
Frontiers in Immunology | www.frontiersin.

Edited by:
Hao Wang,

Tianjin Medical University General
Hospital, China

Reviewed by:
Antoine Magnan,
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Background: Connective tissue growth factor (CTGF) is an important mediator in several
fibrotic diseases, including lung fibrosis. We investigated CTGF-expression in chronic lung
allograft dysfunction (CLAD) and pulmonary graft-versus-host disease (GVHD).

Materials and Methods: CTGF expression was assessed by quantitative real-time
polymerase chain reaction (qPCR) and immunohistochemistry in end-stage CLAD explant
lung tissue (bronchiolitis obliterans syndrome (BOS), n=20; restrictive allograft syndrome
(RAS), n=20), pulmonary GHVD (n=9). Unused donor lungs served as control group
(n=20). Next, 60 matched lung transplant recipients (BOS, n=20; RAS, n=20; stable lung
transplant recipients, n=20) were included for analysis of CTGF protein levels in plasma
and broncho-alveolar lavage (BAL) fluid at 3 months post-transplant, 1 year post-
transplant, at CLAD diagnosis or 2 years post-transplant in stable patients.

Results: qPCR revealed an overall significant difference in the relative content of CTGF
mRNA in BOS, RAS and pulmonary GVHD vs. controls (p=0.014). Immunohistochemistry
showed a significant higher percentage and intensity of CTGF-positive respiratory
epithelial cells in BOS, RAS and pulmonary GVHD patients vs. controls (p<0.0001).
BAL CTGF protein levels were significantly higher at 3 months post-transplant in future
RAS vs. stable or BOS (p=0.028). At CLAD diagnosis, BAL protein content was
org May 2021 | Volume 12 | Article 6617611
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significantly increased in RAS patients vs. stable (p=0.0007) and BOS patients (p=0.042).
CTGF plasma values were similar in BOS, RAS, and stable patients (p=0.74).

Conclusions: Lung CTGF-expression is increased in end-stage CLAD and pulmonary
GVHD; and higher CTGF-levels are present in BAL of RAS patients at CLAD diagnosis.
Our results suggest a potential role for CTGF in CLAD, especially RAS, and pulmonary
GVHD.
Keywords: GVHD, RAS, BOS, lung transplantation, fibrosis, CTGF, CLAD
INTRODUCTION

Connective tissue growth factor (CTGF, CCN2), a cysteine-rich
matricellular protein, is an important profibrotic mediator in
several fibrotic disorders, including idiopathic pulmonary
fibrosis (IPF) (1, 2). In IPF, promising results of the PRAISE
trial were recently published, which was a phase II randomized
trial of Pamrevlumab (FG-3019), a fully recombinant human
monoclonal antibody against CTGF, demonstrating attenuation
of disease progression (2).

Currently, no data are available regarding the potential role of
CTGF in the development of chronic lung allograft dysfunction
(CLAD) after lung transplantation (LTx); nor in lung graft-
versus-host disease (GVHD) after allogeneic hematopoietic stem
cell transplantation (HCT). However, as in IPF, fibrotic lung
remodeling forms the pathologic hallmark of both CLAD and
pulmonary GVHD.

CLAD affects more than 50% of patients within 5 years after
lung transplantation (LTx) (3, 4) and remains the major
limitation to long term graft survival. CLAD is a clinical
diagnosis, defined by a persistent decline in forced expiratory
volume in one second (FEV1) of at least >20% compared to
baseline. There are currently two main phenotypes described,
which are both characterized by distinct fibrotic remodeling (5).
Bronchiolitis obliterans syndrome (BOS) is characterized by an
obstructive pulmonary function deficit and air trapping on
computed tomography (CT) (5). The pathologic hallmark of
BOS are bronchiolitis obliterans (BO) lesions, which are
characterized by sub-epithelial fibrosis of the small airways.
Although several risk factors have been identified for CLAD
development (e.g. infection, cellular rejection), the underlying
pathogenesis remains largely unknown, but likely results from a
complex interplay and dysregulation of pro- and anti-fibrotic
mediators. Molecular analysis revealed distinct gene expression
patterns, with upregulated transforming growth factor beta
avage; BOS, bronchiolitis obliterans
isease Epidemiology Collaboration
function; CT, computed tomography;
R, estimated glomerular filtration rate;
nd; FFPE, formalin-fixed and paraffin-
HD, graft-versus-host-disease; HCT,
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(TGF-b), fibroblast growth factor-2, tumor necrosis factor-a
and endothelin-1, which interfere with the mediators of
myofibroblast homeostasis and extracellular matrix turnover
[e.g. matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs)] (6–8).

The second main phenotype of CLAD, restrictive allograft
syndrome (RAS), is defined by a restrictive pulmonary function
deficit [i.e. >10% decline in total lung capacity (TLC))]and the
presence of persistent radiological opacities (9, 10).
Pleuroparenchymal fibro-elastosis forms the dominant fibrosis
pattern in RAS and non-specific interstitial pneumonia, another
fibrotic pattern, is observed in approximately a quarter of RAS
patients (11). Interestingly, BO lesions are also present in the
majority of end-stage RAS explant lungs, indicating potential
overlap of BOS and RAS regarding the underlying fibrogenesis.

CLAD further shows considerable clinical, histopathologic
and molecular overlap with pulmonary graft-versus-host-disease
(GVHD) after HCT, including development of BO,
pleuroparenchymal fibro-elastosis, and an adverse outcome
(12, 13). Molecular analysis previously revealed large overlap
in the fibrosis-associated gene expression signatures (e.g. MMP,
TGF-b) of CLAD vs. pulmonary GVHD (14), indicating
potential overlap in pathophysiology.

Since the development of fibrotic lung lesions is central in the
pathogenesis of both CLAD and pulmonary GVHD, and given
the afore mentioned advancements in CTGF as a promising
therapeutic target in IPF, we tested the hypothesis that CTGF
may play a role in CLAD and pulmonary GVHD. We therefore
analyzed CTGF expression in end-stage lung tissue of well-
defined BOS, RAS, pulmonary GVHD and control lungs. In
addition, we explored the potential of CTGF as a biomarker, by
analyzing CTGF protein expression in broncho-alveolar lavage
(BAL) and plasma of CLAD and stable LTx patients.
MATERIALS AND METHODS

CLAD and Pulmonary GVHD Diagnosis
CLAD was defined as per recent ISHLT consensus guidelines (5,
10). CLAD was defined by a persistent (> 3 months) decline in
FEV1 of at least 20% compared to the best post-operative
baseline (mean of the two highest FEV1 values post-LTx taken
at least 3 weeks apart), in absence of another cause of pulmonary
function decline (e.g. infection) (5). BOS was diagnosed when
patients presented with a purely obstructive lung function deficit
May 2021 | Volume 12 | Article 661761
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(i.e. ≥20% FEV1 decline with FEV1/FVC ratio of <0.7, and <10%
TLC decline), and without persistent radiological opacities. RAS
was diagnosed based on the presence of a restrictive pulmonary
function decline (i.e. an additional decline in TLC of ≥10%
compared to the best baseline post-LTx, or if unavailable, a
decline in FVC of ≥20%) in combination with the presence of
persistent opacities on chest CT (10). Stable LTx recipients were
defined by a stable lung function (i.e. <10% FEV1 decline, <10%
forced vital capacity (FVC) decline, and <10% TLC decline) for
the entire available follow up period, with a minimum of at least
three years post-LTx follow up available. Graft loss was defined
as death or redo-transplantation (follow-up until July 2020).
Pulmonary GVHD was diagnosed by an experienced
hematologist, according to the 2014 NIH definition (15).
Briefly, this included lung function testing, CT evaluation and
clinical symptom assessment.

Explant Lung Tissue Selection
Fresh-frozen explant lung tissue (obtained at redo-LTx or
autopsy), collected as previously described and stored in our
lung research biobank (16), was used for quantitative real-time
polymerase chain reaction (qPCR) analysis of CTGF mRNA
levels. We included CLAD patients with BOS (n=20) and RAS
(n=20). As no explant tissue was available from stable LTx
patients, unused donor lungs (n=20) were matched for age and
gender and served as control group. In addition, fresh-frozen
explant lung tissue was included from patients suffering from
pulmonary GVHD after allogeneic HCT (n=9), which was
obtained at LTx or autopsy. A flowchart of patient and tissue
selection is provided in Supplementary Figure S1. For the
immunohistochemical analysis, formalin-fixed and paraffin-
embedded (FFPE) explant tissue samples, previously obtained
for diagnostic purposes, were retrieved from the pathology
archives. For 6/20 (30%) BOS lungs and 7/20 (35%) RAS lungs
included in the qPCR analysis, no FFPE material was available in
the pathology archives. Therefore, additional CLAD patients
were included following the same criteria. In addition, FFPE
explant material from all non-transplanted donor lungs (n=20) and
pulmonary GVHD patients (n=9) included in the qPCR analysis
was available and included in the immunohistochemical analysis.

qPCR Analysis
RNA extraction of fresh-frozen lung tissue was performed by
placing the tissue in Trizol reagent (Thermo Fisher), with
subsequent disruption using inert zirconium beads and a tissue
homogenizer (Precellys). RNA was isolated from the Trizol
fractions and further purified using the RNeasy Mini Kit
(Qiagen). cDNA synthesis from 3 µg RNA was done using
Superscript III reverse transciptase (Thermo Fisher). qPCR was
performed with a ViiA7 real-time PCR system (Thermo Fisher),
us ing TaqMan Gene Express ion Assays for CTGF
(ThermoFisher Hs00170014_m1), TBP (ThermoFisher
H s 9 9 9 9 9 9 0 5 _m1 , a n d GAPDH (T h e rm o F i s h e r
Hs00427620_m1). Amplification reactions were run in
duplicate and analyzed using ViiA7 Software (version 1.2.4).
Frontiers in Immunology | www.frontiersin.org 3
CTGF expression was analyzed using the comparative cycle
threshold method, and normalized to the geometric mean of
the two housekeeping genes (TBP and GAPDH).
CTGF Immunohistochemistry and
Histological Analysis
A representative 3µm tissue section of FFPE material was used
for CTGF immunohistochemistry (sc-14939; Santa Cruz
Biotechnology Inc., Heidelberg, Germany), as previously
described (17). Tissue slides were subsequently digitalized
using a Nanozoom XR scanner (Hamamatsu Photonics,
München, Germany) and assessed through digital pathology
slide viewing software (Aperio ImageScope version 12.4.3.,
Leica Biosystems, Wetzlar, Germany). CTGF expression of the
respiratory epithelium was assessed by a semi-automated
approach using open-source image analysis QuPath software
(18). The respiratory epithelium was manually delineated and
subsequently automatically analyzed using the ‘positive cell
detection’ tool, that uses an automated cell segmentation
algorithm to identify (positive) cells. After visual confirmation
and optimization of the different thresholds for cell detection and
staining intensities (i.e. negative, 1+, 2+ and 3+), thresholds were
consistently applied for all slides. In addition, CTGF expression
patterns of other cell types (e.g. endothelial cells, fibroblasts) and
further histological findings were reviewed qualitatively by an
experienced pulmonary pathologist.
LTx Patient Selection for BAL and
Blood Analysis
Sixty patients who underwent LTx at the University Hospitals
Leuven between 2007 and 2018 were included for BAL and
plasma analysis in this study (Supplementary Figure S1B).
Patient inclusion was based on retrospective diagnosis of
CLAD following the above stated criteria. We selected BOS
(n=20), RAS (n= 20), and stable LTx recipients (n=20). BOS
and RAS patients were matched with stable LTx recipients for
age, gender, and underlying native lung disease; and further
selected based on the availability of BAL and plasma samples at
the different matched time points. For 2/20 (10%) BOS patients
and 8/20 (40%) RAS patients, fresh-frozen and FFPE explant
lung tissue was also included.
BAL Collection
All LTx recipients received routine follow-up visits at fixed time
points, as described earlier (19). BAL samples, obtained at three
different time points and stored at -80°C, were included in this
study: at 3 months post-LTx, 1 year post-LTx, and at CLAD
diagnosis for BOS and RAS patients, or at 2 years post-LTx for
stable LTx recipients (i.e. the last routine bronchoscopic
evaluation and the closest matched time point as comparison
for BAL samples at CLAD diagnosis). The applied BAL protocol
was in accordance with the recently published consensus
statement for the standardization of BAL in LTx (20)
(Supplementary methods).
May 2021 | Volume 12 | Article 661761
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Peripheral Blood Collection
Peripheral blood samples were collected at the time of
bronchoscopy at initial CLAD diagnosis, or if unavailable, the
first available sample following CLAD diagnosis. (BD
Vacutainer® EDTA-lined plastic tubes, Franklin Lakes, NJ,
USA). For stable LTx recipients, samples from the routine 2
years post-LTx visit were included. Blood plasma was isolated
and stored at -80°C. As CTGF has a predominant renal clearance
(21), plasma creatinine levels and the estimated glomerular
filtration rate (eGFR - Chronic Kidney Disease Epidemiology
Collaboration formula) were compared between groups as
surrogate for potential differences in renal CTGF clearance.

CTGF Enzyme-Linked Immunosorbent
Assay
CTGF was determined by sandwich enzyme-l inked
immunosorbent assay (ELISA) as described previously (22, 23),
using monoclonal antibodies against two distinct epitopes on the
NH2-terminal part of human CTGF (FibroGen, South San
Francisco, CA, USA). Twenty µl of undiluted BAL
supernatants or 50 µl 1:5 diluted plasma were added to each
well together with an equal volume of CTGF detection antibody
conjugated to alkaline phosphatase. Purified recombinant
human N-CTGF (FibroGen, South San Francisco, CA, USA)
was used for calibration and absorbance was read at 405 nm.
Measurements were performed in duplicate and the mean of
these values was used for further analysis.

Statistics and Ethics Statement
Results are presented as median and interquartile range (IQR),
unless stated otherwise. All datasets were formally tested for
normality using D’Agostino Pearson test. Discrete data were
compared via contingency tables and Chi-square test. For
continuous data, Mann-Whitney U and Kruskall-Wallis test
was used with post-hoc testing using Dunn’s multiple
comparison test, where appropriate. GraphPad prism version
8.0 software (San Diego, CA, USA) was used for all analyses. A
two-tailed p-value of <0.05 was considered significant. This
retrospective study was approved by the Leuven University
Hospital institutional review board (S52174, S57742, S51577,
S61653, S59648, ML6385) and performed according to the
principles of the Declaration of Helsinki. Written informed
consent to participate in biobanking and scientific research was
provided by all CLAD and pulmonary GVHD patients included
in the study. In addition, Belgian law states that donor organs not
suitable for transplantation can be used in approved
research programs.
RESULTS

CTGF Explant Tissue Analysis
An overview of the patient characteristics of BOS, RAS, and
control lungs included in the qPCR and immunohistochemical
CTGF analysis is provided in Tables S1 and S2, respectively.
Control lungs (n=20) consisted of lungs not used for LTx for the
Frontiers in Immunology | www.frontiersin.org 4
following reasons: logistical issue (n=8), used for single/lobar
transplant (n=7), extra-pulmonary tumor (n=3), and other
(n=2). The cause of death of these donors was cerebrovascular
accident (n=6), trauma (n=4), suicide (n=3), cardiac arrest (n=3),
euthanasia (n=1), death during surgery (n=1), subarachnoid
hemorrhage (n=1), and bacterial meningitis (n=1). Explant
lung tissue from 9 patients with pulmonary GVHD was
available (patient characteristics are provided in Table S3).
Five (56%) of 9 patients suffered from an obstructive lung
function deficit without prominent opacities on CT (i.e.
obstructive pulmonary GVHD or BOS), while 4 (44%) patients
suffered from a restrictive lung function deficit with ground glass
opacities and consolidation on chest CT (i.e. restrictive
pulmonary GVHD or late-onset non-infectious pulmonary
complication other than BOS). An overview of the results of
qPCR analysis, immunohistochemistry, BAL and blood plasma
ELISA is provided in Table S4.

qPCR Analysis
qPCR analysis of BOS, RAS, pulmonary GVHD and control
lungs revealed an overall significant difference in the relative fold
change expression of CTGF mRNA compared to controls,
normalized to the geometric mean of the two housekeeping
genes (TBP, GAPDH) (p=0.014) (Figure 1). Post-hoc analysis
revealed significant increased relative CTGF mRNA levels in
BOS vs. controls (p=0.0020), GVHD vs. controls (p=0.0097), and
trend towards higher CTGF mRNA content in RAS vs.
controls (p=0.052).
FIGURE 1 | qPCR analysis with visualization of the difference in relative fold
change levels of CTGF mRNA, relative to the geometric mean of the two
housekeeping genes (TBP, GAPDH). Overall, CTGF levels were significantly
increased compared to controls (Kruskal Wallis: p=0.014). Post-hoc analysis
revealed significant increased relative CTGF mRNA levels in BOS vs. controls
(p=0.0020) and GVHD vs. controls (p=0.0097).
May 2021 | Volume 12 | Article 661761
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CTGF Staining in CLAD Explant Tissue
To validate and further explore the overall higher CTGF mRNA
levels compared to control lungs, CTGF immunohistochemistry
was performed to assess and compare protein expression patterns.
Immunohistochemistry revealed a significant higher percentage of
CTGF-positive respiratory epithelial cells (staining intensity ≥ 1+)
Frontiers in Immunology | www.frontiersin.org 5
in both end-stage BOS and RAS lungs (median: 77.81% [60.73-
90.52], and median: 95.53%, [75.05-98.84]; respectively),
compared to control lungs (median: 30.34%, [12.55-37.75],
p<0.0001); while there was no significant difference between
BOS and RAS (p=0.47) (Figure 2 and comparison of different
staining intensities is provided in Table S4).
FIGURE 2 | CTGF staining in respiratory epithelium. (A) High-detailed illustration of semi-automated cell segmentation and analysis method using QuPath software
to assess the respiratory epithelium. Blue lining indicates no CTGF positive staining, yellow indicates mild (1+) staining, orange indicates moderate (2+) staining and
red indicates strongly positive (3+) staining. (B) Comparison of CTGF immunohistochemistry revealed a significant higher percentage of CTGF-positive respiratory
cells (staining intensity ≥1+) in both BOS and RAS, compared to control lungs (p<0.0001). (C) Control lung, normal lung parenchyma with presence of a larger
normal airway. Inset: higher magnification of the normal lining respiratory epithelium, with presence of only few cells with a positive CTGF staining. (D) Bronchiolitis
obliterans syndrome with normally preserved alveoli and the presence of several larger airways displaying mild to moderate sub-epithelial fibrosis. Inset: higher
magnification of airway with diffuse cytoplasmic CTGF staining of the respiratory epithelium. (E) Restrictive allograft syndrome with severe fibrotic remodeling. Inset:
airway with prominent and diffuse CTGF positive respiratory epithelium.
May 2021 | Volume 12 | Article 661761
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Histopathological examination further revealed that the
respiratory epithelium in active BO lesions, which are
characterized by sub-epithelial fibrosis and potential
inflammation of the small bronchioles, displayed a uniform
prominent cytoplasmic CTGF staining (Figures 3A, B).
Similarly, there was prominent staining in bronchioles with
lymphocytic bronchiolitis (Figure 3C). In end-stage BO
lesions, the respiratory epithelium was no longer discernable
and only fibrotic lesions, with CTGF positive stromal cells,
remained (Figure 3D). In contrast, normal bronchioles from
the same size revealed only mild and limited focal CTGF staining
of the respiratory epithelium in control lungs (Figures 3E, F).

A consistent finding was the presence of strongly positive
CTGF stained stromal fibroblasts in fibrotic regions of RAS
lungs. This included fibrosis in regions of (sub)pleural fibrosis
and alveolar fibrosis (e.g. diffuse fibrotic thickening of alveolar
septa) (Figures 4A, B, respectively). In addition, microscopic
interstitial foci of fibrosis in BOS lungs, beyond the fibrosis in the
setting of (end-stage) BO lesions, displayed a comparable and
consistent strongly positive staining of CTGF positive fibroblasts
Frontiers in Immunology | www.frontiersin.org 6
(Figure 4C). CTGF immunohistochemical staining of
endothelial cells was variable, but consistently prominently
expressed in fibrotic regions of RAS patients (Figures 5A, B).
CTGF staining of macrophages also displayed considerable
variation in staining intensities. The most prominent finding
was CTGF positive staining of collections of intra-alveolar
macrophages, which were most abundant in RAS and typically
distributed around zones of interstitial fibrosis (Supplementary
Figure S2). However, even within and between these collections
of intra-alveolar macrophages, staining intensity varied.
CTGF Expression in GVHD
Immunohistochemical CTGF analysis of GVHD lung tissue
revealed similar histological findings compared to BOS and RAS.
GVHD lungs displayed prominent staining intensity (≥ 1+) of the
respiratory epithelium (median percentage of positive cells: 88.87%
[83.13-91.64]), significantly increased compared to unused donor
lungs (p<0.0001). Similar to CLAD, a diffuse cytoplasmic CTGF
positivity of the respiratory epithelium in small bronchioles with
FIGURE 3 | Representative immunohistochemical illustrations of CTGF staining in airway lesions in CLAD versus in normal bronchioles from control lungs. (A, B) BO
lesions, characterized by sup-epithelial fibrosis are lined by respiratory epithelium with a diffuse and prominent CTGF positivity (arrows). In figure (B) there is also an
accompanying prominent lymphocytic inflammation (asterisk). (C) Lymphocytic bronchiolitis characterized by diffuse submucosal invasion of lymphocytes with diffuse
and strong CTGF positive stained respiratory epithelium (arrow). (D) end-stage BO lesion without recognizable airway lumen, with partly CTGF positive stromal cells
(arrow). (E, F) bronchioles from control lungs, approximately the same size as the airways with obliterative airway remodeling in CLAD, displaying only limited and
focal CTGF positive staining of the respiratory epithelium. In figure (F) there is also prominent presence of black pigment-laden macrophages.
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fibrotic remodeling was found (Figure 6A). In fibrotic zones, similar
to RAS, there was strong and diffuse CTGF staining of the
fibroblasts (Figures 6B, C). Endothelial cells also displayed
variable CTGF staining, but, similar as in RAS, were consistently
highly expressed in fibrotic regions.

CTGF Biomarker Exploration
Since end-stage explant lung tissue analysis revealed higher
CTGF expression in CLAD compared to control lungs, with
prominent CTGF expression in the respiratory epithelium and
endothelium, we aimed to explore the role of CTGF as a potential
biomarker for CLAD, based on CTGF levels in BAL and plasma.
Patient characteristics of BOS (n=20), RAS (n=20) and stable
LTx (n=20) recipients included for BAL and plasma CTGF
analysis are provided in Table S5. For pulmonary GVHD
patients, no BAL and plasma samples were available. Patients
had a median time to BOS of 3.10 years [1.46-4.58] and to RAS of
Frontiers in Immunology | www.frontiersin.org 7
3.38 years [1.81-4.60]. Graft loss occurred in 6/20 (30%) BOS
patients and 11/20 (55%) RAS patients. In addition, graft loss
occurred in 2/20 (10%) patients from the stable group (i.e. 9 and
10 years after LTx due to hospital acquired pneumonia following
orthopedic surgery, and sudden cardiac arrest, respectively),
without available explant tissue.

BAL CTGF ELISA
BAL CTGF content was assessed at three distinct time points: at
3 months post-LTx, 1 year post-LTx, and at CLAD diagnosis or
at 2 years post-LTx in stable LTx recipients. CTGF levels were
significantly higher at 3 months post-LTx in patients who later
developed RAS compared to stable LTx recipients (p=0.025),
while there was no significant difference with patients who later
developed BOS (p=0.28) (Figure 7A). At 1 year post-LTx,
there was no significant difference between groups (p=0.20)
(Figure 7B). At CLAD diagnosis, CTGF levels were
FIGURE 4 | Fibrosis in CLAD. (A) Subpleural fibrosis in a patient with RAS. The inset illustrates prominent and diffuse (myo)fibroblast staining in the (sub)pleural
region. (B) RAS, with both subpleural fibrosis and alveolar fibrosis. The inset illustrates prominent CTGF staining in a zone with thickened fibrotic alveolar septa.
(C) BOS. The lung parenchyma has signs of mild emphysema, but no obvious fibrotic remodeling is present. The inset highlights a microscopic focus of fibrosis, in
which there is also prominent CTGF staining of fibroblasts.
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significantly higher in RAS patients compared to stable LTx
recipients (p=0.0007) and BOS patients (p=0.042) (Figure 7C).
Paired analysis revealed no significant difference in CTGF values
at the different time points for stable and BOS patients (p=0.84
and p=0.92, respectively) (Figures 8A, B), whereas values had
significantly increased in RAS patients at the moment of CLAD
diagnosis compared to 1 year post-LTx (p=0.029) (Figure 8C
and Supplementary Figure S3).

Plasma CTGF ELISA
Plasma CTGF analysis from BOS, RAS, and stable LTx patients
(obtained at routine 2 years post-LTx visit) revealed no
significant differences (p=0.74) (Figure 9). Blood samples were
collected at initial BOS diagnosis for 3/20 (15%) BOS patients,
and at initial RAS diagnosis for 12/20 (60%) RAS patients, while
the remaining samples were obtained after initial CLAD
diagnosis (median time after CLAD diagnosis was 2.30 years
[0.89-4.92]). Median plasma creatinine levels and the estimated
glomerular filtration rate did not significantly differ between
groups, indicating no difference in renal function and therefore
presumably no difference in renal CTGF clearance (p=0.95 and
p=0.80, respectively) (Table S4).
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DISCUSSION

This explorative study investigated the expression of CTGF in
CLAD and pulmonary GVHD. The main findings of this study
are (i) higher levels of tissue CTGF expression in end-stage
explant lungs of BOS, RAS and pulmonary GVHD patients
compared to control lungs and (ii) increased CTGF levels in
BAL at RAS diagnosis compared to stable LTx patients and
compared to BOS patients.

CTGF has an important role in many biological processes,
such as cell adhesion, proliferation, differentiation, and tissue
repair. It stands as a central profibrotic mediator, and its
transcription is regulated by several factors, both directly from
external stimuli (e.g. hypoxia, mechanical stimulation) and
through cross-talks (e.g. TGF-b) (24). CTGF has been studied
in several organs, including kidney, liver, cardiac and lung
fibrosis (1). In IPF, CTGF was found to be upregulated in
cultured fibroblasts, broncho-alveolar lavage, plasma, and lung
tissue (25–28). In animal models, CTGF levels were increased in
fibroblasts of a bleomycin-induced mouse model of IPF (29), and
CTGF was an essential factor to induce a profibrotic
environment in “fibrosis-resistant” mice lungs (30). These
FIGURE 5 | CTGF staining in endothelial cells. (A, B) Illustration of prominent endothelial staining (arrows) in fibrotic zones of two patients with RAS. The (myo)
fibroblasts are also strongly CTGF positive (arrow heads).
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findings in the field of IPF, combined with overt fibrotic lung
remodeling in CLAD and pulmonary GVHD, therefore also
provide a theoretical basis for studying the role of CTGF in
CLAD. However, in the context of CLAD after LTx or
pulmonary GVHD after HCT, no data are currently available
regarding CTGF expression. To the best of our knowledge, this
Frontiers in Immunology | www.frontiersin.org 9
study therefore forms the first to explore the role of CTGF in
CLAD and pulmonary GVHD.

Exploration of CTGF expression in explant lungs revealed
prominent differences between CLAD (BOS/RAS) and
pulmonary GVHD on the one hand, and control lungs on the
other hand. CTGF staining was significantly increased in the
FIGURE 6 | CTGF immunohistochemistry in patients with pulmonary GVHD after HCT. (A) Illustration of small bronchiole surrounded by fibrous remodeling with
limited inflammation, with CTFG positive respiratory epithelium and stromal cells. (B) Presence of subpleural fibrosis characterized by prominent staining of the (myo)
fibroblasts in these fibrotic regions. (C) Presence of focal, minimal fibrous thickening of the alveolar septa, with presence of prominent staining of interstitial
macrophages and the alveolar epithelial cells. The surrounding alveolar parenchyma is normally preserved.
A B C

FIGURE 7 | Comparison of BAL CTGF protein levels between groups at different time points. (A) CTGF values at 3 months after LTx (p=0.028). CTGF values are
significantly higher in patients that later developed RAS, compared to stable LTx recipients (p=0.025). (B) CTGF values at 1 year after LTx, there are no significant
differences between groups (p=0.20). (C) CTGF values at CLAD diagnosis and at 2 years post-LTx for stable LTx recipients (p=0.0009). CTGF values are significantly
higher at RAS diagnosis compared to stable LTx recipients at 2 years post LTx (p=0.0007) and compared to CTGF values at BOS diagnosis (p=0.042). BAL,
broncho-alveolar lavage; BOS, bronchiolitis obliterans syndrome; RAS, restrictive allograft syndrome; CLAD, chronic lung allograft dysfunction.
May 2021 | Volume 12 | Article 661761

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Vanstapel et al. CTGF in CLAD and GVHD
respiratory epithelium in CLAD and pulmonary GVHD
compared to control lungs, with especially prominent staining
of the respiratory epithelium in BO lesions. Interestingly, higher
respiratory CTGF expression has previously been demonstrated
in chronic obstructive pulmonary disease, and correlated with
disease severity (31). Further, CLAD explant lungs displayed
consistent and strong CTGF positivity in fibroblasts, comparable
to previously described findings in IPF (28). In addition, CTGF
expression in endothelial cells was specifically prominent in
fibrotic zones of RAS patients. CTGF is known to exacerbate
vascular remodeling in the lung, and CTGF transcription can be
induced by hypoxia (1). In transgenic mouse models, down-
regulation of CTGF was protective against development of
pulmonary hypertension associated with hypoxia and against
bleomycin-induced pulmonary hypertension (32). Modulation
Frontiers in Immunology | www.frontiersin.org 10
of endothelial CTGF expression may therefore be a potential
interesting mechanism of action for CTGF-inhibitors, especially
since pulmonary hypertension and vascular remodeling is highly
prevalent in CLAD patients (33).

As immunohistochemical analysis revealed prominent CTGF
expression in the respiratory epithelium and endothelium,
monitoring of CTGF levels in BAL and plasma might hold
potential as a biomarker. CTGF ELISA, mostly measured in
plasma and urine, has previously been proposed as a biomarker
monitoring tool to measure the extent of ongoing fibrosis in
several fibrotic diseases (liver fibrosis, diabetic nephropathy,
systemic sclerosis), and correlated with disease severity (1).
Our current findings confirm that CTGF expression in BAL
may be associated with fibrosis in CLAD, although the results
were variable between patients, potentially due to the inherent
sampling-variability observed in fibrotic remodeling in CLAD
patients. In addition, we found no increased plasma CTGF
expression in our cohort. While BAL CTGF was higher in RAS
at 3 months post-LTx compared to stable LTx patients, this
difference did not persist in consecutive samples at 1 year post-
LTx. This lowers the current evidence of CTGF as potential
biomarker to predict CLAD onset and advocates further
investigation of CTGF biomarker potential in successive BAL
samples of a larger cohort. However, it is important to note that a
BAL procedure gives no information about the whole lung, but
rather for a limited bronchopulmonary segment. As fibrotic
remodeling in CLAD is a heterogeneous phenomenon,
especially given the preferential apical fibrosis in RAS, BAL
fluid analysis might underestimate the true observed difference.
Moreover, BAL samples were obtained at CLAD diagnosis, when
fibrotic remodeling may still be limited.

Exploration of potential biomarkers to predict CLAD
development has been performed by several groups (34).
Despite the fact that no single clinically useful biomarker has
A B C

FIGURE 8 | Paired analysis of BAL CTGF protein levels at the different time points after LTx. (A) CTGF values for stable LTx recipients; there was no significant
difference between different time points (p=0.84). (B) CTGF values for BOS patients; no significant difference was observed between different time points (p=0.92).
(C) CTGF values for RAS patients; CTGF values were significantly higher at CLAD diagnosis (p=0.026); post-hoc analysis confirmed higher CTGF values at CLAD
diagnosis compared to 1y post-LTx (p=0.029), but not compared to 3 months post-LTx (p=0.15). BOS, bronchiolitis obliterans syndrome; RAS, restrictive allograft
syndrome.
FIGURE 9 | Plasma CTGF protein levels. There was no significant difference
in plasma CTGF levels between groups (p=0.74).
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been identified yet, several interesting markers have been linked
to CLAD development in BAL, blood and lung tissue. Todd et al.
recently identified upregulation of amphiregulin, an epidermal
growth factor receptor (EGFR) ligand with putative role in
airway injury and repair regulation, in BAL fluid of CLAD
patients (20). In situ hybridization of CLAD tissue identified
abundant EGFR and amphiregulin transcript expression in the
airway epithelial cells of fibrotic regions. Moreover, ex vivo
stimulation of cultured bronchial epithelial cells with
amphiregulin led to increased hyaluronan expression through
an EGRF-dependent pathway. Hyaluronan is an important
glycosaminoglycan previously found to be increased in both
BAL and blood of CLAD patients (35). In addition, a murine
orthotopic lung transplant model demonstrated that hyaluronan
might contribute to CLAD by activation of innate immune
signaling pathways in a toll-like receptor (TLR) 2/4 and
myeloid differentiation primary response (MyD)-88 dependent
manner (35). Shino et al. analyzed BAL expression of Chemokine
(C-X-C motif) ligand (CXCL) 9, CXCL10 and CXCL11, which
form CXC chemokine receptor (CXCR) 3 chemokine ligands
and which act as chemoattractants of mononuclear cells. They
found, in a multivariate adjusted model that higher expression of
these CXCR3 chemokine ligands in BAL, in co-presence with
organizing pneumonia, led to significantly increased CLAD risk
(36). Very recently, the same group reported increased BAL
levels of CXCL9 and CXCL10 in a prospective multicenter study
during episodes of acute rejection and acute lung injury in the
first year post-LTx, which form known risk factors for future
CLAD development (37).

Micro-array based gene expression analysis of BAL cell pellets
by Weigt et al., obtained at one year post transplant surveillance
in a small nested-case control study, revealed differential gene
expression related to mainly CD8 cytotoxic lymphocytes and NK
cell activation and proliferation in patients who developed CLAD
within two years after bronchoscopy (38). Micro-array analysis
of blood samples however mostly pointed towards a qualitative B
cell defect, with identification of a three gene based predictive
model of CLAD (downregulation of POU class 2 associating
factor 1 (POU2AF1), T cell leukemia/lymphoma protein 1A
(TCL1A) and B cell lymphocyte kinase (BLK)) (39). In blood,
especially MMP-9 has further gained interest as a potential
biomarker. Pain et al. reported that increased expression of
MMP-9 was independently associated with CLAD and
detection preceded functional CLAD diagnosis by 12 months
(40). Interestingly, in an associated ex vivo study, they identified
that activated T cells promote specific MMP‐9 production by
bronchial epithelial cells trough the CCL2/CCR2 axis in synergy
with TGF‐b and initiate epithelial-to-mesenchymal transition
(40). Recently, increased expression of lipocalin-2, which
stabilizes MMP-9 activity, was also proposed as potential
biomarker to distinguish RAS from BOS patients and stable-
LTx patients (41). TGF-b forms the most potent inducer of
CTGF, and CTGF overproduction plays a crucial role in fibrosis
development (42, 43), but appears to induce fibrosis mostly in
the co-presence of TGF-b (44). We previously reported that
TGF-b was mainly upregulated in RAS patients, both in BAL
Frontiers in Immunology | www.frontiersin.org 11
fluid and explant lung tissue, and TGF-b stimulation of pleural
mesothelial cells led to a phenotypical switch to mesenchymal
cells, indicating a potential role in the epithelial-to-mesenchymal
transition (45).

In a molecular profiling study based on lung biopsies obtained
in the first year post-LTx, Jonigk et al. assessed 45 tissue
remodeling-associated genes in a cohort that rapidly developed
CLAD within 3y post-LTx versus a matched stable cohort
without CLAD development (8). By combining mRNA
expression levels of the five most significantly differentially
expressed genes from the TGF-b axis (BMP-4, IL-6, MMP-1,
SMAD1, and THBS1), they could predict patient outcomes. In
addit ion, the same group performed laser-ass isted
microdissection of airway lesions in both CLAD and IPF
explant lungs, and reported a large and important molecular
overlap of pivotal fibrotic pathways, with shared upregulation of
TGF-b, MMP-9, RANTES, TIMP-1, TIMP-2, BMP-2, PLA-1
and COL1/2/3 (6).

There is currently no effective treatment for CLAD, and
especially RAS patients typically experience a rapid inevitable
decline of pulmonary function after diagnosis, with a median
survival of only 1-1.5 years (9). Given the clinical, radiological
and pathological similarities with IPF, attempted treatment
strategies are mainly based on approved IPF treatments.
Pirfenidone appears safe and may attenuate the rate of decline
in lung function in patients with RAS, although prospective trials
are lacking (46, 47). In BOS patients, both Pirfenidone and
Nintedanib, another approved IPF treatment, are currently
investigated in prospective clinical trials (NCT02262299 and
NCT03283007, respectively). CTGF has also gained interest as
a potential therapeutic target for IPF. A clinical phase II placebo-
controlled trial of a fully recombinant human monoclonal
antibody against CTGF (FG-3019) was recently found to
attenuate progression of IPF (2). Despite that the phase III trial
is currently still ongoing, this might perhaps become a third
therapeutic option for IPF in the near future (NCT03955146).
Given the striking similarities between IPF and CLAD, and given
our current findings, this might also indirectly advocate to study
CTGF as potential therapeutic target in CLAD, and by
extrapolation, in pulmonary GVHD.

There are some limitations to our study. First, this is an
explorative and descriptive retrospective single center study with
limited sample size and although patients were well-
characterized, extrapolation of these results might therefore be
limited. Second, serum samples at CLAD diagnosis were not
available for most CLAD patients due to the fact that serum
samples were only routinely obtained from 2015 onwards.
Further exploration of the biomarker potential of CTGF ELISA
remains to be investigated in a larger cohort. Third, no lung
tissue was available from stable LTx recipients due to inherent
l imitat ions in col lec t ing explant mater ia l and no
immunohistochemical comparison could therefore be made
between CLAD and stable LTx patients. However, matched
unused donor lungs served as a valuable and unique control
group. Finally, no BAL or blood samples were available from
pulmonary GVHD patients, as well as only a limited number of
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lungs, which is directly related to the low number of GVHD
patients qualifying for LTx and the limited number of LTx for
this indication in most centers.

In conclusion, lung tissue CTGF expression levels are mainly
increased in end-stage RAS, but also in established BOS and
pulmonary GVHD. CTGF protein expression is increased in
BAL fluid from RAS patients at CLAD diagnosis compared to
BOS and stable LTx patients. Our results therefore suggest a
potential role for CTGF in CLAD, especially RAS, and
pulmonary GvHD, which advocates further investigation of the
role of CTGF in the pathophysiology of CLAD and the potential
therapeutic modulation of CTGF in onset and progression of
both disorders.
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