000; GE,

Boston, MA, USA) at a pixel size of 25 μm × 25 μm. Images were

analyzed with Aida Image software (version 5.1 SP 6; Elisia-

raytest GmbH, Straubenhardt, Germany).
Statistical analysis

All data were tested for statistically significant differences using

statistical tests with the software GraphPad PRISM version 9.03

(GraphPad Software, San Diego, CA, USA, www.graphpad.com).

The one-way ANOVA test was applied to identify differences

between the groups with post hoc testing using Bonferroni’s

multiple comparisons test. The Student’s t-test/two-tailed Mann–

Whitney test was used to compare the variance between the

controls and bleomycin group.

All data are expressed as mean values and SEM unless otherwise

specified and p-values <0.05 were considered statistically significant.

Significance was indicated by * when p < 0.05, p < 0.01 by **, p <

0.001 by ***, and p < 0.0001 by **** when comparing the

bleomycin-exposed group to the corresponding controls. The

comparison between various time points of the bleomycin-

exposed group was expressed as # when p < 0.05, ## when p <

0.01, ### when p < 0.001, and #### when p < 0.0001.
Results

Model characterization and confirmation of
model reproducibility

The body weight of the rats dropped during the initial 3–5 days

after instillation and thereafter steadily increased again

(Figure 2A). The lung weight measured 2 weeks after bleomycin

exposure was significantly increased (p < 0.05) when compared

with that of the controls. Body weight and lung weight followed

the same trend at both research sites (Figure 2B) (29).

At 1 week after induction, the total protein concentration in

BALF was significantly increased in the bleomycin-exposed rats

compared with the control rats (p < 0.0001) and subsequently

decreased over time (Figure 3A). The total cell counts in BALF

were highest in the bleomycin group that was terminated at 1

week after the instillation of bleomycin. The cell counts were

decreased by week 2 and started to slightly increase again at

week 3 after bleomycin instillation (Figure 3B). The differential

cell counts indicated a mixed leucocyte infiltration of the lungs

during the first week after bleomycin instillation, with

macrophages being the most abundant cell type (Figure 3C).

The total distribution ratio of the cell counts from BALF showed

a drop of macrophages from 99% (at baseline) down to

approximately 50% at week 1, as the other immune cell

percentages increased and macrophage counts then returned to

similar percentages in week 3, as observed at baseline

(Supplementary Figure S2). Overall, the protein content, total

cell counts, and differential cell count followed a similar pattern

at both research sites (Figures 3A–C) (29).
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FIGURE 2

Total body weights and total lung weight at termination, 2 weeks postbleomycin instillation. (A) Total body weight of control rats and bleomycin-exposed
rats, 2 weeks after i.t. instillation. The percentage of weight change is shown as mean bodyweight per group. (B) Lung weight assessed after termination, 2
weeks postinstillation. The weight of each individual rat is shown.
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Histological analysis of bleomycin-induced
lung injury; confirmation of model transfer

Representative images of lung tissue sections indicate the

presence of lesions induced by i.t. administered bleomycin,

compared with controls who received saline i.t. (Figure 4A). The

Ashcroft scoring was performed blinded and showed a

significantly increased score in the bleomycin group compared

with the controls (Figure 4B). In the Nijmegen study, two out of

six bleomycin-exposed rats did not show any signs of alterations

or development of lung injury upon instillation. Both rats

belonged to the longitudinal imaging study (Group 2) and were

excluded from all subsequent analysis (Supplementary

Figure S3). In the remaining rats, the lesions seemed evenly

distributed throughout the lung sections, as the score was in

close range between sections I–IV (Figure 4B). The observed

pattern of the Ashcroft score over time, upon i.t. instillation of

bleomycin, was similar at the different research sites (29).
Assessment of total lung volume alterations
and lesions by MRI

The total lung volume was quantified by assessing the total

lung ROI and volume as mean cubic millimeters (mm3) for all
Frontiers in Nuclear Medicine 07
rats scanned at 1 and 2 weeks after i.t. instillation. Representative

transversal 2D MRI slices are presented as examples from one

control and one bleomycin-exposed rat at 1 and 2 weeks after

the induction of lung injury (Figure 5A). The total lung volume

increased significantly (p < 0.01) in bleomycin-exposed rats

compared with controls (Figure 5B). The assessment of lesions

in bleomycin-exposed rats was expressed as the volume of high-

signal intensity voxels (Figure 5C). The MRI sequence with a 2D

FLASH (TE = 0.71 ms) acquired at the Nijmegen site detected the

high-signal voxels, referred to as lesions, in line with the

previously used UTE sequence (TE = 1.0 ms) by the Lund site

(Figure 5C). The MRI acquisition performed in Nijmegen

enabled the detection of a slightly larger volume of high-signal

voxels, which could be explained by the shorter TE sequence and

lower field strength of the magnet.
[18F]FDG-PET imaging and quantification of
lung signal uptake

[18F]FDG uptake was assessed at 1 and 2 weeks after i.t.

instillation of bleomycin or saline (control). Representative [18F]

FDG images of bleomycin-exposed rats show uptake in the lungs

and heart, while the control animals only show uptake in the

heart and minimal uptake in the lungs (Figure 6A). [18F]FDG
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FIGURE 3

Assessment of total protein concentration and cell counts in BALF at week 1, 2 and 3 postinstillation. (A) Total protein concentration determined from
BALF supernatants using Bradford protein assay. (B) Total cell counts from BAL, presented as million cells per mL. (C) The differential cell counts
counted from cytospin, as total amounts, are shown from each time point throughout the study.

Boswinkel et al. 10.3389/fnume.2023.1306251
uptake in the lung tissue of bleomycin-exposed rats was significantly

higher compared with that in control rats, both at week 1 (4.36 ±

0.59 vs. 1.18 ± 0.07 %IA/lung, p = 0.0003) and 2 weeks after

induction (3.56 ± 0.73 vs. 1.20 ± 0.19 %IA/lung, p = 0.013)

(Figure 6B). [18F]FDG lung uptake in rats exposed to bleomycin

showed a trend toward a reduced uptake after 2 weeks compared

with the first week, while lung uptake in the control animals

remained constant over time (Figure 6B). This is in line with the

Lund study, where significantly increased levels of [18F]FDG
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(p = 0.05) were found in the lungs of bleomycin-exposed animals

compared with controls (both at 1 and 2 weeks after induction

(Figure 6B)), and a trend toward a decreased lung uptake from

the first to second week for bleomycin-exposed rats was also

evident (Supplementary Figure S4A). Despite these similar

trends, in absolute values, the [18F]FDG lung uptake was higher

at the Nijmegen site compared with the Lund site. Blood glucose

measurements did not indicate any variation between time points

nor a difference between the groups (Supplementary Figure S4B).
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FIGURE 4

Histology assessment by staining and fibrotic scoring. (A) Representative images from Masson’s-trichrome stained lung tissue sections, at 2 weeks
postchallenge with i.t. administration of saline (control) or bleomycin. (B) Histology sections were assessed at four positions (section I–IV), at three
different time points in the lungs of control animals (abbreviated as C) or bleomycin-exposed animals (abbreviated as B) by applying the modified
Ashcroft score and presented as mean ± SEM.
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FIGURE 5

Longitudinal MRI imaging and quantification of total lung volume and lesion volumes. (A) Representative 2D transversal slices (showing mid- and lower
sections of the lung) after 1 week and 2 weeks postinstillation of saline or bleomycin, at the Nijmegen research site. Arrows point out the location of
lesions. (B) Total lung volume was assessed by longitudinal MRI scans and (C) lesion volume size assessed by extracting the high-signal threshold
within the Lung-ROI.
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[89Zr]Zr-DFO-28H1 FAP imaging,
autoradiography, and
immunohistochemistry

Lung uptake of [89Zr]Zr-DFO-28H1 was assessed 15 days after

i.t. exposure to bleomycin or saline (control). [89Zr]Zr-DFO-28H1

PET showed an increased uptake in the lungs of bleomycin-

exposed rats compared with those of control rats (Figure 7A). A
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quantitative assessment of the [89Zr]Zr-DFO-28H1 within the lung

showed a significantly higher uptake (p = 0.0052) in the

bleomycin-exposed rats compared with controls (2.06 ± 0.36 vs.

1.04 ± 0.04 %IA/lung, respectively) (Figure 7B). Ex vivo

biodistribution confirmed this significant difference in lung uptake

(p = 0.001) between the bleomycin group and the control group

(0.89 ± 0.09 vs. 0.51 ± 0.05 %IA/g tissue, respectively) (Figure 7C),

while uptake in other organs showed no differences (Figure 7D).
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FIGURE 6

Longitudinal [18F]FDG-PET imaging and quantification of lung uptake. (A) Representative [18F]FDG-PET and MRI images from lungs shown in controls and
bleomycin-exposed rats (1 h postinjection of 30 MBq [18F]FDG) shown at 1 and 2 weeks postinstillation. (B) Comparison of [18F]FDG uptake in rat lungs.
Data points are expressed for each individual rat.
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FIGURE 7

[89Zr]Zr-DFO-28H1 FAP imaging, quantification of lung uptake and organ biodistribution. (A) Representative [89Zr]Zr-DFO-28H1 PET images acquired
24 h postinjection of 5 MBq [89Zr]Zr-DFO-28H1. Images from control and bleomycin-exposed rats depict only signal from the Lung ROI for the PET
signal. (B) [89Zr]Zr-DFO-28H1 lung uptake was quantified from the PET imaging and presented as dot-plots where each dot represents one individual
rat. (C) [89Zr]Zr-DFO-28H1 lung uptake quantified from the ex vivo biodistribution and (D) Ex vivo biodistribution data of [89Zr]Zr-DFO-28H1 uptake in
other relevant organs.
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Autoradiographic analyses of lung sections from bleomycin-

exposed rats showed high and focal uptake of [89Zr]Zr-DFO-

28H1, while the uptake in the controls was low (Figure 8A). A

comparison of autoradiography images and lung tissue sections

showed a high [89Zr]Zr-DFO-28H1 signal that colocalized with

the presence of FAP-positive cells, as determined by

immunohistochemistry, in the bleomycin-exposed lung sections

compared to the irregular FAP-positive cells as a background

signal from the controls (Figure 8B). Close-up images from lung

morphology from bleomycin-exposed rat lungs show areas with

high cell densities, containing many FAP-positive cells, indicating

the infiltration of immune cells and the presence of activated

fibroblasts (recognized by their elongated or spindle like shape)

(Figure 8C).
Discussion

Reproducible lung injury models are key for the successful

development of novel imaging biomarkers for early-stage disease

detection. Here, we demonstrated that the previously published

i.t. bleomycin model (Lund) can be reproduced at a different

research site (Nijmegen). Furthermore, monitoring disease

progression using imaging biomarkers from MRI and [18F]FDG-

PET showed similar results at both research sites. Finally, we

showed the first proof-of-concept of an FAP-targeting radiotracer

to map the early signs of fibrogenesis in this model.

Several methods were used to assess the disease model set-up at

both research sites. To identify time-dependent alterations after

bleomycin exposure, terminal samples were collected and

longitudinal multimodal imaging sessions were performed.

Overall, the majority of the data indicated similarities in the

disease model at both sites. The various results that matched

across both research sites upon bleomycin exposure were loss of

body weight, increase in total lung weight, and changes in total

protein and cell numbers in BALF. A histological assessment of

the lung tissue sections also confirmed that the model was

successfully reproduced from one site to another, with clear

lesions appearing in the tissues assessed qualitatively and

quantitatively using the modified Ashcroft score (40). Even

though the histological assessment was done manually, which

could introduce room for error and bias, we found that the

approach of evaluating each lung at four different positions,

including the entire FOV of every lung section (I–IV from each

rat), generates the most representative data. For the MRI

acquisition, different systems and settings were applied, while the

same image analysis method was used (29). The total lung

volume increased significantly in the bleomycin groups at both

research sites. Lung volume is an important parameter, known to

increase after the i.t. instillation of bleomycin, and is a non-

invasive imaging biomarker of disease progression in this lung

injury model (28, 29, 41, 42).

The two different MRI methods that were used at the research

sites were both efficient in terms of detecting lesions within the

lung tissue upon bleomycin-induced lung injury. Quantitatively,

the lesion volumes were larger in the animals in Nijmegen. These
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findings are in agreement with the higher [18F]FDG-PET uptake

also found in these animals. In addition, considering the echo

times of the MRI sequences used, in the same order of

magnitude, it is expected that the lesions will be somewhat larger

when assessed by the 7T MR scanner compared to the 9.4T

scanner, due to the different susceptibility effects. Reproducing

an MRI protocol on different MR scanners is always challenging,

especially when involving both different hardware and software.

The aim of this study was to mimic the MRI protocol already in

existence in Lund, keeping the difference in resolution between

the sites as low as possible. It was not the aim to come up with

something completely different (e.g., 3D acquisition), even if that

may have resulted in an improvement of the protocol. Even

though different hardware and software was used at the two

research sites, lesions were still detected and quantified in the

bleomycin-exposed lungs, indicating a similar ability for disease

assessment.

Tracking disease progression by imaging biomarker [18F]FDG-

PET showed comparable trends between different research sites,

both in terms of the significantly increased [18F]FDG uptake in

bleomycin-exposed lungs compared with those of the controls, as

well as a trend toward lower [18F]FDG lung uptake over time,

comparing weeks 1 and 2 after the exposure to bleomycin.

However, in absolute uptake values, the Nijmegen study showed

an almost four times higher [18F]FDG uptake. This variability

most likely can be explained by the differences in equipment,

settings of the detectors, attenuation correction, and

postreconstruction methods. This was confirmed by a

comparison of the uptake of [18F]FDG in the heart of the

animals, which also was higher in Nijmegen than Lund (data not

shown). However, the differences could also lie in the biological

processes, such as higher metabolism in the animals at one of

the research sites. Nevertheless, from our studies (e.g., differential

cell count and other readouts), we could not identify a single cell

type or process responsible for this cause.

The increased uptake of [18F]FDG in bleomycin-exposed lungs

is a sign of increased metabolism and energy demand in the tissue.

However, the exact mechanism and cell types responsible for this

increased energy consumption remain to be elucidated (19, 20,

43). During the induction of the lung injury by instillation of

bleomycin, the initial inflammation took place and the lung

tissue was infiltrated by inflammatory cells. We have shown an

increased presence of macrophages, eosinophils, neutrophils, and

lymphocytes during the initial 7 days after the bleomycin

instillation, which could all contribute to increased energy

consumption due to migration and increased cell activity within

the tissue. Furthermore, while fibrosis is progressing, activated

fibroblasts contribute to the increased metabolism, e.g., by

energy-consuming processes, such as the production of ECM

components, such as collagen synthesis (19, 27, 44–46). It is

most likely a combination of several energy-demanding processes

that occurred at the same time, including immune cells present in

the initial wound-healing processes as well as active fibroblasts,

contributing to the increased metabolism and subsequent [18F]

FDG uptake (46). Therefore, if we aim to decipher the exact

disease mechanisms, more specific radiotracers are needed that
frontiersin.org

https://doi.org/10.3389/fnume.2023.1306251
https://www.frontiersin.org/journals/nuclear-medicine
https://www.frontiersin.org/


FIGURE 8

Autoradiography and FAP staining of paraffin embedded lung tissue. (A) Autoradiography of [89Zr]Zr-DFO-28H1 uptake in paraffin embedded lung tissue
section, where all four sections from each rat were included. (B) Representative autoradiography images and FAP staining at different magnifications
presented from controls and bleomycin-exposed animals. (C) H&E and FAP stained lung tissue sections shown from controls and bleomycin-exposed
rat lungs. Alteration of the lung tissue is visible in the bleomycin-exposed group with FAP positive cells represented as DAB (brown) stained.

Boswinkel et al. 10.3389/fnume.2023.1306251

Frontiers in Nuclear Medicine 14 frontiersin.org

https://doi.org/10.3389/fnume.2023.1306251
https://www.frontiersin.org/journals/nuclear-medicine
https://www.frontiersin.org/


Boswinkel et al. 10.3389/fnume.2023.1306251
visualize a specific target or immune cell population. In the case of

lung disease, FAP-targeting tracers, such as [89Zr]Zr-DFO-28H1, are

of specific interest because these enable the visualization of

fibroblasts and, therefore, can be used to track fibrogenesis, one of

the key disease processes in lung disease.

Our study shows a twofold increase in lung uptake of the FAP

tracer [89Zr]Zr-DFO-28H1 in bleomycin-exposed animals

compared to controls at 15 days after induction.

Autoradiography showed a heterogeneous distribution of the

tracer within the lungs. Hotspots of tracer uptake colocalized

with the expression of FAP, as assessed by

immunohistochemistry. Similar results were found previously

using a small molecule FAP inhibitor (FAPI-46) in a bleomycin

mouse model (47). A 2.6- and 4.0-fold higher uptake of [68Ga]

Ga-FAPI-46 was observed at 7 and 15 days after the bleomycin

challenge compared with the control animals, respectively. FAP

imaging has also been evaluated in human subjects with fibrotic

interstitial lung disease with suspected lung cancer (48). It was

reported that [68Ga]Ga-FAPI-46 uptake showed a positive

correlation with the CT-based fibrosis index, suggesting that FAP

imaging could be a promising tool to monitor fibrosis. The

relevance of FAP imaging has also been shown in patients with

inflammatory diseases. Bergman et al. found an increased uptake

of [68Ga]Ga-FAPI-04 in fibrotic areas of the lungs in patients

with systemic sclerosis-associated interstitial lung disease,

compared with controls (49). Taken together, both experimental

and clinical studies have demonstrated the feasibility of FAP

imaging in fibrotic lung disease (50, 51). In the clinical setting,

the use of small molecule radiotracers such as FAPI-46 or FAPI-

04 is probably preferred over 28H1, because of their faster

pharmacokinetics, resulting in lower background radioactivity

levels and allowing imaging on the same day as the radiotracer

injection. However, future prospective clinical studies still have to

prove its clinical value in monitoring lung disease progression

and treatment response.

The strength of the bleomycin lung injury model is the

robustness and ability to reproduce the model set-up across

different laboratories, especially since not only the bleomycin

dose and administration route will impact on the final outcome

in terms of disease severity. Other factors, such as animal strain,

diet, animal holding, and cage mates, might impact how severe

the bleomycin-induced disease will be. Nevertheless, any batch

difference or variation in administration technique will not be

detrimental when inducing disease, since it is fairly easy to assess

the terminal samples for model confirmation, in terms of

histology and BAL analysis at any time point of this model. The

bleomycin instillation induces acute inflammation followed by a

drop in body weight during the first few days after the induction

of lung injury. Thus, this might hamper long imaging sessions

with anesthetized animals. In our experiments, multimodal

imaging at time points such as day 7 and onwards could be

successfully performed and the animals recovered relative

quickly. This is a major strength, as the power of longitudinal

measurements is invaluable for disease mapping and follow-up.

The reproducibility of an animal model depends on many

factors. A source of uncertainty in our model is the operator-
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dependent experience of the i.t.-instillations. This is illustrated by

the fact that we excluded two rats from Group 2 that did not

show any signs of disease upon histopathology and BAL analysis,

as well as a lack of lesions on MRI scans. It is most likely that

the bleomycin was administered via the esophagus instead of the

i.t. route. This highlights the importance of accurate i.t.

bleomycin instillation. Another challenge in reproducing animal

models between institutes and countries is the difference in local

guidelines and legislations, for example in the termination

criteria. Finally, one of the potentially largest challenges of

reproducing models from one research site to another could be

the lack of accurate and detailed descriptions of the experimental

procedures. Therefore, more transparent protocols and published

details on inclusion or exclusion criteria with animals are

warranted.

In summary, the commonly used bleomycin-induced lung

injury model and two imaging biomarkers (MRI and [18F]FDG-

PET) were evaluated at two different research sites. The same

administration route and animal strain were employed, while the

scanners, settings, and software differed between the research

sites. Readouts from the terminal samples showed that the model

was successfully reproduced, where samples from BALF, such as

cell counts and protein concentration as well as histopathological

assessment, indicated comparable trends in disease burden and

progression between the two sites. Furthermore, monitoring

disease progression with the imaging biomarkers MRI and [18F]

FDG-PET yielded comparable results. However, it must be noted

that in absolute numbers some differences were observed

between the two sites, e.g., total lung volume or total uptake of

the [18F]FDG; however, this was not detrimental for the overall

disease readout. Finally, the successful transfer of the lung

disease model enabled us to explore the potential of a novel PET

imaging biomarker [89Zr]Zr-DFO-28H1 to image activated

fibroblasts, which are highly relevant in fibrogenesis assessment.

In conclusion, the reproducibility of experimental disease

models and imaging biomarkers are significant aspects of

translational research. Successful reproducibility enables

consistent and reliable results that allow for the interpretation

and comparison of data across research sites and studies. Taken

together, the i.t. bleomycin rat model is reproducible and robust

and allows for future research on new therapeutics or biomarkers

in lung disease.
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SUPPLEMENTARY FIGURE S1

(A) Lung regions of interest (ROI) are presented from all slices in the
transverse plane from one rat lung. The ROI area is indicated in turquoise.
(B) The MRI data analysis that was performed within the entire lung ROI
generated initial histograms as shown in the figure. The histogram analysis
method was carried out by calculating where the extrapolated line of the
slope will intersect on the x-axis. The intersection at the x-axis thus
identifies a threshold value between the normal signal intensity vs. high-
signal intensity, within the lung ROI. The appearance of the histogram was
notably different in shape between the lung ROIs in the control group and
those in the bleomycin-challenged rat group.

SUPPLEMENTARY FIGURE S2

Differential cell counts were generated from cytospined BAL cells that were
stained with May-Grünwald and Giemsa stain and scored by two persons.
The counted cells are presented as % ratios, at time points 1, 2, and 3
weeks after bleomycin exposure vs. controls.

SUPPLEMENTARY FIGURE S3

Histological assessment and presentation of lung tissue sections from
controls and bleomycin-exposed rats. In addition, the histology sections
from the unaffected lungs of bleomycin-exposed rats (n= 2) are
presented, which were excluded from the Nijmegen study.

SUPPLEMENTARY FIGURE S4

Weekly presented (A) [18F]FDG uptake and (B) glucose levels measured
before every [18F]FDG-PET scan session, plotting each animal as paired
data sets. (C) Trends of glucose levels shown between week 1 and week 2
after induction, where each data point represents one animal.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fnume.2023.1306251/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnume.2023.1306251/full#supplementary-material
https://doi.org/10.3389/fnume.2023.1306251
https://www.frontiersin.org/journals/nuclear-medicine
https://www.frontiersin.org/


Boswinkel et al. 10.3389/fnume.2023.1306251
References
1. Barreto MM, Rafful PP, Rodrigues RS, Zanetti G, Hochhegger B, Souza AS Jr,
et al. Correlation between computed tomographic and magnetic resonance imaging
findings of parenchymal lung diseases. Eur J Radiol. (2013) 82(9):e492–501. doi: 10.
1016/j.ejrad.2013.04.037

2. Bondue B, Castiaux A, Van Simaeys G, Mathey C, Sherer F, Egrise D, et al.
Absence of early metabolic response assessed by 18F-FDG PET/CT after initiation
of antifibrotic drugs in IPF patients. Respir Res. (2019) 20(1):10. doi: 10.1186/
s12931-019-0974-5

3. Justet A, Laurent-Bellue A, Thabut G, Dieudonne A, Debray MP, Borie R, et al.
[(18)F]FDG PET/CT predicts progression-free survival in patients with idiopathic
pulmonary fibrosis. Respir Res. (2017) 18(1):74. doi: 10.1186/s12931-017-0556-3

4. Prescott JW. Quantitative imaging biomarkers: the application of advanced image
processing and analysis to clinical and preclinical decision making. J Digit Imaging.
(2013) 26(1):97–108. doi: 10.1007/s10278-012-9465-7

5. Stecker IR, Freeman MS, Sitaraman S, Hall CS, Niedbalski PJ, Hendricks AJ, et al.
Preclinical MRI to quantify pulmonary disease severity and trajectories in poorly
characterized mouse models: a pedagogical example using data from novel
transgenic models of lung fibrosis. J Magn Reson Open. (2021):6–7:100013. doi: 10.
1016/j.jmro.2021.100013

6. Lawson WE BBM, Oury TD, Sisson TH, Raghavendran K, Hogaboam CM.
Animal models of fibrotic lung disease. Am J Respir Cell Mol Biol. (2013) 49
(2):167–79. doi: 10.1165/rcmb.2013-0094TR

7. Driscoll KE, Costa DL, Hatch G, Henderson R, Oberdorster G, Salem H, et al.
Intratracheal instillation as an exposure technique for the evaluation of respiratory
tract toxicity: uses and limitations. Toxicol Sci. (2000) 55(1):24–35. doi: 10.1093/
toxsci/55.1.24

8. Moeller A, Ask K, Warburton D, Gauldie J, Kolb M. The bleomycin
animal model: a useful tool to investigate treatment options for idiopathic
pulmonary fibrosis? Int J Biochem Cell Biol. (2008) 40(3):362–82. doi: 10.1016/j.
biocel.2007.08.011

9. Skeoch S, Weatherley N, Swift AJ, Oldroyd A, Johns C, Hayton C, et al. Drug-
induced interstitial lung disease: a systematic review. J Clin Med. (2018) 7(10):1–30.
doi: 10.3390/jcm7100356

10. Ngeow J, Tan IB, Kanesvaran R, Tan HC, Tao M, Quek R, et al. Prognostic
impact of bleomycin-induced pneumonitis on the outcome of Hodgkin’s
lymphoma. Ann Hematol. (2011) 90(1):67–72. doi: 10.1007/s00277-010-1032-z

11. Delaunay M, Cadranel J, Lusque A, Meyer N, Gounant V, Moro-Sibilot D, et al.
Immune-checkpoint inhibitors associated with interstitial lung disease in cancer
patients. Eur Respir J. (2017) 50(2):1–13. doi: 10.1183/13993003.00050-2017

12. Della Latta V, Cecchettini A, Del Ry S, Morales MA. Bleomycin in the setting of
lung fibrosis induction: from biological mechanisms to counteractions. Pharmacol Res.
(2015) 97:122–30. doi: 10.1016/j.phrs.2015.04.012

13. Cox TR, Erler JT. Remodeling and homeostasis of the extracellular matrix:
implications for fibrotic diseases and cancer. Dis Model Mech. (2011) 4(2):165–78.
doi: 10.1242/dmm.004077

14. Sullivan DC, Obuchowski NA, Kessler LG, Raunig DL, Gatsonis C, Huang EP,
et al. Metrology standards for quantitative imaging biomarkers. Radiology. (2015) 277
(3):813–25. doi: 10.1148/radiol.2015142202

15. Waterton JC, McShane LM, O’Connor JPB. Imaging biomarkers exist and they
underpin clinical decision-making. Nat Rev Clin Oncol. (2017) 14(11):694. doi: 10.
1038/nrclinonc.2017.167

16. Baues M, Dasgupta A, Ehling J, Prakash J, Boor P, Tacke F, et al. Fibrosis
imaging: current concepts and future directions. Adv Drug Deliv Rev. (2017)
121:9–26. doi: 10.1016/j.addr.2017.10.013

17. Lonzetti L, Zanon M, Pacini GS, Altmayer S, Martins de Oliveira D, Rubin AS,
et al. Magnetic resonance imaging of interstitial lung diseases: a state-of-the-art review.
Respir Med. (2019) 155:79–85. doi: 10.1016/j.rmed.2019.07.006

18. Mahmutovic Persson I, von Wachenfeldt K, Waterton JC, Olsson LE, On Behalf
of the Tristan C. Imaging biomarkers in animal models of drug-induced lung injury: a
systematic review. J Clin Med. (2020) 10(1):1–30. doi: 10.3390/jcm10010107

19. O’Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for
immunologists. Nat Rev Immunol. (2016) 16(9):553–65. doi: 10.1038/nri.2016.70

20. Glaudemans AW, de Vries EF, Galli F, Dierckx RA, Slart RH, Signore A. The use
of (18)F-FDG-PET/CT for diagnosis and treatment monitoring of inflammatory and
infectious diseases. Clin Dev Immunol. (2013) 2013:623036. doi: 10.1155/2013/623036

21. Chen DL, Schiebler ML, Goo JM, van Beek EJR. PET imaging approaches for
inflammatory lung diseases: current concepts and future directions. Eur J Radiol.
(2017) 86:371–6. doi: 10.1016/j.ejrad.2016.09.014

22. Groves AM, Win T, Screaton NJ, Berovic M, Endozo R, Booth H, et al.
Idiopathic pulmonary fibrosis and diffuse parenchymal lung disease: implications
from initial experience with 18F-FDG PET/CT. J Nucl Med. (2009) 50(4):538–45.
doi: 10.2967/jnumed.108.057901
Frontiers in Nuclear Medicine 17
23. Guan R, Wang X, Zhao X, Song N, Zhu J, Wang J, et al. Emodin ameliorates
bleomycin-induced pulmonary fibrosis in rats by suppressing epithelial-
mesenchymal transition and fibroblast activation. Sci Rep. (2016) 6:35696. doi: 10.
1038/srep35696

24. Peyser R, MacDonnell S, Gao Y, Cheng L, Kim Y, Kaplan T, et al. Defining the
activated fibroblast population in lung fibrosis using single-cell sequencing. Am
J Respir Cell Mol Biol. (2019) 61(1):74–85. doi: 10.1165/rcmb.2018-0313OC

25. Yang P, Luo Q, Wang X, Fang Q, Fu Z, Li J, et al. Comprehensive analysis of
fibroblast activation protein expression in interstitial lung diseases. Am J Respir Crit
Care Med. (2023) 207(2):160–72. doi: 10.1164/rccm.202110-2414OC

26. Karsdal MA, Nielsen SH, Leeming DJ, Langholm LL, Nielsen MJ, Manon-Jensen
T, et al. The good and the bad collagens of fibrosis—their role in signaling and organ
function. Adv Drug Deliv Rev. (2017) 121:43–56. doi: 10.1016/j.addr.2017.07.014

27. Izbicki G, Segel MJ, Christensen TG, Conner MW, Breuer R. Time course of
bleomycin-induced lung fibrosis. Int J Exp Pathol. (2002) 83(3):111–9. doi: 10.1046/
j.1365-2613.2002.00220.x

28. Mahmutovic Persson I, Fransen Pettersson N, Liu J, Falk Hakansson H, Orbom
A, In ‘t Zandt R, et al. Longitudinal imaging using PET/CT with collagen-I PET-tracer
and MRI for assessment of fibrotic and inflammatory lesions in a rat lung injury
model. J Clin Med. (2020) 9(11):1–21. doi: 10.3390/jcm9113706

29. Mahmutovic Persson I, Falk Hakansson H, Orbom A, Liu J, von Wachenfeldt K,
Olsson LE. Imaging biomarkers and pathobiological profiling in a rat model of drug-
induced interstitial lung disease induced by bleomycin. Front Physiol. (2020) 11:584.
doi: 10.3389/fphys.2020.00584

30. Bondue B, Sherer F, Van Simaeys G, Doumont G, Egrise D, Yakoub Y, et al.
PET/CT with 18F-FDG- and 18F-FBEM-labeled leukocytes for metabolic activity
and leukocyte recruitment monitoring in a mouse model of pulmonary fibrosis.
J Nucl Med. (2015) 56(1):127–32. doi: 10.2967/jnumed.114.147421

31. Karmouty-Quintana H, Cannet C, Zurbruegg S, Ble FX, Fozard JR, Page CP,
et al. Bleomycin-induced lung injury assessed noninvasively and in spontaneously
breathing rats by proton MRI. J Magn Reson Imaging. (2007) 26(4):941–9. doi: 10.
1002/jmri.21100

32. Babin AL, Cannet C, Gérard C, Wyss D, Page CP, Beckmann N. Noninvasive
assessment of bleomycin-induced lung injury and the effects of short-term
glucocorticosteroid treatment in rats using MRI. J Magn Reson Imaging. (2011) 33
(3):603–14. doi: 10.1002/jmri.22476

33. Egger C, Cannet C, Gérard C, Dunbar A, Tigani B, Beckmann N. Hyaluronidase
modulates bleomycin-induced lung injury detected noninvasively in small rodents by
radial proton MRI. J Magn Reson Imaging. (2015) 41(3):755–64. doi: 10.1002/jmri.
24612

34. Egger C, Cannet C, Gérard C, Jarman E, Jarai G, Feige A, et al. Administration of
bleomycin via the oropharyngeal aspiration route leads to sustained lung fibrosis in
mice and rats as quantified by UTE-MRI and histology. PLoS One. (2013) 8
(5):1–13. doi: 10.1371/journal.pone.0063432

35. Desogere P, Tapias LF, Hariri LP, Rotile NJ, Rietz TA, Probst CK, et al. Type I
collagen-targeted PET probe for pulmonary fibrosis detection and staging in
preclinical models. Sci Transl Med. (2017) 9(384):1–11. doi: 10.1126/scitranslmed.
aaf4696

36. Ferreira C, Rosenkrans Z, Bernau K, Moore M, Valla F, Batterton J, et al.
Targeting activated fibroblasts for non-invasive detection of lung fibrosis. J Nucl
Med. 2021;62(Suppl. 1):10. doi: 10.1007/s00259-022-05814-9

37. Altmann A, Haberkorn U, Siveke J. The latest developments in imaging of
fibroblast activation protein. J Nucl Med. (2021) 62(2):160–7. doi: 10.2967/jnumed.
120.244806

38. Laverman P, van der Geest T, Terry SY, Gerrits D, Walgreen B, Helsen MM,
et al. Immuno-PET and immuno-SPECT of rheumatoid arthritis with radiolabeled
anti-fibroblast activation protein antibody correlates with severity of arthritis. J Nucl
Med. (2015) 56(5):778–83. doi: 10.2967/jnumed.114.152959

39. Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG, Group NCRRGW.
Animal research: reporting in vivo experiments: the ARRIVE guidelines. Br
J Pharmacol. (2010) 160(7):1577–9. doi: 10.1111/j.1476-5381.2010.00872.x

40. Hubner RH, Gitter W, El Mokhtari NE, Mathiak M, Both M, Bolte H, et al.
Standardized quantification of pulmonary fibrosis in histological samples.
Biotechniques. (2008) 44(4):507–11; 14–7. doi: 10.2144/000112729

41. Vande Velde G, Poelmans J, De Langhe E, Hillen A, Vanoirbeek J, Himmelreich
U, et al. Longitudinal micro-CT provides biomarkers of lung disease that can be used
to assess the effect of therapy in preclinical mouse models, and reveal compensatory
changes in lung volume. Dis Model Mech. (2016) 9(1):91–8. doi: 10.1242/dmm.020321

42. Egger C, Gerard C, Vidotto N, Accart N, Cannet C, Dunbar A, et al. Lung
volume quantified by MRI reflects extracellular-matrix deposition and altered
pulmonary function in bleomycin models of fibrosis: effects of SOM230. Am
J Physiol Lung Cell Mol Physiol. (2014) 306(12):L1064–77. doi: 10.1152/ajplung.
00027.2014
frontiersin.org

https://doi.org/10.1016/j.ejrad.2013.04.037
https://doi.org/10.1016/j.ejrad.2013.04.037
https://doi.org/10.1186/s12931-019-0974-5
https://doi.org/10.1186/s12931-019-0974-5
https://doi.org/10.1186/s12931-017-0556-3
https://doi.org/10.1007/s10278-012-9465-7
https://doi.org/10.1016/j.jmro.2021.100013
https://doi.org/10.1016/j.jmro.2021.100013
https://doi.org/10.1165/rcmb.2013-0094TR
https://doi.org/10.1093/toxsci/55.1.24
https://doi.org/10.1093/toxsci/55.1.24
https://doi.org/10.1016/j.biocel.2007.08.011
https://doi.org/10.1016/j.biocel.2007.08.011
https://doi.org/10.3390/jcm7100356
https://doi.org/10.1007/s00277-010-1032-z
https://doi.org/10.1183/13993003.00050-2017
https://doi.org/10.1016/j.phrs.2015.04.012
https://doi.org/10.1242/dmm.004077
https://doi.org/10.1148/radiol.2015142202
https://doi.org/10.1038/nrclinonc.2017.167
https://doi.org/10.1038/nrclinonc.2017.167
https://doi.org/10.1016/j.addr.2017.10.013
https://doi.org/10.1016/j.rmed.2019.07.006
https://doi.org/10.3390/jcm10010107
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1155/2013/623036
https://doi.org/10.1016/j.ejrad.2016.09.014
https://doi.org/10.2967/jnumed.108.057901
https://doi.org/10.1038/srep35696
https://doi.org/10.1038/srep35696
https://doi.org/10.1165/rcmb.2018-0313OC
https://doi.org/10.1164/rccm.202110-2414OC
https://doi.org/10.1016/j.addr.2017.07.014
https://doi.org/10.1046/j.1365-2613.2002.00220.x
https://doi.org/10.1046/j.1365-2613.2002.00220.x
https://doi.org/10.3390/jcm9113706
https://doi.org/10.3389/fphys.2020.00584
https://doi.org/10.2967/jnumed.114.147421
https://doi.org/10.1002/jmri.21100
https://doi.org/10.1002/jmri.21100
https://doi.org/10.1002/jmri.22476
https://doi.org/10.1002/jmri.24612
https://doi.org/10.1002/jmri.24612
https://doi.org/10.1371/journal.pone.0063432
https://doi.org/10.1126/scitranslmed.aaf4696
https://doi.org/10.1126/scitranslmed.aaf4696
https://doi.org/10.1007/s00259-022-05814-9
https://doi.org/10.2967/jnumed.120.244806
https://doi.org/10.2967/jnumed.120.244806
https://doi.org/10.2967/jnumed.114.152959
https://doi.org/10.1111/j.1476-5381.2010.00872.x
https://doi.org/10.2144/000112729
https://doi.org/10.1242/dmm.020321
https://doi.org/10.1152/ajplung.00027.2014
https://doi.org/10.1152/ajplung.00027.2014
https://doi.org/10.3389/fnume.2023.1306251
https://www.frontiersin.org/journals/nuclear-medicine
https://www.frontiersin.org/


Boswinkel et al. 10.3389/fnume.2023.1306251
43. Paschali AN, Gnanasegaran G, Cook GJ. FDG PET-CT: need for vigilance in
patients treated with Bleomycin. Indian J Nucl Med. (2017) 32(2):122–4. doi: 10.
4103/0972-3919.202242

44. Wu C, Li F, Niu G, Chen X. PET imaging of inflammation biomarkers.
Theranostics. (2013) 3(7):448–66. doi: 10.7150/thno.6592

45. Patel H, Shah JR, Patel DR, Avanthika C, Jhaveri S, Gor K. Idiopathic pulmonary
fibrosis: diagnosis, biomarkers and newer treatment protocols. Dis Mon. (2022)
69:101484. doi: 10.1016/j.disamonth.2022.101484

46. Hamanaka RB, Mutlu GM. Metabolic requirements of pulmonary fibrosis:
role of fibroblast metabolism. FEBS J. (2021) 288(22):6331–52. doi: 10.1111/febs.
15693

47. Rosenkrans ZT, Massey CF, Bernau K, Ferreira CA, Jeffery JJ, Schulte JJ, et al.
[(68) Ga]Ga-FAPI-46 PET for non-invasive detection of pulmonary fibrosis disease
activity. Eur J Nucl Med Mol Imaging. (2022) 49(11):3705–16. doi: 10.1007/s00259-
022-05814-9
Frontiers in Nuclear Medicine 18
48. Rohrich M, Leitz D, Glatting FM, Wefers AK, Weinheimer O, Flechsig P, et al.
Fibroblast activation protein-specific PET/CT imaging in fibrotic interstitial lung
diseases and lung cancer: a translational exploratory study. J Nucl Med. (2022) 63
(1):127–33. doi: 10.2967/jnumed.121.261925

49. Bergmann C, Distler JH, Treutlein C, Tascilar K, Müller AT, Atzinger A, et al.
68Ga-FAPI-04 PET-CT for molecular assessment of fibroblast activation and risk
evaluation in systemic sclerosis-associated interstitial lung disease: a single-centre,
pilot study. Lancet Rheumatol. (2021) 3(3):e185–94. doi: 10.1016/S2665-9913(20)
30421-5

50. Ji H, Lan X, Jiang D, Gai Y. [68Ga]FAPI PET/CT for imaging and treatment
monitoring in a preclinical model of pulmonary fibrosis: comparison to [18F]FDG
PET/CT. J Nucl Med. (2022) 63(Suppl. 2):2449. doi: 10.3389/fonc.2022.924223

51. Luo Y, Pan Q, Yang H, Peng L, Zhang W, Li F. Fibroblast activation protein-
targeted PET/CT with (68)Ga-FAPI for imaging IgG4-related disease: comparison
to (18)F-FDG PET/CT. J Nucl Med. (2021) 62(2):266–71. doi: 10.2967/jnumed.120.
244723
frontiersin.org

https://doi.org/10.4103/0972-3919.202242
https://doi.org/10.4103/0972-3919.202242
https://doi.org/10.7150/thno.6592
https://doi.org/10.1016/j.disamonth.2022.101484
https://doi.org/10.1111/febs.15693
https://doi.org/10.1111/febs.15693
https://doi.org/10.1007/s00259-022-05814-9
https://doi.org/10.1007/s00259-022-05814-9
https://doi.org/10.2967/jnumed.121.261925
https://doi.org/10.1016/S2665-9913(20)30421-5
https://doi.org/10.1016/S2665-9913(20)30421-5
https://doi.org/10.3389/fonc.2022.924223
https://doi.org/10.2967/jnumed.120.244723
https://doi.org/10.2967/jnumed.120.244723
https://doi.org/10.3389/fnume.2023.1306251
https://www.frontiersin.org/journals/nuclear-medicine
https://www.frontiersin.org/

	Utilizing MRI, [18F]FDG-PET and [89Zr]Zr-DFO-28H1 FAP-PET tracer to assess inflammation and fibrogenesis in a reproducible lung injury rat model: a multimodal imaging study
	Introduction
	Materials and methods
	Ethical approval, animals, and experimental set-up
	Bleomycin challenge
	FAP tracer conjugation and radiolabeling
	Longitudinal imaging workflow
	Experimental design and timeline
	Magnetic resonance imaging
	Positron emission tomography
	Computed tomography

	Imaging data analysis
	Termination and sample collection
	Analyzing BAL cells and supernatants
	Ex vivo biodistribution of [89Zr]Zr-DFO-28H1
	Histology staining and analysis
	Autoradiography
	Statistical analysis

	Results
	Model characterization and confirmation of model reproducibility
	Histological analysis of bleomycin-induced lung injury; confirmation of model transfer
	Assessment of total lung volume alterations and lesions by MRI
	[18F]FDG-PET imaging and quantification of lung signal uptake
	[89Zr]Zr-DFO-28H1 FAP imaging, autoradiography, and immunohistochemistry

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


