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ABSTRACT: Disease-recapitulating animal models are valuable
tools in preclinical development for the study of compounds. In
the case of fibrotic pulmonary diseases such as idiopathic
pulmonary fibrosis (IPF), the bleomycin model of lung injury in
the mouse is widely used. To evaluate bleomycin-induced changes
in the lung, we employed a quantitative, multimodal approach.
Using in vivo microcomputed tomography (μCT), we demon-
strated radiographic changes associated with disease progression in
aeration levels of the lung parenchyma. There exists an unmet need
for a quantitative, high-resolution imaging probe to detect
pulmonary fibrosis, particularly that can differentiate between
inflammatory and fibrotic components of the disease. Matrix remodeling and overexpression of extracellular matrix (ECM) proteins
such as collagen and fibronectin are hallmarks of organ fibrosis. A splice variant of fibronectin containing extra domain A (FnEDA) is
of particular interest in fibrosis due to its high level of expression in diseased tissue, which is confirmed here using
immunohistochemistry (IHC) in mouse and human lungs. An antibody against FnEDA was evaluated for use as an imaging tool,
particularly by using in vivo single-photon emission computed tomography (SPECT) and ex vivo near-infrared (NIR) fluorescence
imaging. These data were further corroborated with histological tissue staining and fibrosis quantitation based on a Modified
Ashcroft (MA) score and a digital image analysis of whole slide lung tissue sections. The fusion of these different approaches
represents a robust integrated workflow combining anatomical and molecular imaging technologies to enable the visualization and
quantitation of disease activity and treatment response with an inhibitor of the TGFβ signaling pathway.
KEYWORDS: Idiopathic pulmonary fibrosis, fibronectin splice variant, FnEDA, bleomycin, micro-CT, NIR, SPECT,
digital whole slide image analysis

■ INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a chronic and invariably
fatal fibrotic lung disorder with an unknown etiology. IPF is
one of the most frequently diagnosed interstitial lung diseases
(ILDs), and this diagnosis is primarily based on high-
resolution computed tomography (HRCT) images from
patients exhibiting usual interstitial pneumonia (UIP). Disease
pathogenesis remains elusive and controversial, but the
prevailing hypothesis assumes an ineffective wound healing
response to alveolar epithelial cell injury.1 The study of human
IPF has been aided by the identification of cells, molecular
mediators, and processes key to the condition afforded by the
development of animal models. Small animal models of lung
fibrosis are also essential for the preclinical evaluation of the
efficacy of novel antifibrotic compounds. Among these is the
bleomycin model−the best-characterized murine model
currently in use. The bleomycin mouse model is used for its
reproducibility, accessibility, and ease of application. Despite
the model’s limitation of reproducing the irreversible and

progressive nature of IPF, both inflammatory and fibrotic
components of the disease induction can be observed, with
inflammatory markers elevated prior to fibrotic markers.2,3

Current outcome measurements in experimental pulmonary
fibrosis animal models involve histopathological and bio-
chemical analyses, such as semiquantitative tissue scores and
hydroxyproline content, respectively, but are known to be
labor-intensive. While histopathology is a gold-standard for
lung fibrosis assessment, digital pathology image analysis-based
methods on whole slide images (WSIs) have been developed
to mitigate subjectivity in assessing the fibrotic component of
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the tissue as well as generating quantitative continuous data.
Recently, studies have reported on the use of machine
learning-based image analysis of WSIs from rodent lung tissue
to quantify fibrosis to automate histological scoring tasks.4,5 In
addition to these readouts, in vivo microcomputed tomography
(μCT) has been used to quantitate fibrosis severity and
treatment response.6−10 While ex vivo μCT measurements
have been validated by comparison to established histologic
and physiologic end points,11 more recent optimizations in in
vivo μCT imaging have enabled longitudinal assessments of
disease activity and treatment response with each animal acting
as their own control.9,12,13 However, an important challenge
with μCT imaging remains. Although μCT scanning is
sensitive enough to detect changes in lung tissue density, it
cannot distinguish between lung inflammation and fibrosis, as
both are manifested by relative increases in tissue density.
Discrimination of lung inflammation from fibrosis requires
subsequent histological or other sensitive analyses. Imaging
collagen, fibronectin, or fibroblast activation protein (FAP)
therefore presents an opportunity for characterization of the
fibrotic state in the lung. Toward that end, recent studies have
reported on the use of molecular imaging probes to monitor
Collagen I and FAP in animal models and in ILD
patients.14−20 Fibronectin (FN) is one of the main extracellular
matrix (ECM) components, and several studies have
demonstrated that alternatively spliced FN isoforms, specifi-
cally extra domain A (EDA), is prominently expressed during
fibrosis and support myofibroblast activation.21−24 Further,
fibronectin production precedes collagen synthesis in the
progression of the disease. We therefore hypothesized that
imaging of fibronectin extra domain A (FnEDA) may offer the
potential for a readout of specific fibrotic activity. FnEDA is
also presented as a potential target for drug delivery, leveraging
anti-FnEDA antibody as a payload vehicle, in a mouse model
of rheumatoid arthritis and renal fibrosis.25−27 Here, we
describe an antibody-based, FnEDA-targeted imaging probe
and demonstrate its ability to detect and quantify pulmonary
fibrosis in the mouse bleomycin model as well as monitor
therapeutic response with SM16, an ALK5 kinase inhibitor
(ALK5i). ALK5i has been published to inhibit myofibroblast
activation and cardiac fibrosis in vivo; therefore, it was selected
to measure the inhibition of lung fibrosis in the bleomycin
injury model.28,29

To observe disease progression and assess efficacy of
treatments preclinically in animal models of fibrosis, multiple
techniques may be required to capture the complexity and
multifaceted nature of the disease. To address these challenges,
we describe the development of an imaging-based workflow
that incorporates a stepwise approach starting with in vivo
μCT followed by ex vivo FnEDA near-infrared (NIR) imaging
and subsequent downstream histopathology measurements
using Modified Ashcroft (MA) scoring by a pathologist30 and
digital image analysis from WSI tissue sections. The ex vivo
NIR imaging findings were also validated with single-photon
emission computed tomography (SPECT) imaging with a
radiolabeled anti-FnEDA IgG. A fully automated deep learning
based WSI analysis was used for quantification of collagen
changes and evaluation of the antifibrotic effect with treatment.
Furthermore, the μCT and NIR imaging protocols do not
preclude complementary biochemical measurements of the
lung samples and therefore allow a comprehensive multimodal
assessment from a single animal.

■ METHODS
See the Supporting Information for additional information.

Animals, Disease Model, and Treatment
8−10-week-old C57Bl/6 male mice (8−10 weeks old) from Jackson
Laboratory (Bar Harbor, ME) were used in the study. All animal
studies were performed under protocols approved by the AbbVie
Bioresearch Center Institutional Animal Care and Use Committee
(IACUC) in accordance with the Principles of Laboratory Animal
Care.
On day 0, mice in the diseased groups were dosed with 2 U/kg of

bleomycin sulfate via oropharyngeal administration (Meitheal
Pharmaceuticals, cat. no. 71288-106-10, Chicago, IL). Naiv̈e animals
were dosed with PBS via oropharyngeal administration (Gibco
Thermofisher Scientific, Waltham, MA). Enrollment of animals was
determined based on day 7 % body weight loss of 5−20% from day 0.
Animals were monitored for body weight on days 3, 7, 10, 14, 18, and
21.
The treatment group was dosed orally with 45 mg/kg of the

ALK5i,28,29,31,32 formulated in Captisol, once daily beginning on day
8. Similarly, the untreated bleomycin group was dosed with Captisol
without ALK5i.
In vivo μCT images of the lungs were acquired on day 20 of disease

progression using the MILabs U-CT (Utrecht, Netherlands). The
mice were anesthetized using isoflurane and subsequently laid in a
prone position on the imaging bed. The following settings were used:
X-ray voltage 50 kV, current 0.21 mA, steps 0.750°, frame averaging of
1, 16 projections/step, and 20 ms exposure time, resulting in an
estimated radiation dose of 2662 mGy. Following image acquisition,
the images were reconstructed using the Hann filtered back-projection
algorithm (MILabs Reconstruction software; MILabs). A voxel width
of 40 μm was used, and respiratory gating was applied during
reconstruction. Analysis of the μCT images was completed by using
VivoQuant software (Invicro, Boston, MA). A 0.2 mm anisotropic
Gaussian filter was applied to the image. The 3D ROI tool was then
used to create a region of interest (ROI) including the lungs. A
neighborhood threshold was applied to this ROI within the range of
−860 to 0 Hounsfield Units (HU), and a density histogram of this
ROI was exported for further analysis.
Animals were dosed with anti-FnEDA-800CW IgG on day 18

intravenously at 6 mg/kg. To evaluate in vivo targeting specificity, a
cohort of animals was also coadministered anti-FnEDA-800CW (6
mg/kg) with competing unlabeled anti-FnEDA (60 mg/kg). 72 h
after dosing, mice were euthanized, and the lungs were resected for
NIR imaging. The anti-FnEDA monoclonal IgG antibody (mAb)
used in this manuscript was generated at AbbVie, and its
characterization has been described previously.26,27 Anti-FnEDA
mAb specifically binds to fibronectin containing the splice insertion
of EDA with no binding to plasma fibronectin that does not contain
the FnEDA. Near-infrared (NIR) imaging was performed on a Pearl
Imager (Li-Cor, Lincoln, NE) and analyzed according to the mean
fluorescence intensity of each image using Image Studio (Li-Cor,
Lincoln, NE) as described previously.33

In parallel, additional animals were dosed with 111In-anti-FnEDA
IgG on day 18 intravenously. 72 h after dosing, in vivo SPECT-CT
images were acquired using a U-SPECT/CT system (MILabs,
Netherlands). Images were analyzed by using PMOD software
(PMOD Technologies, Zurich, Switzerland). Following imaging, the
animals were euthanized, and organs were collected for radioactivity
measurement using a gamma well counter (PerkinElmer, Waltham,
Massachusetts).
Left lung lobes from diseased or naiv̈e mice were harvested and

routinely processed for FnEDA expression assay via immunohis-
tochemistry (IHC) protocols described in the Supporting Informa-
tion. Similar IHC methods were adopted to evaluate FnEDA
expression in human lung, both IPF and NAT (normal adjacent
tissue) from a patient with Non-Small Cell Squamous Cell
Carcinoma.
Anti-human IHC and NIR fluorescence microscopy to detect local

lung distribution of the dosed anti-FnEDA-800CW IgG was
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performed, and slides were digitally imaged using the Pannoramic 250
whole slide scanner (3DHistech, Budapest, Hungary).
Serial sections were stained with hematoxylin and eosin (H&E)

and Masson’s Trichrome using Leica Biosystems Autostainer
(Wetzlar, Germany). H&E slides were qualitatively evaluated and
semiquantitatively scored by a pathologist for inflammation using a
0−5 scale (0 = none, 1 = minimal, 2 = mild, 3 = moderate, 4 =
marked, and 5 = severe). Masson’s Trichrome slides were scored
using the Modified Ashcroft (MA) 0−8 scale,25 and whole slide
images were subsequently used for quantitative digital image analysis
to identify the blue-stained regions of newly formed collagen via
application of a four-step sequence of algorithms designed and trained
in Visiopharm (Visiopharm A/S, Horsholm, Denmark; manuscript in
preparation).

Statistical Analysis
For lung inflammation and Modified Ashcroft semiquantitative scores,
groups were tested for significance (p < 0.05) using nonparametric
Kruskall Wallis ANOVA and Dunn’s multiple comparison tests. For
other readouts, groups were tested for significance (p < 0.05) using
Brown-Forsythe and Welch ANOVA tests with Dunnett’s post-test to
correct for multiple comparisons, using GraphPad Prism software
(San Diego, CA).

■ RESULTS
Primary data collected in this study came from in vivo μCT,
SPECT, NIR imaging, and histopathology scoring and were
aggregated from 4 individual studies. This process is illustrated
in Figure 1, where in vivo μCT and SPECT was succeeded by
ex vivo NIR fluorescence imaging, both of which provide
macroscopic views of the tissue. Following these procedures,
serial sections of the left lung lobe were used to generate three
forms of histopathological images: H&E, Masson’s Trichrome,
and antihuman IHC for detection of FnEDA mAb. Whole slide
images of sectioned tissue with Masson’s Trichrome staining
were also analyzed through digital image analysis. Supple-
mentary data were also collected, reflecting the animal body
weight, lung weight, and lung hydroxyproline content (Figure
S1).
In vivo μCT images were used to assess the density and

aeration levels of the lung tissue at day 20. Figure 2A compares
3D rendered images of a naiv̈e and bleomycin animal, where
the tissue shown is of a density that reflects adequate access to
air (normo-aerated). The image from the bleomycin animal

clearly shows that fewer tissues are sufficiently aerated. This is
quantitatively reflected through Figure 2B, where the volume
of tissue that is normo-aerated is calculated for each animal,
with at least 15 animals in each group. In the bleomycin group,

Figure 1. Multifaceted workflow for characterization of bleomycin-induced pulmonary fibrosis. (A) In vivo μCT imaging quantifies lung density
and tissue aeration. (B) SPECT imaging allows for visualization of anti-FnEDA IgG uptake using radioactive labeling. (C) Ex vivo NIR imaging
reflects the FnEDA levels via fluorescence. (D) Chromogenic IHC detects anti-FnEDA IgG, visualized through the brown DAB chromagen. (E)
Masson’s Trichrome stains collagen blue, allowing for histopathology scoring of fibrosis via Modified Ashcroft score. (F) NIR microscopy of tissue
slides allows microscopic visualization of FnEDA localization. (G) Image analysis detects blue-stained collagen to quantify collagen deposition.

Figure 2. In vivo micro-CT imaging. (A) 3D renderings of μCT
images allow visualization of aerated tissue, with a naiv̈e animal shown
on the left and a bleomycin animal shown on the right. The
bleomycin animal rendering indicates a reduction in aerated tissue as
compared to the naiv̈e. (B) Calculation of the volume of tissue which
falls within the density range designated as aerated (−860 to −435
HU) is plotted here, demonstrating reduced aerated lung volume with
disease (p < 0.05) and no improvement with treatment. N = at least
15, including data from separate studies. (C) Mean lung density of the
tissue in the range of −860 to 0 HU is plotted here, indicating greater
density seen in the bleomycin group as compared to the naiv̈e group
(p < 0.05) with no improvement associated with treatment. N = at
least 15, including data from separate studies. *p < 0.05. Data are
presented as mean (±SD).
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there is a decrease in normo-aerated volume as compared to
the naiv̈e group (naiv̈e 221 ± 84 mm3 vs bleomycin 108 ± 76

mm3, p < 0.05). Further, there is positive shift in mean lung
density associated with disease, indicating that tissue becomes

Figure 3. Histological assessment of collagen and FnEDA expression. (A, B) Fibrotic regions can be observed through blue-stained collagen with
Masson’s Trichrome, which allows for visualization of the effects of bleomycin. Increased deposition of collagen in the lung parenchyma is shown in
the untreated, bleomycin group as compared to naiv̈e. (C, D) Consecutive images immunolabeled with FnEDA show increased expression of
FnEDA in the untreated group as compared to naiv̈e. (E, F) Confirming the translational relevance of the bleomycin murine model, human IPF
lung also shows increased collagen deposition on Trichrome stained sections and markedly greater FnEDA expression (G, H) as compared to
normal adjacent lung tissue from a patient without IPF (Nonsmall Squamous Cell Lung Carcinoma). These are representative images from
approximately the same regions of the tissue to demonstrate the close alignment of anti-FnEDA and trichrome staining; they do not illustrate close
alignment due to inherent variability in tissue morphology when slides are sectioned from a block at different times.

Figure 4. Validation of anti-FnEDA IgG as an imaging marker of fibrosis disease activity in mouse lung. (A) In vivo SPECT images are shown here
using μCT-derived lung segmentation to illustrate radioactive signal within the lung. Low signal is seen in the naiv̈e group as compared to the
bleomycin and ALK5i groups, indicating less FnEDA detected. N = 3. (B) Measurements of radioactive signal from the gamma well counter are
expressed here as percent injected dose per gram of tissue (%ID/g). Signal is shown to increase with disease, and the ALK5i treatment group is
shown to reduce signal compared to the untreated group. N = 5. (C) Ex vivo NIR images show low signal in the naiv̈e group, high signal in the
bleomycin group, and reduced signal in the ALK5i treatment group. N = 5. (D) Mean fluorescence intensity from the NIR images is shown here,
agreeing with the trends observed visually. N = at least 10, including data from 2 separate studies. (E) Subsequent tissue sections from an untreated
bleomycin lung are shown, with Masson’s Trichrome staining, antihuman IHC, or NIR fluorescence. Disease-associated extracellular matrix
proteins, either collagen or fibronectin, can be seen in the same regions in each of the 3 images. Collagen is stained blue (indicated by arrow) by
trichrome staining. FnEDA is indicated by the brown color in the IHC image and bright pink signal in the NIR image. *p < 0.05. Data are
presented as mean (±SD).
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more dense (naiv̈e −401 ± 22 HU vs bleomycin −335 ± 39
HU, p < 0.05) (Figure 2C). However, compared to the
bleomycin group, there are no signs of change in tissue
aeration associated with ALK5i treatment (102 ± 49 mm3), as
well as no effect in lung density associated with treatment
(−331 ± 28 HU).
Traditional readouts, such as lung and body weight and

hydroxyproline levels, were also measured (Figure S1). Left
lung lobes weight measurements at day 21 indicate an increase
in weight with disease and no treatment effect (naiv̈e 60 ± 7
mg vs bleomycin 123 ± 22 mg, p < 0.05, N = at least 5). Body
weight measurements, as expressed by percent change from
day 0 to 21 of disease, also show decreased body weight in the
bleomycin and bleomycin + ALK5i groups as compared to the
naiv̈e group (naiv̈e vs bleomycin p < 0.05, N = at least 10) but
no improvement with ALK5i treatment. However, hydroxypro-
line content, which is a marker of collagen deposition, is
observed to decrease in diseased mice with ALK5i treatment as
compared to untreated bleomycin mice (bleomycin 11 ± 2.9
vs bleomycin + ALK5i 7.4 ± 1.8, p < 0.05, N = at least 10).
The lack of lung tissue aeration changes with ALK5i

treatment, as reported by in vivo μCT, motivated the
evaluation of a molecular marker that would be more sensitive
to the changes in matrix content. Toward that end, IHC was
performed in mouse and human lung samples to assess FnEDA
expression in fibrotic regions of diseased lung samples and
assess the value of monitoring FnEDA changes as a readout of
fibrotic activity in rodent models and human tissue. Histologic
evaluation of trichrome-stained mouse lung tissue revealed
significant collagen deposition at day 21 postbleomycin
induction vs healthy naiv̈e control (Figure 3A,B), and we
observed pronounced FnEDA expression in the fibrotic regions
performed on a sequential tissue section (Figure 3D).
Conversely, lung samples in naive mice demonstrated a
conspicuous lack of FnEDA (Figure 3C). Relevance of
FnEDA to human IPF is demonstrated here, where a lung
sample from a human IPF patient shows increased collagen
and FnEDA expression as compared to normal adjacent non-
IPF lung from a patient with nonsmall-cell squamous-cell lung
carcinoma (Figure 3E−H). The FnEDA expression is observed
to be closely associated with regions of active fibrosis, known
as fibroblastic foci.
To characterize FnEDA expression in the early inflammatory

phase of the bleomycin model, an FnEDA IHC time course
was quantitatively evaluated from day 1 through day 7, and
lung inflammation was semiquantitatively scored by a
pathologist (Figure S2). Inflammatory infiltrates are observed
as early as day 1 post-bleomycin administration and thereafter
show a progressive and statistically significant increase from
day 3 through day 7 compared to naiv̈e mice. Inflammatory
infiltrates are composed of macrophages and lymphocytes
admixed with occasional neutrophils. FnEDA expression shows
a similar progressive, albeit slightly delayed, increase with
statistical significance achieved by day 5 through day 7 relative
to naiv̈e mice. FnEDA expression was first observed in the
early time points (days 1−3) as linear extracellular deposits in
the morphologically normal alveolar interstitium adjacent to
the bleomycin-damaged areas of lung. By days 5−7,
extracellular FnEDA expression was also observed within the
damaged regions of the lung, intimately associated with areas
of inflammation. By day 21, robust extracellular FnEDA
expression aligned with regions of collagen deposition on

trichrome stained sections, while treatment with ALK5
inhibitor ameliorated the FnEDA expression (Figure S3).
FnEDA expression in the bleomycin model can be visualized

on a macroscopic level both in vivo by using SPECT imaging
and ex vivo by using NIR imaging. SPECT imaging revealed
signal from the lung, as defined using CT segmentation, shown
in Figure 4A, where low radioactive signal is seen in the naiv̈e
group and high signal is seen in the untreated bleomycin
group. The ALK5i treatment is shown to result in some
reduction in the radioactive signal. Ex vivo gamma counts were
used to calculate the mean percent injected dose per gram (%
ID/g) for each lung, quantifying the radioactive signal and
indicating the relative expression of FnEDA (Figure 4B).
These values validate what was observed in the SPECT images,
where %ID/g increased in the diseased groups (naiv̈e 3 ± 7%
vs bleomycin 42 ± 2.5%, p < 0.05, N = 5). Further, the ALK5i
treatment moderately lowered the % ID/g to 33 ± 4.1 (p <
0.05). Uptake of 111In-anti-FnEDA IgG for all organs measured
are included in Figure S4A,B and demonstrate specificity of the
radioactive signal using blocking with the addition of unlabeled
anti-FnEDA IgG. Collectively, this data shows that the
distribution of 111In-anti-FnEDA Ig was preferentially localized
to the fibrotic lungs of the mice and that FnEDA assessment is
a sensitive molecular readout of disease severity. While SPECT
imaging offers the potential for longitudinal imaging in vivo, ex
vivo NIR imaging can be beneficial for its lack of ionizing
radiation, higher resolution, and ease of downstream tissue
handling without radioactivity safety protocols. NIR fluo-
rescence images afford a quick visual representation of fibrosis,
specifically fibronectin content, with fluorescence indicating
the presence of FnEDA IgG labeled with the IRdye800CW
(Figure 4C). Low fluorescent signal is seen in the naiv̈e group,
which is contrasted by high signal in the untreated bleomycin
group and a moderate but significant reduction in intensity
associated with treatment. Information provided by the NIR
images reflects quantitation of FnEDA present in the lung
tissue and can be distilled to a single value representing the
whole lung: the mean fluorescence intensity (MFI) (Figure
4D). The signal was normalized to a scale from 0 to 1, and we
observe that the MFI increased from 0.04 ± 0.01 in the naiv̈e
group to 0.70 ± 0.26 with disease (p < 0.05). NIR imaging of
lungs excised from mice treated with ALK5i indicates a
reduction in anti-FnEDA IgG uptake associated with treatment
(bleomycin 0.70 ± 0.26 vs bleomycin + ALK5i 0.44 ± 0.18, p
< 0.05, N = at least 10). The increase in the FnEDA NIR signal
with bleomycin induction and the decrease in signal with
treatment are consistent with the changes in FnEDA
expression observed by IHC in mouse lungs illustrated in
Figure S3. We sought to confirm that these NIR signals were
due to the in vivo targeting of 800CW-labeled anti-FnEDA
IgG, and toward that end, we performed NIR microscopy and
antihuman IHC detection of the anti-FnEDA IgG in histologic
lung sections. H&E, Masson’s Trichrome, antihuman IHC, and
NIR microscopy were performed in sequential histology
sections (Figure 4E). As visualized in the image panel, the
light blue stained region in the Trichrome image reflects new
collagen deposition in fibrotic regions which align with areas of
the anti-FnEDA IgG distribution as reported by the NIR
fluorescence and antihuman IHC. To further confirm the
specificity of the NIR signal, we added 2 groups for ex vivo
whole lung NIR imaging which had been dosed with excess
unlabeled anti-FnEDA IgG in addition to the 800CW labeled
reagent. When the 800CW-anti-FnEDA IgG + anti-FnEDA
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IgG is subtracted from the signal with only labeled IgG, the
resultant signal can be considered specific to the targeting
epitope (Figure S4C,D,E). A correlation of FnEDA NIR MFI
to lung density and norm-aerated volume measurements from

micro-CT exhibited 0.48 and −0.55 (Pearson r), respectively
(Figure S5A,B).
Masson’s Trichrome affords the benefit of illustrating both

the fibrotic component and the density of the bleomycin-

Figure 5. Histopathology scoring of disease activity using Masson’s Trichrome and H&E staining. (A) Images of Masson’s Trichrome-stained and
H&E-stained tissue sections, shown here at 200× magnification. Masson’s Trichrome staining demonstrates decreased collagen deposition with
treatment as shown in blue. The inflammatory component of the disease can be visualized in both Masson’s Trichrome-stained and H&E-stained
tissue sections. (B) Histopathology scoring of Masson’s trichrome images indicates treatment-associated improvement in the modified Ashcroft
score as compared to the untreated bleomycin group (p < 0.0001). N = at least 15, including data from 3 separate studies. (C) Histopathology
scoring of inflammation on H&E images indicated that the ALK5i treatment has no effect on lung inflammation. N = at least 20, including data
from 4 separate studies. *p < 0.05. Data are presented as mean (±SD).

Figure 6.Whole slide image analysis. (A) The image analysis process is shown here, starting from a Masson’s Trichrome-stained whole slide image.
Identification and labeling of the lung tissue and background is first performed. Next, the pleura and associated fibrosis at the edge of the tissue is
delineated and excluded from the ROI. The bronchioles are then segmented, along with pre-existing collagen surrounding this structure, which is
stained dark blue. The bronchioles and pre-existing collagen are also excluded from the lung tissue ROI. Finally, newly developed collagen, as
indicated by light-blue staining, is segmented and quantified as a fraction of the total lung tissue area. (B) Collagen content is normalized on a scale
from 0 to 1 using the maximum collagen fraction in each study and reported as normalized collagen, which is reflective of bleomycin-induced
disease. N = at least 20, including data from 3 separate studies. *p < 0.05. Data are presented as mean (±SD).
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damaged lungs and is a traditional histochemical stain for
scoring collagen deposition in tissues. Images of lung sections
from bleomycin animals show increased light blue staining of
newly synthesized collagen and higher cell density in the lung
parenchyma, as compared to naiv̈e animals (Figure 5A).
Images from the ALK5i treatment group show reduced
collagen staining but no change in cell density as compared
to the untreated bleomycin group. Pathologist scoring using
the modified Ashcroft score on a scale from 0 to 8 indicates
that the bleomycin model results in significant lung fibrosis
compared to the naiv̈e group (bleomycin 4.6 ± 0.60 vs naiv̈e
0.34 ± 0.79, p < 0.05, N = at least 15) (Figure 5B). Scoring
also confirms a treatment-associated reduction in lung fibrosis
(bleomycin 4.6 ± 0.60 vs bleomycin + ALK5i 3.1 ± 0.79, p <
0.05). A correlation of the MA score to NIR MFI was
calculated to be 0.76 (Spearman r), suggesting a significant
positive relationship between the pathologist score and the
FnEDA lung uptake (Figure S5C). H&E-stained sections were
used to evaluate inflammation in the lung tissue. Images show
infiltration of inflammatory cells, consisting predominantly of
macrophages mixed with fewer lymphocytes and occasional
neutrophils, resulting in higher cell density in diseased lungs.
Pathologist scoring for inflammation on a scale from 0 to 5
indicates significantly higher inflammation in the untreated
bleomycin group as compared to naiv̈e (bleomycin 3.9 ± 0.4 vs
naiv̈e 0.20 ± 0.70, p < 0.05, N = at least 20) (Figure 5C).
Further, unlike fibrosis scores, inflammation was not reduced
by treatment (bleomycin, 3.9 ± 0.46 vs bleomycin + ALK5i,
3.9 ± 0.65, p = 0.99).
The newly formed collagen visible in Masson’s Trichrome

images can be quantified using digital image analysis. Using a
whole slide image, the sequence of algorithms identifies the
tissue, excludes the pre-existing collagen around airways and
vessels and in the pleura, and then captures the light blue
newly formed collagen (Figure 6A). The output of this
algorithm provides a measure of newly formed collagen as a
percentage of the whole tissue area. Reporting these values, the
bleomycin group is found to have greater collagen content than
both the naiv̈e and bleomycin + ALK5i groups (bleomycin
0.48 ± 0.30 vs naive 0.058 ± 0.048 vs bleomycin + ALK5i 0.11
± 0.17, p < 0.05, N = at least 20) (Figure 6B). These findings
agree well with the pathologist-reported values for fibrosis
through the modified Ashcroft score, as well as the mean
fluorescence intensity of NIR images, which also reflects the
severity of fibrosis.

■ DISCUSSION
IPF is characterized by extensive lung tissue scarring, variable
immune cell infiltration, and extracellular matrix remodeling.
Although the bleomycin model does not completely
recapitulate human IPF, it remains the most common and
important animal model to study this disease. Oropharyngeal
administration of bleomycin in mice results in the time-
dependent development of fibrosis. The early phase post
bleomycin administration is characterized by acute lung injury
and inflammation, which is observed to last between day 1 and
day 7.34,35 This inflammatory phase is followed by active
fibrosis, between days 7 to 14, and late fibrosis, between days
21 to 28.34−36 To analyze the dynamic and complex nature of
disease pathophysiology in this model, we report a
comprehensive assessment of macroscopic-scale functional
changes with μCT and an ECM imaging marker, respectively,
followed by a histopathological evaluation based on traditional

scoring and digital image analysis that enables rapid
quantitation of lung fibrosis.
Besides fibrosis, several studies have reported on the use of

μCT to evaluate disease progression and therapy effects in
other models of lung diseases, including cancer and
emphysema.7,37 Further, lung μCT delivers visual and
quantitative three-dimensional information about the whole
lung, including regional differences with high resolution and
sensitivity, yielding translational data that align well with
imaging assessments routinely performed in lung disease
patients. Analysis of the aerated lung volume as reported in
our study is a parameter that probably best corresponds to the
total lung capacity measured by pulmonary functional tests.
While in vivo μCT images show significance in decreased
normo-aerated volume and increased mean lung density with
disease induction, there is no change in these readouts in
response to treatment (Figure 2). Inflammation and fibrosis
both manifest as relative increases in tissue density, which can
be detected by μCT scanning, and although μCT scans are
sensitive enough to detect changes in lung tissue density, the
current techniques do not distinguish between lung inflam-
mation and fibrosis. As shown in the pathology scores (Figure
5C), although the severity of fibrosis was found to be
diminished by ALK5i treatment, the inflammatory component
of the disease was found to be unchanged. Therefore, μCT
may not be sensitive to the improvement of fibrosis because it
is overshadowed by the inflammatory component, which
maintains the higher tissue density. Discrimination of lung
inflammation from fibrosis therefore needs subsequent
histological and other sensitive analyses, such as an imaging
marker that offers a quantitative readout of extracellular matrix
changes.
As a protein integral to fibrosis with evidence of expression

prior to collagen deposition in the disease course, fibronectin
isoforms present a unique opportunity for probing tissue to
assess fibrosis.22,23 A recent study demonstrated targeting with
the identical anti-FnEDA IgG in a mouse model of collagen-
induced arthritis,27 while a dual variable domain Ig (DVD-Ig)
construct with one moiety targeting FnEDA and a second
moiety to TGF-β was shown to demonstrate focal uptake in a
fibrotic kidney mouse model and also reduced renal fibrosis
with the targeted delivery of the neutralizing TGF-β.26 Here,
monoclonal IgG binding to FnEDA is detected by three
methods: through NIR imaging of fluorescent 800CW
conjugated to IgG, SPECT imaging of radioactive 111In
conjugated to IgG, and chromogenic antihuman IHC.
Comparison of microscopic NIR images with antihuman
IHC offers additional confirmation of IgG-800CW as an
imaging probe. Further, comparison with Masson’s Trichrome
collagen staining allows for validation of FnEDA as a target for
detection of fibrotic regions. While tissue sections selected for
Masson’s Trichrome staining represent the fibrosis region in
the tissue, whole tissue NIR imaging provides quantitative
readouts of the entire organ, rather than select regions.
Similarly, μCT, though not sensitive to changes in fibrosis
without a concomitant reduction in the inflammatory burden,
provides a quantitative readout of tissue aeration of the whole
lung. The differences and complementary value in these
different readouts is captured in Figure S5, where we report a
significant correlation of 0.76 between MA and NIR
quantitation in contrast to a lower r value between the NIR
and μCT readouts. Importantly, both μCT and NIR imaging
do not preclude further downstream analyses with excised lung
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tissue samples. In contrast, hydroxyproline, a traditional but
variable measure of assessing collagen content, is quantitative
but requires digestion of the lung lobe, restricting the analysis
of the whole organ.
Pathologists can provide nuanced perspectives on tissue;

however, generating MA scores covering an entire cross
section of the lung can be time prohibitive. To address this
challenge, an image analysis sequence of algorithms of whole
slide images was developed to automate the quantitation of
collagen in the lungs. Utilizing a deep learning algorithm to
segment the lung tissue sections and limiting the image
analysis to regions of active fibrosis, we observed a significant
correlation of newly formed collagen content with MA scores.
This approach lays the foundation for a rapid and reliable
quantitative assessment of disease activity in histological
sections.
With a disease as complex and dynamic as IPF, it would be

valuable to evaluate changes in the same animal over time,
especially in response to treatment. Therefore, integrating
FnEDA imaging through SPECT allows for quantitative
evaluation of the fibrotic component in vivo by labeling with
a radioactive tracer. This modality affords a longitudinal,
macroscopic assessment of the disease, including the ability to
assess fibrotic changes in response to treatment.

■ CONCLUSIONS
In summary, we present a comprehensive process that
effectively characterizes the fibrotic and inflammatory
components of a bleomycin-induced fibrosis mouse model in
response to an ALK5i treatment. ALK5i treatment is shown to
result in a nuanced improvement. Treatment-associated
reduction in fibrosis is indicated by reduced fibronectin and
collagen deposition as shown through SPECT and NIR
imaging of FnEDA, histopathology scoring and digital image
analysis of Masson’s Trichrome-stained tissue section images,
and antihuman chromogenic IHC tissue sections. We
demonstrate that traditional histopathology scoring can be
used in conjunction with more recently developed imaging
techniques that seek to quantify the disease state while
reducing the labor, time, and training needed, allowing for
resources to be spent on more robust investigations. These
results and the workflow provide a reference point for future
investigations in preclinical models of pulmonary fibrosis.
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