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Abstract

Long-term survival after lung transplantation (LTx) is limited by the development of chronic rejection
of which two clinical phenotypes have been defined: bronchiolitis obliterans syndrome (BOS) and
restrictive allograft syndrome (RAS). The pathophysiology of chronic rejection remains unclear and
consequently prognosis is poor. Therefore, a preclinical model is essential to investigate its elusive
pathology. The murine orthotopic LTx in a major antigen-mismatch combination is of greatest clinical
relevance since it mimics the procedure of a LTx and recipients require daily immunosuppression.
However, until now this model is not used consistently. Hence, the aim is to provide an in-depth
investigation of the orthotopic LTx mouse model with a major antigen-mismatch in the context of
chronic rejection and its various phenotypes. Innovatively, a longitudinal non-invasive follow-up is

implemented using in vivo micro-computed tomography (uCT).

In this study, we identified that the murine orthotopic LTx model demonstrated histopathological
features comparable to RAS. In addition, uCT scans were regularly taken and showed a progressive
worsening graft, with a decreased total lung volume and an increased mean lung density. However,
we also observed necrotic lungs and complete consolidation on uCT, indicating a too severe phenotype
of chronic rejection. Therefore, the immunosuppressive scheme was adjusted and serial histological
assessment was performed at different time points. Initial findings show that this higher
immunosuppression and a shorter follow-up period might be better resembling the clinical situation.
Nevertheless, the model needs optimization but can become a robust animal model for translational

purposes.






Table of contents

Preface |
Abstract n
Table of contents Y
List of abbreviations Vil
1. Introduction 1
1.1 Chronic rejection 1
1.1.1 Bronchiolitis obliterans syndrome 1
1.1.2 Restrictive allograft syndrome 2
1.1.3 Animal models 4
2. Hypotheses and goals 9
2.1 The relationship between the murine lung transplant model and chronic rejection phenotypes 9
2.2 Longitudinal follow-up in the murine lung transplant model using in vivo uCT 9
2.3 The correlation between uCT and histology 9
3. Materials and methods 11
3.1 Animals 11
3.2 Orthotopic single-lung transplantation 11
3.2.1 Donor procedure 11
3.2.2 Graft preparation 11
3.2.3 Recipient procedure 12
3.2.4 Immunosuppressive treatment 13
3.3 Study design 13
3.4 In vivo uCT imaging 13
3.4.1 In vivo uCT image analysis and quantification 14
3.5 Ex vivo uCT imaging 15
3.6 Histology 15
3.7 Statistical analysis 15
4. Results 17
4.1 The major antigen-mismatch orthotopic single-lung transplant mouse model in the context of
the phenotypes of chronic rejection 17
4.1.1 Survival and general health 17
4.1.2 Macroscopic evaluation 17
4.1.3 Histology 18
4.1.4 Cyclosporine serum levels 18
4.2 Longitudinal follow-up of the murine lung transplant model using in vivo uCT 20



4.2.1 Visual assessment of in vivo uCT 20

4.2.2 Quantification of lung volume and density 21
4.3 Correlation between uCT and histology 23
4.3.1 In vivo pCT and histology 23
4.3.2 Ex vivo uCT and histology 25

4.4 Optimizing the major mismatched orthotopic single-lung transplant model to represent human
chronic rejection 26
4.2.1 Histology 26
4.2.2 Quantification of lung volume and density 27
5. Discussion 29
6. Conclusion 37
7. Future perspectives 39
References 41
Supplemental data 45

Vi



List of abbreviations

3D three-dimensional

ANOVA analysis of variance

uCT micro-computed tomography
BAL broncho-alveolar lavage

BOS bronchiolitis obliterans syndrome
CLAD chronic lung allograft dysfunction
CT computed tomography

DSA donor-specific antibodies

ECP extracorporeal photophoresis
FEV: forced expiratory volume in 1 second
FVC forced vital capacity

H&E hematoxylin and eosin

HU Hounsfield units

IPF idiopathic pulmonary fibrosis
ISHLT International Society for Heart and Lung Transplantation
IVC individually ventilated cages

IVIS in vivo imaging system

kVp peak kilovoltage

LTx lung transplantation

MRI magnetic resonance imaging
mRNA messenger ribonucleic acid

0cs Organ Care System

OB obliterative bronchiolitis

PA pulmonary artery

PGD primary graft dysfunction

POD post-operative day

PV pulmonary vein

RAS restrictive allograft syndrome
SEM standard error of the mean

TLC total lung capacity

TLI total lymphoid irradiation

Vi



Treg Cells regulatory T cells

VOl volume of interest

Vil



1. Introduction

Lung transplantation (LTx) is widely accepted as the final treatment option for patients suffering from
end-stage pulmonary diseases. Worldwide, approximately 4000 patients receive a LTx every year.
According to the registry report of 2017 of the International Society for Heart and Lung Transplantation
(ISHLT), chronic obstructive pulmonary disease is the most common indication for an adult LTx (36%),
followed by interstitial lung disease (30.3%), cystic fibrosis (15.6%) and pulmonary arterial
hypertension (4.4%) (1). Over the last decade, the survival following LTx improved remarkably because
of adequate immunosuppression and surgical advancements. Despite these improvements, the
survival is still inferior compared to the survival after transplantation of other solid organs, with a mean
five year survival of 59% and ten year survival of 41% after LTx (1). This late mortality is mainly due to
chronic rejection that occurs in 50% of the patients within five years and accounts for 30% of the
mortality between three and five years post-transplant (2). Other known causes of death after LTx are

acute rejection, infection, malignancy, cardiovascular or technical problems (1).

1.1 Chronic rejection

Chronic rejection is considered as the recognition of the graft by the recipient as non-self, which elicits
an exuberant inflammatory response, leading to progressive graft damage and eventually graft loss.
Clinically, chronic rejection is defined as a persistent decline in forced expiratory volume in one second
(FEV4) of at least 20% compared to the two best post-operative values in the absence of other
identifiable causes (3). The typical hallmark of chronic rejection was thought to be obliterative
bronchiolitis (OB). OB is considered to be the end result of an overt innate and adaptive immune
response, causing a fibrotic repair by fibroblasts, which results in remodeling and obliteration of small
airways (4). However, diagnosing OB on transbronchial biopsies is complicated given the patchy
distribution. Therefore, the term bronchiolitis obliterans syndrome (BOS) is introduced as the clinical
correlate of OB. In 2011, however, Sato et al. showed that patients with chronic rejection could also
suffer from a restrictive pulmonary function defect instead of obstructive and denominated this
restrictive allograft syndrome (RAS) (5). This finding demonstrated the heterogeneity within chronic
rejection. Therefore, the term chronic lung allograft dysfunction (CLAD) was introduced as an

overarching term including all forms of persistent and irreversible declines of FEV; (6).

1.1.1 Bronchiolitis obliterans syndrome

Diagnosis, radiology and pathology
BOS is the most frequent phenotype of chronic rejection (60-75%). Diagnosis of BOS is made when a

persistent (minimum three weeks) decline in FEV; of at least 20% from the average of the two best



values post-transplantation is present, in absence of other identifiable causes (6). Following diagnosis,
the median survival is between three and five years (Figure 1A) (3). Other typical hallmarks include air
trapping and mosaic attenuation on computed tomography (CT) and OB lesions on pathology (Figure
1 B and D). The former definition is that BOS is an irreversible obstructive small airway disease in which
neutrophilic inflammation plays a key role. However, due to new insights in the pathological

mechanisms, the definition of BOS is shifting towards a more adaptive immunity-related disease.

Risk factors and mechanism
Many risk factors have been identified for BOS with the main ones being acute rejection, lymphocytic
bronchiolitis, infection, primary graft dysfunction (ischemia reperfusion damage), colonization with

micro-organisms, presence of donor specific antibodies and air pollution (7).

The pathophysiology of BOS remains largely unclear. However, currently it is thought that repeated
injury of the bronchial epithelium causes damage, inducing a repair mechanism. Inflammatory cells are
attracted to the airway lesion, infiltrate the lumen and produce cytokines, chemokines and growth
factors. In addition, fibroblasts are activated and induce a fibrotic repair. These fibroblasts originate
through different ways including proliferation and activation of resident fibroblasts, recruitment of
progenitors (fibrocytes) and transition of epithelial and mesothelial cells into mesenchymal cells.
Finally, deposition of collagen and extracellular matrix in the airway lumen will result in obstruction of

the small airways (8).

Treatment

Several treatment strategies for BOS have been investigated, mostly with limited success. Only
azithromycin, a neomacrolide antibiotic, is now being used routinely. This antibiotic reduces airway
inflammation and significantly improves the pulmonary function in a subset of BOS patients (9).
Extracorporeal photophoresis (ECP) and total lymphoid irradiation (TLI) are immunomodulatory
therapies that are tested in BOS patients. Several studies reported an improvement or stabilization of
FEV; after the addition of ECP or TLI to the standard immunosuppressive therapy (10). Other therapy
options are alemtuzumab (anti-CD52) and montelukast (leukotriene receptor antagonist) showing
promising results, however, these are only tested in small patient groups (11, 12). In highly selected
patients a retransplantation can be a treatment option, although, the survival after a second LTx is

inferior compared to the survival after initial transplantation with a three-year survival of 67% (13).

1.1.2 Restrictive allograft syndrome

Diagnosis, radiology and pathology
In 2011, Sato et al. demonstrated that 30% of the patients with chronic rejection presented a restrictive

pulmonary function defect, denominated RAS (5). The survival post-diagnosis is poor with only six to



18 months median survival (Figure 1A) (3). Currently, there is no internationally accepted definition for
RAS, therefore several groups have used different diagnostic criteria to define restriction. Sato initially
defined RAS as an irreversible decline in total lung capacity (TLC) of at least 10% in combination with
20% decline in FEV; compared to the two best values after transplantation. Since TLC measurements
are expensive, time consuming and not routinely performed as part of the follow-up in every center,
Todd et al. used a decrease in forced vital capacity (FVC) of 2 20% to diagnose RAS (14). Verleden et al.
additionally used FEVi/FVC > 0.7 (15). Later, it became clear that these patients showed similar
persistent pleuroparenchymal infiltrates on CT scans. Therefore Suhling proposed to add the presence
of pulmonary infiltrates on CT to the definition of RAS (16). In addition to pleuroparenchymal
infiltrates, (sub)pleural thickening, substantial parenchymal fibrosis, bronchiectasis (bronchial
dilatation) and reticulations are seen on CT images of RAS lungs compared to BOS and healthy lungs
(Figure 1C). Histological examination of RAS lungs shows pleuroparenchymal fibro-elastosis (17). This
is defined by visceral pleural fibrosis associated with subpleural, intra-alveolar fibrotic changes
consisting of a mixture of elastic and fibrous tissue (Figure 1E). However, also other patterns are found
in RAS lungs, including nonspecific interstitial pneumonia and fibrosis-induced subpleura or paraseptal
emphysema, demonstrating a histomorphological spectrum within the disease (18). Furthermore, OB
lesions are often identified. Both on histology and CT images a sharp demarcation can be present

between healthy and diseased zones (19).

Risk factors and mechanism

Almost all risk factors applicable to BOS are associated with RAS including infection, acute rejection,
lymphocytic bronchiolitis, colonization with P. aeruginosa and elevated neutrophilia in broncho-
alveolar lavage (BAL) fluid (20). Currently, the pathophysiological mechanisms underlying RAS are
mostly elusive. However, recent evidence demonstrated that humoral immunity might be involved in
the pathogenesis of RAS demonstrated by lymphoid cell organization exclusively found in RAS lungs
(21) and increased immunoglobulins in BAL of RAS patients compared to control and BOS patients (22).
Moreover, the presence of persistent donor specific antibodies (DSA) is associated with a higher risk
for RAS development (23). These findings support the idea that RAS is the consequence of an excessive
adaptive immune response directed towards the non-self graft, mainly mediated by humoral
immunity. However, the innate immunity also seems to be important in RAS as eosinophils and
macrophages were upregulated in RAS lungs compared to control and BOS (21). More research will be

necessary to reveal the underlying mechanisms.

Treatment
Similar to BOS, treatment of RAS patients remains difficult. The same therapy options for BOS have

been tested in RAS, unfortunately with limited success. Given the presence of extended fibrosis in RAS,



anti-fibrotic treatments used in idiopathic pulmonary fibrosis (IPF) have been tried in patients with
RAS. Examples are pirfenidone (24) and nintedanib (25), which showed stabilization of the disease after
treatment in case reports. A retransplantation could be considered, however, only in well-selected
patients since the three-year survival after retransplantation is only 33% in patients with RAS and
within survivors, there was a high rate of patients redeveloping chronic rejection (13). Currently, an
effective treatment for BOS and RAS is still lacking. A better understanding of the pathology of chronic

rejection can help in the development of new therapeutic strategies.
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Figure 1: Mortality rate of BOS and RAS at time of diagnosis (A). Representative images of BOS (B and D) and RAS (C and
E). (A) Kaplan-Meier survival curve presenting mortality rate of BOS and RAS between diagnosis and death (21). (B) and (C)
are CT images of frozen explant lungs (26), (D) and (E) the corresponding typical histological features (21). Overall, the
parenchyma in BOS lungs looks normal with narrowed fibrotic airways on histology, while thickened pleura and fibrosis are
observed in RAS lungs. RAS is characterized by intensive fibrosis in parenchyma, blood vessel and airways with follicular
organization. Scale bar of CT scans indicate 1 cm, scale bar of histological images indicate 200 um. BOS: bronchiolitis obliterans
syndrome; RAS: restrictive allograft syndrome; CLAD: chronic lung allograft dysfunction.

1.1.3 Animal models
The use of animal models is one of the best ways to elucidate underlying pathophysiologic mechanisms
of various diseases and to discover potential new therapeutic strategies. Several animal models to

study chronic rejection have been used.

Tracheal transplant models

The most widely used model to study rejection after LTx is the heterotopic tracheal transplant model
(Figure 2A). This model consists of the subcutaneous implantation of a donor trachea on the back or
in the omentum of a genetically different rat or mouse (allograft). The strength of this model is that
the allografts develop OB-like lesions with obliteration of the tracheal lumen within 28 days, which are
not seen in isografts (transplantation in genetically identical animals) (27). The additional advantages
of this model are the reproducibility, the simple surgical techniques and the ability to produce a large

number of transplanted animals in a relatively short period. However, one has to acknowledge the



limitations as well, as the graft is not perfused or ventilated. Moreover, the anatomy of the trachea is
different since it is a large cartilaginous airway, while human OB develops only in small airways.
Therefore, the heterotopic tracheal transplant model can be used as a first indication of allo-immunity
induced obstruction of airways, but does not reflect chronic rejection of the lung as seen in humans.
Some of the limitations of this model can be overcome by using the heterotopic intrapulmonary
tracheal transplant model (Figure 2B). In this model, the trachea is directly implanted into the
pulmonary parenchyma of the lung. It still has the simplicity and reproducibility of the heterotopic
tracheal transplant model, but here the trachea is placed in a more relevant pulmonary environment
(28). Nevertheless, this model still lacks connection with ambient air. Therefore, an orthotopic tracheal
transplant model has been developed, in which an anastomosis is performed between the tracheas
(Figure 2C) (29). After the tracheal transplantation, epithelial cells from the donor trachea are
damaged, while recipient-derived epithelial cells will migrate to the donor trachea and replace the

epithelial lining. In this way the airway lumen stays open with moderate subepithelial fibrosis (30).

Orthotopic single-lung transplant model

Considering the disadvantages of the heterotopic and orthotopic tracheal transplant models, an
orthotopic single-lung transplant model was introduced (Figure 2D). It mimics the surgical procedure
of a human LTx more closely, with a graft that is vascularized and ventilated. The orthotopic LTx has
first been developed in large animals including dogs, swine and primates (31-33). Given that large
animals are very expensive, difficult to house and to handle, other animals were tested. In ferrets,
orthotopic left lower lobe transplantation was established and developed the entire spectrum of
human histopathological lesions including acute rejection, lymphocytic bronchiolitis and obliterated
airways (34). However, ferrets are not commonly used laboratory animals and is therefore an inferior
model. Orthotopic single left LTx is also described in rats and showed promising results, however the
lack of transgenic and knock-out strains is a disadvantage of using rats (35). Considering the above
findings, the most relevant species is the mouse, although their small size makes the surgery a big
challenge (36). First, this model was established in mice to investigate ischemia reperfusion damage
and acute rejection. Balb/c mice served as donor and C57BL/6 as recipients. These transplanted mice
developed very severe acute rejection within seven days post-transplant which completely destroyed
the lung, making a longer follow-up to examine chronic rejection impossible (37). A solution for this
problem came from Fan et al., by transplanting mice with a minor antigen-mismatch (C57BL10 —
C57BL/6), developing only mild rejection after one week and mice could be investigated for a longer
time. However, they demonstrated OB-like lesions in only 50% of all mice at 21, 28 and 35 days after
transplantation (38). One should pay attention to the difference in airway structure between human

and mouse since mice lack small airways and BOS is a small airway disease (39). In 2012, our research



group developed a major antigen-mismatch model (Balb/c = C57BL/6) with daily immunosuppressive
treatment (cyclosporine + steroids) with a follow-up of ten weeks. This model resembles the human
situation, but only 25% to 50% of the allografts showed airway obliteration (40). After the clinical
identification of the chronic rejection phenotypes, the various strain combinations were compared in
the context of chronic airway fibrosis. The major mismatch model showed bronchovascular fibrosis
and inflammation, pleural and septal thickening and parenchymal inflammation on histology of the
allografts, compatible with the histological presentation in human RAS lungs (41, 42). The strength of
the model is the close proximity to the human situation since human LTx is performed between major

mismatched individuals and patients need daily immunosuppression (43).

A B \

Figure 2: Animal models of chronic rejection. (A) Subcutaneous heterotopic tracheal transplantation. (B) Intrapulmonary
heterotopic tracheal transplantation. (C) Orthotopic tracheal transplantation. (D) Orthotopic single-lung transplantation (44).

Assessment of orthotopic single-lung transplant model

Currently, the assessment of disease severity of the orthotopic LTx model is primarily based on end-
stage procedures including macroscopic examination, histopathology and mRNA expression levels.
Measurement of arterial blood gases and BAL can only be performed right before sacrifice. In this way
only a snapshot is examined of the situation at that time, hence precluding dynamic evaluation of
disease progression. To circumvent this problem, serial sacrifice and thus evaluation of transplanted
animals at different time points can be a solution (40). However, this is not the same as a longitudinal
follow-up of individual mice. Repeated pulmonary function measurements could be used to evaluate
the function of the lung over time but our group reported that this is not a good tool to diagnose and
evaluate chronic rejection in mice (40). In vivo imaging of mouse lungs with micro-computed
tomography (LCT) becomes increasingly interesting in this field. uCT is a three-dimensional (3D) x-ray
imaging method providing high resolution and excellent air-tissue contrast, yielding visual and
guantitative information of the whole lung (45). Scanning is used in a longitudinal fashion to evaluate

disease progression and therapy effects in various animal models of lung disease including cancer,
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fibrosis, emphysema and ischemia reperfusion damage after LTx (46-48). De Langhe et al. developed
a non-invasive, dynamic in vivo uCT protocol for lung imaging in mouse models of lung fibrosis and
emphysema. By applying respiratory gating during the scan, moving artefacts caused by respiration
are significantly reduced, resulting in high quality images. Using this protocol, they were able to
guantify dynamic changes in pulmonary pathology (47). Later, these quantitative measurements, such
as lung volume and mean lung density, were validated as biomarkers in preclinical models of lung
fibrosis and fungal lung infections (45). The ability of quantifying uCT images makes it very interesting

for the longitudinal follow-up after the orthotopic single LTx.






2. Hypotheses and goals

There are three specific goals of this thesis.

2.1 The relationship between the murine lung transplant model and chronic rejection

phenotypes

Given the recent discovery of the different phenotypes of chronic rejection, being BOS and RAS, it is
necessary to revise the major mismatched murine orthotopic LTx model to establish which phenotype
the model reflects. Based on previous experiments, we hypothesize that the major antigen-mismatch

orthotopic LTx mouse model mimics RAS.

2.2 Longitudinal follow-up in the murine lung transplant model using in vivo uCT

End-stage disease only delivers limited insight into disease pathophysiology, hence longitudinal follow-
up is needed to gain knowledge about the disease progression. Therefore, we hypothesize that in vivo
MCT can be a useful tool to evaluate the progression of chronic rejection within the major
mismatched murine orthotopic LTx model. To examine the use of uCT in this model, multiple scans

were performed during follow-up and lung volume and density were both quantitatively measured.

2.3 The correlation between uCT and histology

Since in vivo uCT scanning can be used in a longitudinal fashion without sacrifice of the transplanted
animals in contrast to histopathological analysis, we aim to investigate the correlation between in vivo
UCT and histology. In addition, ex vivo UCT of the explanted lungs can yield higher resolution than in
vivo UCT, therefore the goal is to correlate ex vivo uCT with corresponding histology. The hypothesis

is that uCT analysis correlates closely with histopathological examination.






3. Materials and methods

3.1 Animals

All animals received human care in compliance with “The Principles of Laboratory Animal Care”
formulated by the National Society for Medical Research and the “Guide for the Care and Use of
Laboratory Animals” published by the National Institutes of Health (49). The experimental procedure
was approved by the Ethical Committee for Animal Research at KU Leuven. All animals were purchased
from Janvier Labs (Le Genest Saint Isle, France) at eight weeks of age (20 to 25 grams). C57BL/6N (H-
2K°) male mice, 25-30 gr, were used as recipients and as donors for isografts. Male Balb/c (H-2K¢) mice
served as donors for allografts. After surgery, all mice were housed in a conventional facility with

individually ventilated cages (IVC).

3.2 Orthotopic single-lung transplantation
The recipient procedure was performed by a trained PhD student (T. Heigl) of the host lab. An
operating microscope (Zeiss, Zaventem, Belgium) with 4 — 24x magnification was used for both donor

and recipient procedures.

3.2.1 Donor procedure

Donor mice were anesthetized with a mixture of xylazine (100 mg/kg) and ketamine (10 mg/kg)
administered by an intraperitoneal injection. A tracheostomy was performed and the mouse was
connected to a ventilator (MiniVent type 845, March-Hugstetten, Germany) with a 20-gauge catheter.
The abdomen and thorax were opened and 100 pL of heparin (LEO Pharma, Ballerup, Denemarken)
was injected directly into the right lobe of the liver. Afterwards the lungs were flushed with 5 mL Organ
Care System (OCS) Lung Solution (HealthLink, Hertogenbosh, The Netherlands) through the right

ventricle. Subsequently, the heart-lung block was excised with inflated lungs.

3.2.2 Graft preparation

The donor left lung was isolated and the hilum was prepared for cuffing (Figure 3A). The cuff of the
pulmonary artery was made of a 26-gauge Teflon catheter (BD, Erembodegem, Belgium), the bronchus
cuff of a 20-gauge catheter and pulmonary vein cuff of a 22-gauge catheter (Figure 3B). The pulmonary
artery was passed through the cuff and folded over the cuff exposing the endothelial surface (Figure
3C) and secured with a 10-0 nylon ligature (Ethicon, Lidingd, Sweden). The bronchus and pulmonary
vein were cuffed in analogous fashion. The cuffed left lung was placed in OCS preservation solution at

4°C until implantation (Figure 3D).
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Figure 3: Donor procedure. (A) After excising the heart-lung block, the hilum of the left lung was exposed and dissected. (B)
The cuffs were adjusted for the size of the structure. (C) The pulmonary artery is folded over the cuff and secured by a 10-0
nylon ligature. Bronchus and pulmonary vein were cuffed in the same manner. (D) Afterwards, the cuffed left lung was placed
in an OCS preservation solution at 4°C. PA: pulmonary artery; PV: pulmonary vein; OCS: Organ Care System.

3.2.3 Recipient procedure

The recipient animal was anesthetized with isoflurane (Iso-Vet, Dechra, Belgium) in an induction box.
The mouse was intubated and connected to the ventilator (UNO microventilator, Zevenaar, The
Netherlands). The animals were maintained under general anesthesia with a mixture of 50% air, 50%
oxygen and 2.5% isoflurane. The left chest wall was shaved and sterilized, a left thoracotomy was
performed through the third intercostal space. The left native lung was retracted laterally by placing a
clamp to expose the hilum (Figure 4A). The hilum was dissected to separate the pulmonary artery,
pulmonary vein and bronchus from each other. The pulmonary artery and vein were occluded with a
slipknot (10-0 nylon ligature) proximally to the heart (Figure 4B). First, the vein was anastomosed by
making a small transverse incision into the anterior wall of the vein (Figure 4C). Afterwards, the cuffed
vein from donor lung was inserted and secured with a 10-0 ligature (Figure 4D). Both bronchus and
artery were inserted and secured in the same way (Figure 4E). The transplanted lung was reperfused
by releasing the slipknots of the vascular structures (Figure 4F). Hereafter, the chest was closed in two

layers and the recipient mouse was extubated. Pain medication with buprenorphine (0.1 mg/kg) was

given every eight hours during three days after surgery.
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Figure 4: Recipient procedure. (A)The recipient left lung was retracted and the hilum was exposed. (B) Pulmonary artery and
vein were occluded. (C) A small transverse incision was made in the pulmonary vein indicated by black arrow. (D) The cuffed
donor pulmonary vein was inserted into the recipient pulmonary vein and secured with a 10-0 nylon ligature. (E) The same
was done for bronchus and pulmonary artery. (F)The lung was reperfused and placed back in the chest. PA: pulmonary artery;
PV: pulmonary vein.

3.2.4 Immunosuppressive treatment
The normal immunosuppressive scheme consisted of 10 mg/kg/day cyclosporine (Sandimmun®,
Novartis, Vilvoorde, Belgium) and 1.0 mg/kg/day methylprednisolone (SoluMedrol®, Pfizer, Brussels,

Belgium) daily administered subcutaneously until sacrifice.

3.3 Study design

The study design is illustrated in Figure 5. This project includes an isograft (n = 8) and allograft (n = 8)
group. These animals received daily immunosuppression and at POD 7, 35 and 70 in vivo uCT scans
were performed. After the last uCT scan, mice were sacrificed and explant specimen were used for
histopathological analysis or an additional ex vivo uCT was taken. In addition, serum level of
cyclosporine was measured by a clinical laboratory at week eight in isografts and allografts (Sequential

enzyme immunoassay, Dimension® RXL, Siemens Medical solutions, Diamond diagnostics, USA).

ISOGRAFTS ut
&4& bayo | poos | | poo3s _
C57BL/6N C57BL/6N

ALLOGRAFTS

S—
BALB/C C57BL/6N

Figure 5: Study design. Isografts: left LTx from C57BL/6N mouse to C57BL/6N mouse. Allografts: left LTx from Balb/c mouse
to C57BL/6N mouse. LTx: lung transplantation; POD: post-operative day.

3.4 In vivo uCT imaging

All uCT imaging was performed on a small animal uCT scanner (SkyScan 1278, Bruker microCT, Kontich,
Belgium). Mice were anesthetized with isoflurane and placed in supine position on the scanner bed,
anesthesia was maintained during the scan with 2% isoflurane in 100% oxygen by a nose cone.
Respiratory-gated uCT images of free-breathing animals were acquired by recording thoracic breathing
movements with a visual camera, detecting the up- and downward movement of the thorax (Figure
6). The complete respiratory cycle was divided into four phases, from the initiation of inspiration to

end-expiration. After scanning, all images were sorted in the corresponding phase of respiration in
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which they were acquired. Scan parameters were 55 kVp X-ray source voltage combined with a 0.5
mm aluminum filter, 300 pA source current, 120 ms exposure time per projection, acquiring ten
projections per position with 0.4° increments over a total angle of 180°. This resulted in a scanning
time of 23 minutes yielding four reconstructed 3D datasets with a voxel size of 54.6 um? corresponding
to four different phases of the breathing cycle. The images were reconstructed using NRecon software
(version 1.7.0.4, Bruker microCT) with following parameters: smoothing of one, beam-hardening
correction of 10%, post-alignment and ring artefact reduction were optimally set for each individual
scan. The images were calibrated to Hounsfield units (HU) via measurements of a scanned phantom
consisting of an air-filled 1.5 mL tube inside a water-filled 50 mL tube. The mean gray scale index of
water (122.2376) was set to zero HU and the mean gray scale index of air (6.08375) to -1000 HU. Based

on HU, the density was converted to gram/liter.

Figure 6: uCT imaging set-up. The visual camera inside the uCT machine detects up- and downward movement of the marker
attached to the thorax.

3.4.1 In vivo uCT image analysis and quantification

Image analysis and quantification were performed using software provided by the manufacturer
(CTAN, version 1.16.8.0 +, Bruker microCT). Segmentation and quantification of lung volumes were
performed using a custom written automated algorithm that was applied to all datasets as defined,
validated and described previously (47). This algorithm is based on a selected threshold (-234.5165
HU) which excludes all pixels with densities above this value resulting in automatic segmentation of
pixels with a density corresponding to air, in this way aerated lung volume is measured (Figure 7).
Quantification of total lung volume and mean lung density was performed for a manually delineated
volume of interest (VOI) on the transversal uCT images at end-expiration. Lung tissue (non-aerated)
volume was calculated as the total lung volume (manually delineated) minus the aerated lung volume
(automatically derived). In addition to using this algorithm, 3D image reconstruction was performed
using CTVol software (version 2.3.2.0, Bruker microCT). In order to compare the data, a baseline was

created by scanning and quantifying four healthy C57BL/6N mice and four healthy Balb/c mice.
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Figure 7: Qualitative and quantitative assessment of lung volume and density by in vivo uCT. The crucial steps of the
automated algorithm to quantify lung volume and density showed in an isograft. Pixels with grayscale below -234.5165
Hounsfield Units (HU) were selected, segmenting air-containing pixels. Afterwards, a 3D reconstruction was made that
visualized the aerated lung volumes.

3.5 Ex vivo uCT imaging

To perform an ex vivo uCT, the heart-lung block was air-inflated to total lung capacity and frozen solid
in the fumes of liquid nitrogen. Whole lungs were scanned with a uCT scanner with a cooling stage (-
30°C) (SkyScan 1172, Bruker microCT). Scan parameters were 40 kVp source voltage, 226 pA source
current, no filter was used, 295 ms exposure time, four frames per position with 0.3° rotation step.
This protocol resulted in 30 minutes scanning time and a voxel size of 13.9 um3. Reconstruction of the
images was performed using NRecon, parameters were smoothing of two, beam-hardening reduction
of 30%, post-alignment and ring artefact reduction were optimally set for each individual scan. Four
allografts and four isografts were ex vivo scanned, the remaining were directly fixed and embedded as

described below.

3.6 Histology

The heart-lung block was excised and fixed in 4% paraformaldehyde before paraffin embedding for
histology. The frozen lungs used for ex vivo uCT were fixed in 4% paraformaldehyde in acetone after
scanning and embedded in paraffin. Five um thick sagittal sections were cut with a microtome (Microm
HM360 Microtome, Thermo Fisher Scientific, Asse, Belgium). Sections were stained with hematoxylin
and eosin and evaluated by an experienced lung transplant pathologist (Prof. dr. Erik Verbeken). A

Masson-Trichrome staining was performed to visualize the degree of fibrosis.

3.7 Statistical analysis

GraphPad Prism version 6.01 (GraphPad Software, San Diego, California, USA) was used for statistical
analysis. Results are presented as mean + SEM. To compare between isografts and allografts for start
weight, cyclosporine serum levels and between initial allograft group and allograft group with higher
immunosuppression for volume and density measurements at POD 7 or POD 35, normality was

checked with Shapiro-Wilk and subsequently an appropriate unpaired T-test was performed.
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Difference in weight evolution between isografts and allografts was tested with two-way analysis of
variance (ANOVA). The difference in distribution of normal grafts and consolidated grafts on in vivo
MUCT was compared using Chi-squared test. Differences in lung volume and mean lung density were
evaluated with Friedman test in combination with a Dunn’s post hoc test. Baseline comparisons
concerning volume and density were performed with Kruskall-Wallis ANOVA and Dunn’s post hoc test.

A p-value of < 0.05 was considered significant.
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4. Results

4.1 The major antigen-mismatch orthotopic single-lung transplant mouse model in the

context of the phenotypes of chronic rejection
Recently the different manifestations of chronic rejection were discovered, including BOS and RAS.
This led to the re-investigation how chronic rejection manifests in the orthotopic single-lung transplant

model using histopathology.

4.1.1 Survival and general health

Of the mice that were successfully operated (surviving more than 24 hours), all mice survived except
one allograft that died after two days due to a pneumothorax. Weight evolution in isograft and
allograft groups is illustrated in Figure 8. There was no difference in start weight in both groups,
allografts had a start weight of 27.29 g (25 — 29.5) and isografts of 27.26 g (25.9 — 28.6) (p = 0.97). No
significant differences were observed between isograft and allograft group in weight evolution (p =

0.88) (Figure 8).
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Figure 8: Weight evolution of isografts and allografts. LTx: lung transplantation; POD: post-operative day. Error bars indicate
SEM of replicate samples, n = 8 in both groups.

4.1.2 Macroscopic evaluation

Macroscopic examination of the transplanted isograft lungs showed normal lung morphology (n = 7)
(Figure 9A). One isograft presented yellow and was attached to the chest. In the allograft group,
morphological differences were observed including dense reddish lungs resembling fibrosis and
inflammation (n = 3) (Figure 9B), some appeared dark yellow and shrunken (n = 2) (Figure 9C), others

showed severe adhesions to the chest wall (n = 3) (Figure 9D).
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Figure 9: Macroscopic pictures of isograft and allografts. (A) Transplanted lungs of isografts showed normal macroscopic
lung tissue. Allografts showed severe morphological changes including a dense reddish lung (B), dark yellow and shrunken
lung tissue (C) and completely attached to chest wall (D). Left lungs are indicated by an arrow. RL: right lung; H: heart; LL: left
lung.

4.1.3 Histology

Transplanted lungs of isografts and native right lungs of allografts showed normal lung parenchyma
ten weeks post LTx (Figure 10). In the allograft group, two mice were excluded: one mouse
demonstrated total necrosis probably due to anastomosis problems following surgery. The other
showed grossly normal lung tissue, however severe lymphocytic giant cell infiltration was found
resembling a post-transplant lymphoma. The other six allografts showed a variety of changes of the
graft (Figure 11). One mouse demonstrated pathology similar to RAS including fibrosis, inflammation,
obstructed airways, thickened pleura and lymphoid follicles (Figure 11) (Figure 22S). There was one
animal showing (sub)pleural fibrosis, alveolar fibrosis, necrotic areas and some normal alveoli,
representing an intermediate stage (Figure 11). Three mice showed encapsulation of the lung and
many cell nuclei without recognizable native lung structure resembling complete necrosis (Figure 11).
Given that only one animal showed relevant lesions, while the others showed too extensive lung

pathology, we conclude that the rejection seems to be too severe.

4.1.4 Cyclosporine serum levels

Serum levels of cyclosporine were assessed in both groups at week eight. There was no difference
between the median serum level of isografts (662 pg/L) and allografts (596.5 pg/L) (p = 0.85). In
addition, no association was found between cyclosporine serum levels and necrotic or RAS-like

allografts.
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Figure 10: Histology of
isograft LTx lung (upper)
and native right lung of
allograft (lower) 70 days
after LTx. H&E staining (left)
and Masson-Trichrome
staining  (right)  showed
normal histology. Scale bars
indicate 200 um. H&E:
hematoxylin and eosin; LTx:
lung transplantation. Aw:
airway.

Figure 11: Representative
images of H&E and Masson-
Trichrome  staining  of
allograft LTx lungs. Severe
RAS-like  pattern  (top).
Arrows on Masson-
Trichrome indicate fibrotic
regions. Fibrosis, necrosis,
normal  tissue  (middle).
Arrows on Masson-
Trichrome indicate (sub)
pleural fibrosis. Complete
necrosis (bottom). Scale bars
of upper four images indicate
200 um. Scale bar of lower
two images indicate 100 um.
H&E: hematoxylin and eosin;
LTx: lung transplantation;
Aw: airway.
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4.2 Longitudinal follow-up of the murine lung transplant model using in vivo uCT

4.2.1 Visual assessment of in vivo uCT
In vivo uCT imaging can be used for longitudinal follow-up of chronic rejection in mice. To evaluate the
disease progression in the orthotopic LTx mouse model, uCT scans were performed at POD 7, 35 and

70 in isografts and allografts. Representative images of uCT scans and 3D reconstruction are shown in

Figure 12.
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Figure 12: Longitudinal in vivo uCT of allograft and isograft groups. Representative images of transversal uCT and respective
3D reconstructions of aerated lung tissue at POD 7, 35 and 70 at end-expiration. The left transplanted lung is delineated in
red. POD: post-operative day.

Table 1 provides an overview of the direct observations of uCT images of the transplanted lungs in
allografts and isografts at POD 7, 35 and 70. uCT scan of isografts at POD 7 showed normal appearing
lungs in four animals, while the others were consolidated as the lung could not be differentiated from
the surrounding tissue and chest wall. However, the transplanted lungs recovered as scans at POD 35
and 70 were all showing normal lungs except one, which probably had an infection. Allograft lungs
appeared normal on POD 7 in two animals. In the remaining six animals, the transplanted lung was

consolidated. At POD 35, one allograft showed a dens transplanted lung. The other seven mice

20



demonstrated complete consolidation, in some cases white spots were observed, indicating
hyperdense areas. The last scan revealed total consolidation in all allografts.
Table 1: Overview of observations of uCT scans of transplanted lungs in allografts and isografts. Consolidation means that

the lung could not be distinguished from the surrounding soft tissue and chest wall. Bold p-values indicate significance. POD:
post-operative day.

Isografts Allografts p-value
POD 7 4 normal 4 consolidation 2 normal 6 consolidation 0.30
POD 35 7 normal 1 consolidation 1 dense 7 consolidation 0.0027
POD 70 7 normal 1 consolidation 0 normal 8 consolidation 0.0004

4.2.2 Quantification of lung volume and density

Quantification of total lung volume and mean lung density was performed for both native right lungs
and transplanted left lungs in isografts and allografts. Total lung volume of native lung of isografts was
stable over time (p = 0.64), while allografts native total lung volume significantly increased during
follow-up (p = 0.032) (Figure 13A). The increase in native lung volume in allografts is mainly due to an
enlargement of the aerated lung tissue (Figure 23S). Total native lung volume in both isografts at POD
7 (p = 0.039) and allografts at POD 70 (p = 0.013) were higher compared to baseline (POD 0) (Figure
13A). Isografts transplanted lungs seemed to increase from POD 7 to POD 35 and remained stable
afterwards (p = 0.16) (Figure 13B). The lung volume of the transplanted lung in the allograft group
decreased (p = 0.015) (Figure 13B), which was predominantly caused by a decrease in aerated lung
tissue (Figure 24S). The Balb/c baseline (POD 0) was significantly higher in comparison with
transplanted allograft lungs (p = 0.0015) (Figure 13B). The transplanted lungs from isografts were
approximately the same as the baseline of C57BL/6N (POD 0) (Figure 13B).
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Figure 13: Total lung volume evolution in allograft and isograft groups at POD 0, 7, 35 and 70. (A) Graph of total lung volume
of native right lungs. (B) Graph of total lung volume of transplanted left lungs. Volumes were calculated based on end-
expiratory uCT images. POD: post-operative day. Error bars indicate SEM of replicate samples, n =8 (POD 0: n = 4). * p < 0.05;
**p <0.01; # p <0.05 compared with corresponding baseline; ## < 0.01 compared with corresponding baseline.

Mean lung density is measured based on gray values of the images, later converted to gram/liter. The
mean lung density of native lungs was stable for both isografts (p = 0.42) and allografts (p = 0.65) during
follow-up (Figure 14A). The baseline (POD 0) of native right lungs was also comparable to the densities
of both groups (Figure 14A). In the isograft group, density of the transplanted lung first seemed to
decrease from POD 7 to POD 35, thereafter the mean lung density remained similar (p = 0.42) (Figure
14B). Baseline (POD 0) showed equal density of healthy C57BL/6N mice and isografts (Figure 14B). The
mean lung density of transplanted lungs of allografts, however, increased significantly over time (p =
0.015) (Figure 14B). In addition, mean lung density at POD 70 was significantly denser compared to
baseline of Balb/c mice (POD 0) (p = 0.0007) (Figure 14B).
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Figure 14: Mean lung density difference in allografts and isografts at POD 0, 7, 35 and 70. (A) Graph of mean lung density
of native right lungs. (B) Mean lung density of transplanted left lungs. Densities were calculated based on end-expiratory uCt
images. POD: post-operative day. Error bars indicate SEM of replicate samples, n =8 (POD 0: n = 4). * p < 0.05; # p < 0.05
compared with corresponding baseline; ### < 0.001 compared with corresponding baseline.

4.3 Correlation between puCT and histology
UCT seems to be a useful tool to assess the disease progression given the previous results. However,
the exact correlation between UCT scans and the corresponding histology, which remains the golden

standard, is lacking but yet important to consider.

4.3.1 In vivo uCT and histology

Figure 15 illustrates the comparison between the last available in vivo uCT scans and the corresponding
histological images. Transplanted lungs from isografts (Figure 15A) and native right lungs of allografts
(Figure 15B) showed normal lung parenchyma in both uCT and histopathology. Figure 15C shows a
transplanted lung of an allograft demonstrating a relatively good correlation between uCT and
histology with dense, fibrotic tissue apically and at the basis a normal appearing parenchyma. The
transplanted allograft of Figure 15D demonstrates high-density areas on uCT, only a small part of the
main bronchus is observed while the lung parenchyma appears completely consolidated. This
observation is in contrast with histology, in which the big airways are clearly visible, surrounded by

parenchymal and bronchovascular fibrosis comparable to severe RAS histology. Some allografts
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showed extremely high-density regions, equally to bone tissue on UCT. On histology, these regions

corresponded to necrosis of lung tissue encapsulated by fibrotic tissue (Figure 15E).
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Figure 15: Comparison between in vivo uCT and histology in sagittal plane. The tap panel shows a visualization of the sagittal
plane of a 3D reconstructed left lung. (A) Transplanted lung of isograft. (B) Native, right lung of allograft. (C) (D) (E)
Transplanted lungs of different allografts. Left lung is delineated in red, except in (B) where the right lung is delineated. Scale
bars represent 1 mm, except of (E) 500 um. H&E: hematoxylin and eosin; RL: right lung; H: heart LL: left lung.
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4.3.2 Ex vivo uCT and histology

Ex vivo uCT imaging can yield higher resolution due to the advantage of the absence of movement, a
higher radiation dose and no surrounding beam distracting tissue, therefore more structural details
can be observed. Figure 16 illustrates a representative ex vivo LCT image of an isograft (A) and allograft
(B) and the corresponding histological images. Ex vivo uCT scans of isografts showed normal appearing
lung tissue of the transplanted lung. The corresponding histology appeared normal, however cell
structures appeared different due to freezing artefacts. Regarding the allografts, ex vivo uCT scans
showed a completely consolidated transplanted lung. The histology of these scanned allografts
showed complete necrosis of the transplanted lung. However, the histology was incomparable with

histology of unfrozen necrotic allograft lungs.
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Figure 16: Ex vivo uCT versus histology in sagittal plane. Lungs were excised and solid frozen in liquid nitrogen (upper panel).
Afterwards tissues were fixated in 4% paraformaldehyde in acetone. (A) isografts; (B) allografts. The left transplanted lung is
delineated in red on the ex vivo uCT scan. Scale bars of complete lungs indicate 1 mm for (A) and 200 um for (B), of histological
images indicate 100 um. H&E: hematoxylin and eosin; RL: right lung; H: heart LL: left lung;.
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4.4 Optimizing the major mismatched orthotopic single-lung transplant model to

represent human chronic rejection

Given that our previous results showed that the major antigen-mismatch orthotopic LTx mouse model
with immunosuppression for ten weeks demonstrates a too severe rejection phenotype, the model
was adjusted to control the rejection process with as ultimate goal to obtain a valid animal model for
translational purposes. Therefore, a higher immunosuppression and a serial histological assessment
was used in this second series of experiments. The higher immunosuppressive scheme consisted of the
same dosage of cyclosporine and 1.6 mg/kg/day methylprednisolone (instead of 1.0 mg/kg/d). These
mice were serially sacrificed at week one (n = 1), week three (n = 1), week five (n = 2) and week eight

(n=2) (Figure 17).
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Figure 17: Study design of second experiment with higher immunosuppression. Allografts: left LTx from Balb/c mouse to
C57BL/6N mouse. POD: post-operative day; LTx: lung transplantation.

4.2.1 Histology

Normal lung morphology was observed at POD 7, however, a lot of lymphocytic cell infiltration was
already observed (Figure 18). Later, on POD 21 the transplanted lung appeared necrotic (Figure 18). At
POD 35, one animal showed necrosis, the other one demonstrated preserved lung parenchyma,
bronchovascular fibrosis, inflammation and (sub)pleural fibrosis (Figure 18 right). Later, at POD 56 one
graft showed closed alveoli, obliterated airways and fibrosis surrounding airways and pleura (Figure 18
left). The other allograft sacrificed at POD 56 demonstrated a sharp demarcation between healthy and
diseased zones of the lung with bronchovascular and pleural fibrosis, compatible with RAS (Figure 18

right).

26



Masson-Trichrome H&E H&E Masson-Trichrome

Figure 18: Evolution of histological features in LTx lung of allograft group with higher immunosuppression. Representative
images of H&E staining and Masson-Trichrome staining at POD 7, POD 21, POD 35 and POD 56. The scale bar represent 100
um in POD 7 and POD 21 images and 200 um in POD 35 and POD 56 images. H&E: hematoxylin and eosin; POD: post-operative
day; LTx: lung transplantation.

4.2.2 Quantification of lung volume and density

In vivo uCT scans were performed every seven days after transplantation to follow the progression of
the disease. Afterwards, the scans were analyzed for lung volume and tissue density. Total lung volume
of the transplanted lungs seemed to decrease over time (Figure 19A). Regarding the mean lung density,

no differences were observed in the several uCT scans (Figure 19B).
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Figure 19: Total lung volume (A) and mean lung density (B) of left transplanted lungs in allografts receiving higher
immunosuppression. Volumes and densities are calculated based on end-expiratory uCT images. POD: post-operative day.

Error bars indicate SEM of replicate samples.

Compared to the initial allograft group with lower immunosuppression, it seemed that the total lung

volume was higher at POD 7 and 35 in the allograft group with higher immunosuppression, however

no significant differences were found (Figure 20A). The mean lung density was lower at POD 35 of the

allograft group with higher immunosuppression compared to the initial allograft group with lower

immunosuppression (p = 0.045) (Figure 20B).
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Figure 20: Comparison of total lung volume (A) and mean lung density (B) between initial allograft group and allograft
group with higher immunosuppression at POD 7 and POD 35. \Volumes and densities are calculated based on end-expiratory

UCT images. POD: post-operative day. Error bars indicate SEM of replicate samples.* p < 0.05.
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5. Discussion

Until now, a reproducible and relevant animal model to study chronic rejection after lung
transplantation (LTx) is lacking. Since 2009, a murine orthotopic LTx model has been developed as it
reflects the human procedure of a LTx more accurately. However, this animal model is used in different
strain combinations for donor and recipient throughout the LTx community. Consequently, no golden
standard has been accepted in the context of chronic rejection post LTx, which results in a variety of
approaches to model the disease. The major antigen-mismatch combination (Balb/c — C57BL/6) is of
greatest clinical relevance since major immune mismatches are also common in human LTx as genetic
matching is not possible due to time and organ shortage. In addition, the transplanted mice require
daily immunosuppression and is therefore the preferred animal model in this project. Hence, the aim
of this study was to provide an in-depth investigation and further elaboration of the major antigen-
mismatch orthotopic LTx mouse model in the context of chronic rejection and its two main

phenotypes.

The murine orthotopic LTx model is currently accepted as the best model to study chronic rejection.
Initially, our group established an animal model of chronic rejection with a major antigen-mismatch
combination under mild immunosuppression, aiming to develop a representative model of obliterative
bronchiolitis (OB). This study revealed obliterated airways in one third of the allografts ten weeks post
transplantation and severe airway inflammation in the others (40). However, recently the different
clinical manifestations of chronic rejection were demonstrated, including bronchiolitis obliterans
syndrome (BOS) and restrictive allograft syndrome (RAS) (5). These findings led to the re-evaluation of
the orthotopic LTx mouse model. Yamada et al. were the first to report the finding that this LTx mouse
model is a model resembling RAS by means of histology (42). Later, it was demonstrated that both
major and minor mismatched models showed features of RAS, with the most consistent results in the
major mismatch combination (41). Therefore, the initial objective of this project was to determine how
chronic rejection manifests in the major antigen-mismatch LTx mouse model. Histopathology showed
a diversity of morphological changes to the allografts, ranging from severe RAS-like lesions to complete
necrosis of lung tissue. These RAS-like lesions were, however observed only in one animal, represented
by inflammation and fibrosis at the bronchovascular axis, near the pleura and in the parenchymal
space. In addition, lymphoid follicles were observed which are exclusively detected in the RAS
phenotype of chronic rejection (21). However, four other allografts showed complete necrosis of the
transplanted lung, which does not represent the human disease. This might be due to complications
during surgery. Another feasible explanation is that this necrosis is an advanced stage of chronic

rejection. The finding that this mouse model of chronic rejection only shows features of RAS and not
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BOS opens the discussion about what chronic rejection is. Our results support the idea that RAS, and
not BOS, might be the primary manifestation of chronic rejection since an animal model can be studied
in a controlled environment in contrast to the human situation (50). Moreover, the model will give the
opportunity to further investigate the pathophysiology of RAS considering the adaptive and humoral
immunity since our group already demonstrated an elevated humoral immunity in RAS compared to
BOS and control lungs (21, 22). An additional advantage is that the model allows drawing blood in a
longitudinal fashion. Therefore, future experiments including measuring immunoglobulins in blood of

transplanted mice might help us in unraveling the disease.

Currently, the most appropriate way to assess disease progression in animal models is serial sacrifice
at different time points. However, serial sacrifice is not the same as longitudinal follow-up of an
individual animal. Therefore, in vivo imaging with micro-computed tomography (LCT) in small animal
models is a powerful tool to evaluate the progression of the disease and to assess disease severity in
a non-invasive way. Scans of isografts one week post-operation revealed four animals with a
consolidated transplanted lung, which might be the consequence of ischemia reperfusion injury. This
finding was consistent with a study by Yoshida et al., showing an increased consolidation and reduced
lung volume seven days after orthotopic LTx in mice by in vivo uCT (51). Ischemia reperfusion damage
is often seen in human LTx recipients as well, denominated primary graft dysfunction (PGD). PGD is a
form of acute lung injury, occurring within the first 72 hours after LTx and is caused by ischemia and
preservation in donor organ and reperfusion in recipient, followed by inflammatory and immunological
responses (52). However, the consolidation of the isografts at day seven post-operation could also be
due to atelectasis, meaning collapse of the transplanted lung. In human recipients, this occurs when
the donor lung is placed in a too small chest cavity or by bronchial stenosis (53). Preventing graft
atelectasis in mouse LTx is rather difficult. However, three of these four consolidated isografts
recovered on UCT scan at POD 35, indicating a capacity of the lung to recover. Therefore, arguing

against lung collapse but rather partly due to a transient, reversible process comparable to PGD.

The serial uCT scans in the allograft group showed a progressive pattern of normal appearing lungs to
complete consolidation, however this was only observed in a minor part of the allograft group (2/8).
The remaining six allografts demonstrated complete consolidation from the first time point to the last.
This might be explained by the fact that the immune mismatch leads to the body to recognize the lung
as non-self, causing a massive inflammatory response, adding to the already present post-transplant
damage, will lead to a completely consolidated graft. Whereas the isografts can still recover from the
initial damage, the allo-immune response is too strong in the allografts. Our findings were consistent
with literature: consolidation at week one for both isografts and allografts, isografts recovering after

week one and allografts remaining consolidated for 28 days (48, 51, 54, 55). However, these studies
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performed an additional uCT scan one day after transplantation showing normal aerated transplanted
lungs, indicating a successful surgery. The lack of an earlier uCT scan after surgery is a limitation of the

current study since potential surgical failures cannot be truly excluded.

Another great advantage of performing uCT scans is the possibility to quantify the images for both lung
volume and mean lung density, obtaining objective and quantitative data. Total lung volume of native
lungs of isografts remained stable over all three uCT scans. However, these volumes were considerably
higher compared to baseline volume, indicating that immediately following transplantation the
volume of the native right lung increases to compensate for the loss of function of the left transplanted
lung. The total lung volumes of the transplanted lungs of the isografts confirmed this since lung volume
at week one post operation was lower compared to baseline and increased in the two consecutive
scans back to baseline values. This indicates that the transplanted lung from the isografts underwent
ischemia reperfusion injury that will recover during later follow-up. Regarding the allografts, the
increase in native lung volume is presumably due to the compensation for the loss of the left rejected
lung. This also explains why pulmonary function measurements in these transplanted mice is
ineffective to diagnose and assess chronic rejection since lung function will remain stable due to the
expansion of the right native lung. The comparable lung function in isografts and allografts measured
by repeated lung function measurements was previously described by our lab (40). As expected, the
volume of the transplanted lung in the allograft group progressively declined over time. The allografts
volume at POD 7 was already decreased compared to baseline volume of healthy Balb/c mice,
demonstrating an extensive and rapid loss of functional lung tissue after surgery. Additionally, the right
native lung increase will cause a restriction in growth to the transplanted lung and the differences in
airway structures between the two strains will have an effect on the growth of the left lung (56). The
decline in total lung volume of the transplanted lung was predominantly caused by a decrease in
aerated lung volume. De Langhe et al. defined the decrease in aerated lung volume as an indicator for
the extent of fibrosis in an animal model of lung fibrosis (47). uCT lung volumetry was already
successfully applied in previous studies of the orthotopic LTx model to track chronic rejection (51, 57),

results were consistent with the present study.

In addition to measuring lung volumes, mean lung densities were quantified as well. The transplanted
left lungs from isografts showed a higher mean lung density at POD 7 compared to baseline, and
restored later to normal values. These values support the volume measurements and can be explained
similarly. The allografts transplanted lungs were already very dense at the first measurements and this
density kept increasing over time. Although most of the allografts transplanted lungs appeared
consolidated at uCT images, the mean lung density still increased indicating a further increase in the

degree of fibrosis. Measuring mean lung density is important since it correlates very well with standard
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readouts for fibrosis and collagen deposition. This was shown by the positive correlation between the
mean lung density on uCT and the Ashcroft score and hydroxyproline content in a bleomycin-induced
fibrosis mouse model, both accepted methods for estimating the extent of pulmonary fibrosis (58). In
patients, physicians visually interpret CT scans, however studies exist using density as a CT-derived
measurement as index of fibrotic interstitial lung disease showing that automated objective scoring is
better to quantify changes in serial CT scans compared to visual scoring systems (59). Overall,
quantifying lung volume and mean lung density on uCT images in small animal models allows
longitudinal evaluation of dynamic changes in individual animals. A disadvantage of using in vivo uCT
is the potential risk of radiotoxic side effects such as radiation-induced inflammation or fibrosis and
carcinogenesis. The safety of using uCT in a longitudinal fashion to monitor mouse lungs was proven
before, but this was for a specific shorter protocol different from ours (60). However, the isografts
were scanned at the same time points as the allografts, meaning that both groups received the same
radiation dose. On histology, no evidence of radiation-induced fibrosis or inflammation was observed
in isografts, suggesting that the used UCT protocol is save and will not induce unwanted changes to the
lungs. The overall findings related to the uCT scans in mice can be related to RAS in humans. A study
by Verleden et al. demonstrated a significant increased density in RAS lungs compared to BOS lungs
and control lungs, reflecting accumulation of scar tissue. In addition, total lung volumes of RAS lungs

were lower in comparison to control lungs (26).

The third aim in this research was to investigate the correlation between uCT analysis and
histopathological examination. In general, uCT scans correlated well with the corresponding
histological images. Although, sometimes uCT images show a more consolidated image compared to
histology. Indeed, some scans of fibrotic lungs appeared almost completely consolidated on uCT, while
histology showed visible airways and parenchymal fibrosis. However, no scoring was applied for either
the uCT scans or histology, therefore only descriptive and qualitative conclusions can be made without
a quantitative comparison. Other studies made the same comparison but with different scoring
methods for histology and uCT images. Cavanaugh et al. visually validated the percent lung damage in
both UCT scans and corresponding histology images in a bleomycin-induced fibrosis mouse model and
showed no significant differences (61). Another study compared the aerated lung volume and a
consolidation assessment score, both extracted from UCT scans, to the Ashcroft-based histological
score in @ mouse model of pulmonary fibrosis. They showed a significant correlation between the
consolidation score and the Ashcroft grading and between the aerated lung volume and the same
Ashcroft scoring (62). Ideally, we would find a scoring system for uCT images of which we can deduce

the corresponding histological features, but a larger number of animals are required for this.
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In addition to in vivo uCT scans, ex vivo UCT scans of the extracted frozen lungs were performed since
these scans can yield higher resolution compared to in vivo scans. The ex vivo uCT images of the four
allografts appeared completely consolidated, yielding no extra information compared to the last in vivo
MUCT scan. The histology of the ex vivo scanned allografts appeared very abnormal, probably
corresponding to necrosis of the graft. The freezing method induces freezing artefacts making
histological interpretation difficult. Instead of freezing the lungs, it is also possible to dry the lungs with
hexamethyldisilazane as demonstrated by Scotten et al. in a bleomycin-induced lung fibrosis animal
model (63). In contrast to the freezing method, the lung will shrink and antigens will be removed during
the drying process, making immunostaining impossible. Therefore, drying is inferior to the freezing
method. Ex vivo UCT of frozen explanted lungs did not offer any advantages in the current study.
However, only consolidated, necrotic lungs were scanned, perhaps if the transplanted lung would be

less fibrotic, ex vivo uCT could be beneficial.

Taken together the results of the major antigen-mismatch orthotopic LTx mouse model with mild
immunosuppression, considering the histology after ten weeks and the longitudinal follow-up using
KCT, we can assume that this specific animal model demonstrates a too severe phenotype of chronic
rejection. This might be due to a too low immunosuppressive scheme or a too long follow-up period.
Therefore, the model was modified to resemble chronic rejection more accurately. The dosage of
corticosteroid, methylprednisolone, was increased 60% since this decreases inflammation and has a
general immunosuppressive function (64). Cyclosporine dosage was not changed as serum
measurements of cyclosporine showed no association between the RAS-like graft and the complete
necrotic lungs indicating no effect of cyclosporine. Serial sacrifice was performed which enables
histological examination at different time points to assess the severity of chronic rejection. Histology
at POD 7 showed rather normal lung tissue, however many lymphocytic cell infiltrates at the
bronchovascular axis were already observed which indicate an episode of acute rejection. Two
animals, at POD 21 and at POD 35, demonstrated complete necrosis of lung tissue. The question
remains if this is due to a too fast progressing disease, complications during surgery or just the
heterogeneity of the disease. Another animal sacrificed at POD 35 showed mild degree of fibrosis and
inflammation, probably reflecting the onset of chronic rejection. This finding indicates that sacrifice at
five weeks post operation would be too early. One allograft sacrificed at POD 56 showed end-stage
disease on histology. However, the other one demonstrated regions with normal lung parenchyma,
regions with inflammation, bronchovascular and (sub)pleural fibrosis presenting the desired
phenotype. These results might indicate that eight weeks follow-up after LTx is more convenient
instead of ten weeks. Due to time restriction, no comparison at ten weeks could be made considering

histology between the initial allograft group and this allograft group with higher immunosuppression.
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Furthermore, UCT scans were performed weekly to evaluate the progression of the disease and to
define an appropriate endpoint. The current results showed a substantial decline in total lung volume
measured over the several weeks. The mean lung density stayed stable over all uCT scans. A
comparison at POD 7 and POD 35 between the two allograft groups was possible and showed a
significant lower mean lung density in the transplanted lungs of the group with higher
immunosuppression compared with the initial allograft group at POD 35. This finding showed a
beneficial effect of the higher steroid dosage and thus seems to slow down the rejection process.
Additionally, the first study about this specific animal model by our lab did not observe these necrotic
lungs in a large extent, however the higher immunosuppressive scheme was used which might be an
explanation (40). At the start of the present study, the immunosuppression was lowered to link it closer
to the clinical situation however without the desired results. Another difference between the initial
study and this one is that the C57BL/6J strain was used for the recipient mice compared to the
C57BL/6N strain used in the current project. Although these only differ in substrain, substantial
differences are reported in literature. C57BL/6J strain has a specific mutation that causes a defect in
neutrophil recruitment whereas C57BL/6N strain has normal functioning recruitment of neutrophils
(65). This difference might be important since neutrophils will be amongst the first cells to be activated
following transplantation. Additionally, when extrapolating to the patient condition, neutrophils are
relevant since total amount of neutrophils were increased in RAS lungs compared to control lungs and
in BAL fluid of RAS patients compared to BOS patients (21, 22). In the future, a comparison should be
made between the two animal strains in our model to determine which strain will give the desired
outcome, more closely resembling the human disease. Considering the results of this last experiment,
the higher immunosuppression might be more appropriate, although more animals are necessary to

make conclusions. In addition, the exact endpoint of the follow-up has yet to be determined.

The disadvantages of this model are the high heterogeneity that affects the reproducibility, the
technically difficult microsurgery and low throughput due to the long follow-up period. Perhaps, the
heterogeneity can partially be explained by the surgical performance and might be diminished by
improving surgical skills. Although drawbacks are related to this animal model, it remains clinically
most relevant. Additionally, Yamada et al. confirmed that the major antigen-mismatch combination
with mild immunosuppression is the most consistent in showing chronic airway fibrosis compared to

other mismatch combinations (41).

Further limitations of the current study are the low n-values in the optimizing experiment of the
orthotopic LTx model, making definite conclusion difficult. In addition, isografts receiving the higher
immunosuppressive scheme should be considered to compare to allografts with higher

immunosuppression. The histology of the ex vivo scanned allografts was affected due to the freezing
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and fixing method, making a histological examination complicated. Furthermore, a grading of the

histological images would have been helpful to show significant differences.
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6. Conclusion

To conclude, the major antigen-mismatch model of orthotopic LTx represents histopathological
features of RAS. However, a large amount of necrotic lungs on histopathology and complete
consolidation on uCT scans of the transplanted lung was observed in the allograft group indicating a
too advanced stage of chronic rejection. It seems that a higher immunosuppressive scheme might offer
a solution to this problem. However, due to the current low n-values, further optimization of the model
is necessary. We also demonstrated that in vivo uCT scanning is a useful tool to assess disease severity
in a non-invasive and longitudinal fashion. An additional advantage of in vivo uCT is the quantification
of total lung volume and mean lung density, obtaining numerical data. In contrast to in vivo uCT, ex
vivo UCT did not show additional benefits in the current project. Although this was probably due to a
too progressed rejected lung that was too dense to detect something on both in vivo and ex vivo uCT
scans. Overall, the major antigen-mismatch combination in the orthotopic single LTx has potential to
become an animal model of RAS, in which further pathological mechanisms and new therapeutic

strategies can be investigated.
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/. Future perspectives

The major antigen-mismatch model of murine orthotopic LTx requires further optimization to become
a valid animal model for translational purposes. Once this model is completely established, it can be
used for mechanistic and therapeutic studies to better understand the pathophysiological mechanisms
in RAS. Emerging evidence suggests an important role for the adaptive immunity in RAS. However,
regulatory cells, belonging to the adaptive immunity, might control and prevent rejection of the
transplanted organ by controlling inflammation or by promoting immunological peripheral tolerance
(66). Therefore, our future aim is to explore the role of regulatory cells of the adaptive immunity in
this model. Our innovative approach will be an adoptive transfer of fluorescently labeled regulatory
cells, allowing dynamic cell tracing with an in vivo imaging system (IVIS®, PerkinElmer, Zaventem,
Belgium). First, the adoptive transfer will be explored and refined in the heterotopic tracheal
transplant model and later fully tested in the orthotopic LTx model. Figure 21 shows pilot data of a
technical potential of this approach. Regulatory T cells (T cells) (CD4* and CD25*) were isolated from
a spleen via a two-step magnetic bead based cell isolation kit (Miltenyi Biotec, Leiden, The
Netherlands). A first negative isolation was performed to enrich CD4* T cells from the spleen, followed
by a positive selection of CD25 positive cells (the T cells) and confirmed by flow cytometric analysis
(Figure 21, green panel). Afterwards, CD4* CD25" cells (T cells) were labeled with Yellow cell trace
(ThermoFisher), confirmed by flow cytometry (Figure 21, blue panel), and intraperitoneally injected
into mice (Figure 21, red panel) and visualized with an IVIS® Spectrum machine. Although the isolation
protocol still needs some optimization, these provisional data demonstrates that isolating T cells,
cell labeling with tracer and tracing the cells in vivo is technically possible and holds promising results

for the future for in depth mechanistic work regarding regulatory cells.

Spleen cells isolated Treg cells fluorescent Treg cells injected fluo Treg cells
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Figure 21: Pilot data of adoptive transfer of regulatory T cells. Yellow panel demonstrates flow cytometric analysis of CD4 of
the initial single cell suspension of a spleen. The green panel shows flow cytometric analysis of CD4 and CD25 of the isolated
CD4* CD25* cells. The blue panel illustrates the traced CD4* CD25* cells with Yellow cell trace on flow cytometry. The last red
panel shows intraperitoneal injected cells labeled with tracer into a shaved mouse. Treg cells: regulatory T cells.
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Figure 22S: Hematoxylin and eosin staining of lymphoid follicle in RAS-like allograft lung ten weeks post-transplantation.
Arrow indicate lymphoid follicle. Scale bar of (A) indicate 200 um, of (B) 100 um and of (C) 50 um. RAS: restrictive allograft
syndrome.
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Figure 23S: Aerated (A) and non-aerated lung volumes (B) of native right lung in isografts and allografts at POD 0, 7, 35
and 70. Volumes are calculated based on end-expiratory uCT images. POD: post-operative day.
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Figure 24S: Aerated (A) and non-aerated lung volumes (B) of transplanted left lung in isografts and allografts at POD 0, 7,
35 and 70. Volumes are calculated based on end-expiratory uCT images. POD: post-operative day.
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