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Summary. Long-term survival of lung allografts is
limited by chronic rejection (CR). Oxidative stress
(OxS) plays a central role in the development of CR. We
investigated the influence of pirfenidone (alone or in
combination with everolimus) on OxS and CR.

A rat model of left lung allo-transplantation (F344-
to-WKY) was used to evaluate the effects of pirfenidone
alone [0,85% in chow from postoperative day (POD) -3
to 20/60] and in combination with everolimus [2,5
mg/kg bw daily from POD 7 to 20/60]. Allografts of
non-treated animals, everolimus treated animals and
right, non-transplanted lungs were used as references.
Immunohistology of myeloperoxidase (MPO),
haemoxygenase-1 (HO-1), iron and platelet-derived-
growth-factor-receptor-alpha (PDGFR-a) were
performed.

On POD 20, all groups showed severe acute
rejection (ISHLT A3-4/B1R-B2R). Groups treated with
pirfenidone showed a lower interstitial inflammatory
infiltration and a lower participation of highly fibrotic
degenerated vessels (ISHLT-D2R). In the long term
follow up (POD 60), pirfenidone alone significantly
reduced chronic airway rejection (ISHLT-C; p=<0.05),
interstitial fibrosis (IF; p<0.05), content of collagen
(p=<0.05), expression of PDGFR-a (p=<0.05) and the
deposition of iron (p<0.05). All groups treated with
pirfenidone showed a high expression of the
cytoprotective enzyme HO-1 (p=<0.05). The additional

application of everolimus resulted in a significant
decrease of chronic airway rejection (ISHLT-C; p<0.05),
vasculopathy (ISHLT; p<0.05) and IF (p=<0.05).

In conclusion, early application of pirfenidone
inhibited the progression of CR by its anti-fibrotic and
anti-oxidative properties. The additional application of
an m-TOR-inhibitor increased the anti-fibrotic effects of
pirfenidone which resulted in a reduction of CR after
experimental LTx.
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Introduction

Lung transplantation has become an effective
clinical treatment for patients with end-stage pulmonary
diseases. However, in spite of improved surgical
techniques, donor organ preservation solutions and
immunosuppression regimes, chronic allograft rejection
(CR), is a severe complication in the form of obliterative
bronchiolitis (BO) and vasculopathy and limits long-
term allograft survival (Scott et al., 2005). Multiple
factors seem to be responsible for the development of
CR (Weigt et al., 2013). Besides acute rejections (AR)
and lymphocytic bronchiolitis, oxidative stress plays a
central role in the development of CR (Riise et al., 1998;
Mallol et al., 2011). In proposed pathogenic mechanisms
of pulmonary fibrosis, the development of fibrotic
disorders and therefore also of CR centers on the
hypothesis that in response to injury, the damaging
effects of oxidants on the lung architecture lead to
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fibroblast activation and collagen production triggered
by fibrotic growth factors (such as PDGF) (Ray et al.,
2003; Gao et al., 2008; Todd et al., 2012; Cheresh et al.,
2013).

Pirfenidone (5-methyl-1-phenylpyridin-2-one) is an
anti-fibrotic agent. Its anti-fibrotic (McKane et al., 2004;
Liu et al., 2005; Zhou et al., 2005), anti-inflammatory
(Liu et al., 2005) and anti-oxidative stress (Liu et al.,
2005) properties have already been demonstrated in
several animal models of AR and of obliterative airway
disease (OAD) of the lung. The role of pirfenidone in
reducing oxidative stress has also been confirmed in in-
vivo (Mitani et al., 2008) and in vitro studies of other
organs such as kidney (Ji et al., 2013) and neuronal
structures (Castro-Torres et al., 2014). Myeloperoxidase
(MPO) is a heme protein, released by leukocytes, and
plays a crucial role in inflammation and oxidative stress
at the cellular level. Liu and co-workers (2005)
demonstrated that pirfenidone decreased the level of
MPO during AR. Haemoxygenase-1 (HO-1) expression
progressively increases with acute allograft rejection
severity and it is correlated with MPO activity (Bonnell
et al., 2004). HO-1 is induced by oxidative stress and it
plays a decisive role in the pathophysiology of oxidant
injuries and may also have cytoprotective functions. Its
self-regulatory protective function has been shown in
several transplantation models (Sato et al., 2001; Ke et
al., 2012). Platelet derived growth factor (PDGF) plays a
central role during the pathogenesis of fibrosis and
chronic reaction in lungs (Kallio et al., 1999; Oyaizu et
al., 2003; Ingram et al., 2004; Jaramillo et al., 2005) and
can be influenced by oxidative stress parameters (Seidel
et al., 2010).

Zhou and co-workers (2005) showed synergistic
effects of pirfenidone in combination with a mammalian
target of rapamycin (mTOR)-inhibitor in protecting
against the development of allograft lesions. The
immunosuppressive and antiproliferative properties of
mTOR-inhibitors have already been shown in several in
vitro (Nashan et al., 2002; Azzola et al., 2004) and in
vivo (Schuler et al., 1997; Salminen et al., 2000) studies.
However, only the co-application of the mTOR-inhibitor
everolimus and the calcineurin-inhibitor cyclosporine
(Hausen et al., 2000) or the PDGF-inhibitor imatinib
(von Siisskind-Schwendi et al., 2013a), prevented
allograft rejection.

The aim of our study was to investigate the efficacy
of pirfenidone alone and in combination with an mTOR-
inhibitor to reduce CR after experimental LTx by
diminishing oxidative stress in the long term follow up.

Materials and methods
Experimental lung transplantation

Specific pathogen-free inbred male Fisher F344
(RT11vl) and Wystar Kyoto WKY (RT11) rats used in

this study were obtained from Charles River (Harlan-
Winkelmann, Borchen, Germany; 200+30 g). Orthotopic

transplantations of left lung allografts (F344-to-WKY)
were performed as described earlier (Hirt et al., 1999;
von Suesskind-Schwendi et al., 2012). Briefly, donor
lungs (F344) were dissected from ventilated living
donors in deep anesthesia, flushed with cold Euro-
Collins solution, and with 1-hour ischemia implanted
orthotopically into recipients (WKY). The general health
status of the recipients was assessed by daily weight
measurement and intermittent observation of grooming
behavior and feces. All animals received humane care in
compliance with the Principles of Laboratory Animal
Care formulated by the European Union Guide for the
Care and Use of Laboratory Animals (publication No.
86/609/EWG). Approval was granted by the institutional
ethical committee at the University of Regensburg.

Experimental designs

Four study groups were transplanted and treated
according to Table 1. 16 transplantations in each group
were studied: group (1) F344 (donor) to WKY
(recipient) rats (untreated allografts), group (2) F344 to
pirfenidone-fed WKY rats (pirfenidone-treated
allografts), group (3): F344 to everolimus treated WKY
rats (everolimus-treated allografts), and group (4): F344
to pirfenidone-fed and everolimus treated WKY rats
(combined-treated allografts). Pirfenidone (InterMune,
USA), 0.85% in chow, was started 3 days before
transplantation. The pirfenidone dose (600 mg/kg bw)
was chosen on the basis of prevention of interstitial
fibrosis and allograft injury in other animal models in
previous studies (Dosanjh et al., 2002). Dose of
everolimus (Novartis Pharma, Basel, Switzerland) (2.5
mg/kg body weight, intragastral) was based on previous
studies with this rat model (von Suesskind-Schwendi et
al., 2013a). Microemulsion formulation of everolimus
for oral administration was applicated daily in a single
dose from postoperative day (POD) 7 throughout the
experiment.

Animals were sacrificed on POD 20 (early,
inflammatory phase of allograft rejection (acute
rejection, AR)) and on POD 60 (late, fibroproliferative

Table 1. Study groups.

#  drug Dosage Time of application
(mg/kg bw per day) (begin / end)

1 No No No

2 Pirfenidone 600 (in chow)® POD -3 /POD 20/60

3  Everolimus 2.5 (intragastral)® POD 72/ POD 20/60

4 Pirfenidone + Everolimus Dito groups 2and 3  Dito groups 2 and 3

2, reasons for delayed application (Hirt et al., 1999; von Suesskind-
Schwendi et al. 2013a): AR developed within 7 days after lung
transplantation (LTX), risk of wound healing disorders, poor tolerance of
the drug early after LTX. 2, according to Dosanjh 2007; ¢, according to
von Suesskind-Schwendi et al., 2013b. Bw, body weight; POD,
postoperative day.
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phase of allograft rejection (chronic rejection, CR)) (n=8
at each time point) and lungs (transplanted left lung,
allograft; non-transplanted right lung, reference) were
removed as described earlier (von Suesskind-Schwendi
et al., 2013b).

Determination of pirfenidone in plasma

Heparinized blood samples were collected on POD -
4,9, 20 and 60 (at 11:00 am) from the tail vein,
centrifuged and plasma was stored at -80°C until further
processing. Plasma concentration of Pirfenidone was
measured using High Performance Liquid
Chromatography (HPLC) as described by Giri and co-
workers (2002).

Histology

Acute rejection (AR) and chronic rejection (CR) was
assessed in allografts and non-transplanted right lungs
that were surgically removed, fixed in 10% buffered
formalin, embedded in paraffin, sectioned into 5 ym
thick sections and stained with hematoxylin-eosin (HE)
(mononuclear infiltrations) and Sirius Red/Elastica-van
Gieson (collagen type I and elastic fibers). Acute
allograft rejection was graded according to the actual
working formulation of The International Society for
Heart and Lung Transplantation (ISHLT) (Stewart et al.,
2007; von Suesskind-Schwendi et al., 2012). Briefly,
acute vascular rejection was graded into AO-A4
depending on the extent of perivascular and interstitial
mononuclear cell infiltrates. The degree of acute airway
inflammation was scored from B0O-B2R according to the
extent and intensity of lymphocytic bronchiolitis.
Chronic airway and chronic vascular rejection was
quantified by the assessment of chronic altered
bronchioles and small/medium-sized vessels. The
degradation of the bronchioles was classified as none (no
chronic alterations; C0O), mild (first signs of granulation
tissue into the small bronchioles; C1R), and severe
(pronounced fibrotic degeneration; C2R) (von
Suesskind-Schwendi et al., 2012, 2013b). In this context,
severe chronic airway rejection (C2R/BO) was defined
as an excessive proliferation of granulation tissue either

within the airway wall (constructive bronchiolitis) or
within its lumen (granulation tissue obliterates the
lumen), or both. The same scoring system was used for
small and medium-sized vessels (no chronic alterations;
DO0), mild degenerations (obstruction of small vessels
with first signs of fibrotic degeneration; DI1R) and severe
degenerations (vasculopathy including distinct fibrotic
degeneration of small and medium sized vessels; D2R).
The percentage of all affected bronchioles (C) or vessels
(D) relative to the total amount of structures per tissue
section, was respectively used to quantify the degree of
chronic airway and chronic vascular rejection (von
Suesskind-Schwendi et al., 2013b). To evaluate the
interstitial fibrotic damage of the section, we included an
evaluation of the histological samples by a modified
Ashcroft-scale (Hiibner et al., 2008) (Table 2).

Immunohistopathology

The expression of myeloperoxidase (MPO),
haemoxygenase-1 (HO-1) and platelet derived growth
factor receptor alpha (PDGFRa) was assessed by
immunohistochemistry using rabbit anti-human primary
antibodies (MPO: DAKO, A0398, diluted 1:3000;
PDGFR-a: Santa Cruz (c-20) sc338, diluted 1:1000; HO-
1: Abcam, ab85309, diluted 1:1200). After
deparaffinisation, tissue sections were heated for 20 min
in 1x Target Retrieval Solution (Dako; S 2369) and
treated with hydrogen peroxide to quench nonspecific
peroxidases. Thereafter tissue sections were incubated in
10% normal rabbit serum for 30 min at room
temperature to block non-specific binding sites. After
rinsing with PBS, the sections were incubated with
primary antibodies (rabbit anti-human MPO (DAKO,
A0398, diluted 1:3000); PDGFR-a (Santa Cruz, c-20,
sc338, diluted 1:1000); HO-1 (Abcam, ab85309, diluted
1:1200)) overnight at 4°C. After rinsing, sections were
incubated first with biotinylated secondary goat anti-
rabbit antibody (Vector BA-1000, diluted 1:300) for 1
hour at room temperature and then with streptavidin
horseradish peroxidase conjugate (Vectastain, Vector
Laboratories, Inc. Burlingame, USA, ABC kit, PK-
6100). HistoGreen (Linaris-Biologische Produkte,
Wertheim-Bettingen, Germany) was used as a specific

Table 2. Histological characterization of the modified Ashcroft scale (Hiibner et al. ,2008).

Grade of Fibrosis

Characterization of the Modified Scale

ONO O WN = O

Alveolar septa: no fibrotic alveolar walls Lung structure: Normal lung

Alveolar septa: Isolated fibrotic Lung structure: Alveoli partly enlarged and rarefied, but no fibrotic masses present

Alveolar septa: Clearly fibrotic changes with knot-like formation, not connected to each other Lung structure: Alveoli partly enlarged no fibrotic masses
Alveolar septa: Contiguous fibrotic walls Lung structure: Alveoli partly enlarged and no fibrotic masses

Alveolar septa: Variable Lung structure: Single fibrotic masses (=10%of microscopic field)

Alveolar septa: Variable Lung structure: Confluent fibrotic masses (>10%and <50%o0f microscopic field). Lung structure severely damaged but still preserved
Alveolar septa: Variable, mostly not existent Lung structure: Large contiguous fibrotic masses (>50%of microscopic field). Lung architecture mostly not preserved
Alveolar septa: Non-existent Lung structure: Alveoli nearly obliterated with fibrous masses

Alveolar septa: Non-existent Lung structure: Microscopic field with complete obliteration with fibrotic masses
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substrate chromogen (Thomas and Lemmer, 2005).
Normal rabbit immunoglobulin G (Santa Cruz
Biotechnology) was used as an isotype control. The
amount of MPO-, HO-1- and PDGFR-a-positive cells
were counted in a blinded fashion by 2 independent
operators using 5 randomly selected microscopic high-
power fields (400x) per graft.

Evaluation of iron

To assess the deposition of iron in the lungs,
Prussian blue staining was used (Accustain HT20;
Sigma Aldrich, Germany). Paraffin sections were stained
according to manufacturer’s instructions. Prussian blue
reaction involves the treatment of sections with acid
solution of ferrocyanides. Any ferric ion (+3) present in
the tissue combines with the ferrocyanide and results in
the formation of a bright blue pigment (nuclei are red).
The micrographs were observed by a microscope
(Olympus BX 41, Germany) at 200x magnification. The
images were then captured with a high-resolution 16 bit
camera (Olympus color view soft imaging system) along
with imaging software (ImageJ) to measure the gray
value in the blue image channel.

Collagen measurement

Lung collagen (hydroxyproline) content was
detected by a multiplex-enzyme-linked immunosorbent
assay (ELISA) system (BlueGene; Rat Hydroxyproline
Elisa kit). Briefly, frozen lung tissue was homogenized
using Tissue Lyser LT (Quiagen, Valencia, CA), and
hydrolysed with 6 M hydrochloric acid. Hydroxyproline
content was determined according to the manufacturer’s
instructions. The total amount of collagen in each
sample was calculated, assuming that lung collagen
contains 12.2% w/w hydroxyproline (Laurent et al.,
1981), and expressed as pg collagen per mg lung tissue
(Mutsaers et al., 1998).

Data requisition and analysis

Histological scoring was performed by three
independent investigators in a blinded fashion. Data
were expressed as meansxstandard error of the means
(SEM). The Kruskal-Wallis test was used to compare all
study groups on POD 20 and POD 60. A Wilcoxon-
Mann-Whitney-U-test was used as a non-parametric
statistical hypothesis test for assessing whether one
study group tends to have improved during therapy
compared to the individual study groups. Statistical
package SPSS 18.0 (SPSS, Chicago, IL, USA) was used
for statistical analysis. A P value <0.05 was considered
statistically significant.

Results
Survival and general health

All successfully transplanted rats showed good
general conditions (normal social and grooming
behaviour, acceptable feed consumption, inconspicuous
defecation). Drugs were well tolerated. During study
period, mean plasma levels of pirfenidone (1.1+0.3
pg/ml) and everolimus (19.3+3.1 pg/l) remained
unchanged. The plasma level of pirfenidone corresponds
to the data of Mirkovic and co-workers (2002).

As shown in Figure 1, diet change including
Pirfenidone did not affect body weight. Independent of
drug treatment, early after LTX feed consumption was
restricted (data not shown) and resulted in a significant
decrease in mean body weight (8.4+0.4%, p<0.05). Rats
from groups 1 and 2 regained their initial body weight
within 10.6+£0.8 days and 14.4+0.9 days, respectively.
Afterwards, body weight increased significantly over
time (p<0.001). Application of everolimus on POD 7
(groups 3 and 4) caused a mild secondary weight loss
(1.8+0.3% and 3.1+1%, respectively). Recovery of
secondary weight loss took 5.3+0.5 days and more than

Fig. 1. Demonstrates the gain

of body weight (mean+SEM)
3 of group 1 (control), group 2
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o
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./*/%/' (everolimus) and group 4

(pirfenidone with everolimus).

Yirfenidone Everolimus
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o
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T ' '3;/3:/4](3%0%

significantly less gain of body
weight compared to group 1

(*, p<0,05) and 2 (**, p<0,05).
Gain of body weight of group

4 was significantly reduced
compared to group 3 (***,

p<0,05).
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20 days, respectively. Weight gain of everolimus treated
animals was significantly reduced compared to groups 1
and 2 (p=<0.05).

Effect of pirfenidone in the early stage after
transplantation (POD 20)

Table 3 summarizes the effects of pirfenidone in the
early stage after transplantation.

Acute allograft rejection

In the control group (group 1), alloimmune
activation peaked on POD 20 (Suesskind-Schwendi et
al., 2012). Representative micrographs from allografts of
all study groups are shown in Fig. 2. Severe acute
vascular (ISHLT-A3-4) and airway rejection ISHLT-
B1R-2R) in addition to a prominent alveolar

pneumocyte damage and endothelialitis dominated the
tissue sections of all study groups (Fig. 2A-D). Only the
combination therapy (group 4) demonstrated a slight
improvement of acute cellular rejection (Table 3, not
significant; Fig. 2D).

In addition to the ISHLT-classification, the
inflammatory infiltration of the alveolar septa and the
interstitium was reduced for some allografts treated with
pirfenidone (group 2, 3/8 allografts; group 4, 4/8
allografts; Fig. 2B,D) compared to group 1 (8/8
allografts; Fig. 2A) and 3 (8/8 allografts; Fig. 2C). Right
lungs were inconspicuous.

Oxidative stress on POD 20
This study analyzed the effect of drugs on different

stress parameters on POD 20 such as expression of MPO
(Liu et al., 2005), HO-1 (Bonnell et al., 2004) and

Fig. 2. Acute allograft rejection on POD 20. Histological evaluation of lung allografts. A. Representative lung allograft from non-treated rats (group 1).
B. Pirfenidone treated rats (group 2). C. Everolimus treated rats (group 3). D. The combination group (group 4). A and C. Severe acute vascular
rejection (ISHLT-A4) in combination with a high grade small airway inflammation. Mononuclear infiltrates are surrounding small vessels. Terminal
bronchioles show evidence of epithelial damage in combination with a marked intra-epithelial lymphocytic infiltration., Alveolarsepta are highly infiltrated
with mononuclear cells. B and D. Small vessels and bronchioles are cuffed by a mononuclear cell infiltrate. Sub-epithelial structures are less involved
(ISHLT-A3/B1R). In these allografts, alveolar septa are infiltrated only sporadically with mononuclear cells. HE-staining, x 10
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PDGFR-a (Ingram et al., 2004) (Table 3, Fig. 3). The
expression of these stress parameters in right lungs was
very low. Allogeneic transplantation without treatment
(group 1) resulted in a significant increase in the amount
of MPO-positive cells (factor of 4.2+0.9; p=0.012).
While pirfenidone alone did not affect MPO expression,
allografts from everolimus treated animals showed
highest accumulation of MPO (group 3, p= 0.043; group
4; p=0.001). Representative micrographs were presented
in Figure 3A,B. The expression of HO-1 protein was
significantly increased in highly rejected allografts from
groups 1 (p=0.008) (Fig. 3C) and 2 (p=0.008). HO-1
staining was mainly localized in mononuclear cells and
alveolar macrophages. Only a few bronchiolar epithelial
cells appeared positive, whereas endothelial cells and
type I pneumocytes revealed no HO-1 expression.
Instead, everolimus treatment significantly reduced the
number of HO-1-positive cells in the allografts from
groups 3 (p=0.036) and 4 (p=0.08) (Fig. 3D). In contrast,
in all study groups, the expression of PDGFR-a and the
deposition of iron was very low (Table 3) and remained
unchanged over time (data not shown).

Chronic allograft rejection on POD 20

Table 3 also included data on the early appearance of
chronic bronchiolar rejection (ISHLT-C) and chronic

Table 3. Effect of pirfenidone in the early stage after transplantation (POD 20).

vascular rejection (ISHLT-D). LTx without treatment
caused degradation of about 50% of small vessels within
20 days after transplantation, while only 14% of the
bronchioles showed moderate and severe fibrotic
alterations. Independent of treatment strategy, the
development of early signs of chronic airway rejection
remained unchanged. In contrast, monotherapy with
pirfenidone (group 2) or everolimus (group 3) tended to
reduce the proportion of vessels with fibrotic alterations
(not significant). A significant effect was documented
for allografts from group 4. The most severe degree of
chronic vascular degeneration (ISHLT-D2R) was more
pronounced in groups 1 and 3 than in groups 2 and 4
(Table 3). Collagen measurement on POD 20 showed no
difference between the groups.

Effect of pirfenidone in the long term follow up (POD 60)
Table 4 summarizes the effect of pirfenidone in the
long term follow up. Representative micrographs of
histologic alterations are present in Fig. 4.
Chronic allograft rejection (POD 60)
Up to day 60, histology of native, non-transplanted

right lungs remained unchanged. In contrast, allogeneic
transplanted left lungs developed high grade of chronic

group 1 untreated group 2 PIR group 3 EVE group 4 PIR/EVE Right lungs
Acute allograft rejection
ISHLT-A
mean (SEM) 4.0 (0.0) 3.9 (0.1) 3.8(0.1) 3.5(0.2) 0.0
AO/A1/A2/A3/A4 (n) 0/0/0/0/8 0/0/0/1/7 0/0/0/3/5 0/0/0/5/3 32/0/0/0/0
ISHLT-B
mean (SEM) 2.0 (0.0) 2.0 (0.0) 2.0 (0.0) 1.8 (0.2) 0.0
BO/B1R/B2R (n) 0/0/8 0/0/8 0/0/8 0/2/6 32/0/0
Oxidative Stress
MPO2 14 (1) # 13 (2) 31 (3) #:§ 38 (1) #:§ 3(2)
HO-12 17 (3) # 19 (5) # 1(2)§ 2(1)§ 2(1)
PDGFR-a? 6 (2) 4 (3) 3(1) 4 (1) 6(2)
Fed+P 223 (188) 384 (112) 512 (123) 319 (99) 291 (78)
Chronic allograft rejection
ISHLT-C® 14 1 26 14 0
CO/C1R/C2Rd 86/6/8 99/1/0 74/18/8 86/12/2 100/0/0
ISHLT-D® 50 23 15 15§ 0
DO/D1R/D2Rf 50/32/18 77/21/2 85/4/11 85/13/2 100/0/0
Interstitial fibrosis9 0 0 0 0 0
Collagen” 180 (14) 90 (9) n.d. 170 (29) 50 (15)

a number of positive cells per high power field (mean and SEM); b, measured as grey value in the blue image channel (mean and SEM) ¢, % of chronic
affected bronchioles (C1R+C2R); 9, distribution of degradation classification of chronic affected bronchioles (% of all bronchioles); ¢, % of chronic
affected vessels (D1R+D2R); f distribution of degradation classification of chronic affected vessels (% of all vessels); 9, grade of interstitial fibrosis
(Ashcroft scale 0-8) (mean and SEM); ", ug collagen per mg lung tissue (mean and SEM). N.d., not detected. PIR, pirfenidone treated animals; EVE,
everolimus treated animals; PIR/EVE, combination therapy; Statistics: #, significant vs. right lungs (p<0.05); §, significant vs group 1 (p<0.05);
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alterations of bronchioles and vessels (group 1). The
majority of bronchioles and vessels were identified with
severe chronic degenerations (ISHLT-C2R, C2R,
75+16%; ISHLT-D2R, 76+9.8%), including highest
content of peribronchiolar/intraluminal and perivascular/
intravascular collagen depositions and a high grade of

interstitial fibrosis (Table 4, Fig. 4A). Monotherapy with
pirfenidone (group 2) and everolimus (group 3) did not
improve the development of chronic vascular rejection
(ISHLT-D) and the grade of interstitial fibrosis, but
significantly reduced chronic bronchiolar alterations
(ISHLT-C, group 2, 66+14%, p=0.05; group 3, 68+12%,

Fig. 3. Immunohistochemical staining of MPO (HistoGreen), HO-1 (HistoGreen) and PDGFR-a (HistoGreen) in lung allografts of group 1 (A, C and E)
and group 4 (B, D and F). The arrows point to MPO-, HO-1- and PDGFR-a-positive cells. A-D, x 20; E, F, x 40
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p=0.04), and the content of collagen (group 2) (Table 4).
Particularly noticeable was the proportion of non-
affected bronchioles that increased by a factor of 2 and
of bronchioles with severe alterations (C2R) that
decreased by a factor of 1.5 to 3. The content of collagen
from everolimus-treated allografts (group 3) was not
analysed due to less lung tissue.

The most promising long-term effect was
documented for animals treated with a combination of
pirfenidone and everolimus (group 4). The allografts
from group 4 presented a significant reduction of fibrotic
bronchioles (ISHLT-C, 40+12.8%, p=0.001), small
vessels (ISHLT-D, 14+4.4%, p=0.001), and interstitial
fibrosis (2.3+0.7, p=0.029) (Fig. 4D). Both the
proportion of non-affected vessels (ISHLT-DO, 86+11%,
p=0.001) and bronchioles (ISHLT-CO, 55+12.1%,

p=0.012) were significantly higher compared to
allografts from non-treated rats. The content of collagen
remained unchanged compared to group 2. A
comparison with everolimus-treatment (group 3) failed
(see above).

Against the background that chronic rejection was
progressed in the allografts from group 1, the chronic
inflammation faded. A reduction in the degree of chronic
rejection was accompanied with more infiltration of
mononuclear cells on POD 60 (Fig. 4B.D).

Oxidative stress in the long term follow up
Chronic oxidative stress may be implicated in the

development and progression of BO (Madill et al.,
2009). In the long-term follow-up after LTx, while the

Fig. 4. Chronic allograft rejection on POD 60. Histological evaluation of lung allografts (Sirius Red-staining). A. Representative lung allograft from non-
treated rats of group 1. B. pirfenidone treated rats. C. Everolimus treated rats. D. The combination group (pirfenidone and everolimus). A. Severe
chronic rejection (ISHLT-C2R/D2R) dominates the histological section on POD 60 in the allografts of the non-treated rats. A reduction of collagen |
fibers can be observed in group 2 (B) (ISHLT-C1R/D1R), group 3 (C) (ISHLT-C1R-C2R/D2R) and group 4 (D) (ISHLT-CO0/DO0). Arrows show the
formation of collagen fibers in all sections. x 10
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group 1 untreated group 2 PIR group 3 EVE group 4 PIR/EVE Right lungs
Chronic allograft rejection
ISHLT-C2 90 66 § 68 § 408§ 0
CO/C1R/C2RP 10/5/75 34/39/27 32/14/54 55/22/23 100/0/0
ISHLT-D¢ 85 76 66 14 § 0
D0/D1R/D2RY 15/9/76 24/35/41 34/0/66 86/5/9 100/0/0
Interstitial fibrosis® 7 (2)# 6 (1)# 6 (2) # 2(1)#8§ 0
Collagenf 680 (27) # 360 (75) #;§ n.d. 320(43) #8§ 30 (14)
Oxidative Stress
MPQOS9 8 (1) 9(1) 8 (1) 10 (1) 6 (1)
HO-19 8 (2) # 17 (1) #,§ 2(1) 17 (2) #;§ 2(2)
PDGFR-a¢ 36 (5) # 5(1)§ 2(1)§ 2(1)§ 8(2)
Fe3+h 4336 (868) # 874 (354) § 1263 (317) § 679 (278) § 381 (122)

a % of chronic affected bronchioles (C1R+C2R); ®, distribution of degradation classification of chronic affected bronchioles (% of all bronchioles); ¢, %
of chronic affected vessels (D1R+D2R); 9, distribution of degradation classification of chronic affected vessels (% of all vessels); ¢, grade of interstitial
fibrosis (Ashcroft scale 0-8) (mean and SEM); f, ug collagen per mg lung tissue (mean and SEM); 9, number of positive cells per high power field (mean
and SEM); ", measured as grey value in the blue image channel (mean and SEM). N.d., not detected; PIR, pirfenidone treated animals; EVE,
everolimus treated animals; PIR/EVE, combination therapy;Statistics: #, significant vs. right lungs (p=<0.05); §, significant vs group 1 (p<0.05).

Fig. 5. Histological evaluation of lung allografts on POD 60 (iron-staining). A. Representative lung allograft from non-treated rats (group 1).
B. Pirfenidone treated rats. C. Everolimus treated rats. D. The combination group (pirfenidone and everolimus). The stored iron presents itself as a dark
(blue) complex. Arrows indicate the iron complexes in the different groups. While a strong iron exposure was observed in the non-treated control group
(A), a low iron storage was detected in group 4 (D). x 10
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recruitment of MPO-positive cells was not relevant to
verify chronic oxidative stress, significant differences in
the expression of HO-1 and PDGFR-a as well as the
incorporation of iron proved the relevance of these
parameters to disclose the effect of different treatment
strategies on the development of chronic alterations. The
density of HO-1-positive cells was significantly
increased in the allografts from group 1 compared to
respective right lungs (p=0.016). A further accumulation
of HO-1-positive cells was documented in allografts
from rats treated with pirfenidone (group 2, p=0.016;
group 4, p=0.016; compared to group 1). Instead,
monotherapy with everolimus suppressed the expression
of HO-1 (comparable with the density in right lungs).
The combination of everolimus with pirfenidone (group
4) did not change the expression of HO-1 compared to
group 2. Nevertheless, over time, the number of HO-1-
positive cells per microscopic field decreased in group 1,
remained high in group 2, remained low in group 3, and
increased significantly in group 4.

The expression of PDGFR-a was significantly
increased in allografts from group 1 (p=0.048) (Fig. 3E).
In these lungs, PDGFR-a was mainly localized in
epithelial cells, metaplastic epithelial cells, fibroblast-
like cells as well as in mononuclear cells. The expression
of PDGFR-a was low in endothelial cells. All other
treatment strategies significantly prevented the
expression of PDGFR-a in the allografts (group 2,
p=0.04; group 3, p=0.04; group 4, p=0.028). There was
no difference between the study groups and the
respective non-transplanted right lungs. Nevertheless,
over time, the expression of PDGFR-a only increased in
group 1, while the expression remained suppressed in
the study groups 2-4.

Pirfenidone-induced regulation of the iron
deposition in the lungs might be an indicator for reduced
oxidative stress (Turi et al., 2004; Liu et al., 2005).
Sections from non-transplanted right lungs displayed
less iron staining. By contrast, highest positive staining
was observed in allografts from untreated animals
(p=0.002) (group 1, Fig. 5SA), whereas the amount of
stainable iron was significantly reduced in allografts
from all other study groups (group 2, p=0.03; group 3,
p=0.05; group 4, p=0.01). Over time, the degree of iron
deposition increased significantly in allografts from all
animals. However, the increase was less pronounced in
groups 2 to 4 (xfold increase over time, group 1, 11+2.0;
group 2, 2+1.0; group 3, 3+1.5; group 4, 2+0.5).

Discussion

The present study showed that early application of
pirfenidone inhibited the progression of chronic allograft
rejection after experimental LTx. While the anti-
inflammatory properties of pirfenidone were restricted to
reduced inflammatory infiltrations of the alveolar septa
and the interstitium, pirfenidone suppressed early
fibrotic degenerations and prolonged the cytoprotective
function of HO-1 to reduce oxidative stress injury in the

allograft. Pirfenidone alone significantly reduced chronic
airway rejection, interstitial fibrosis, content of collagen,
expression of PDGFR-a and the deposition of iron. The
additional application of everolimus amplified the anti-
fibrotic properties of pirfenidone resulting in a
significant decrease in the extent of BO, vasculopathy
and interstitial fibrosis in the allografts.

BO and vasculopathy are caused by inflammatory
and fibroproliferative reactions (Stewart et al., 2007).
Underlying mechanisms are frequently unresponsive to
augmentation of immunosuppression (Behr et al., 2000;
Glanville et al., 2015) and may be of relevance for the
evolving process (Behr et al., 2000). Behr and co-
workers (2000) demonstrated that neutrophilia in the
lower respiratory tract, which is generally not influenced
by immunosuppressants, was a prominent feature in
Bronchiolitis obliterans syndrome, the clinical correlate
of BO. The role of oxidant injury and increased
neutrophil activity in the genesis of AR and bronchiolitis
obliterans has recently been appreciated in animal
models (Siraishi et al., 1997; Riise et al., 1998; Bonell et
al., 2004) and humans (Lu et al., 2002). Similar results
were shown in our rat model. Neutrophil influx
increased during early acute cellular rejection as verified
by high numbers of MPO-positive cells. MPO is
expressed in neutrophils and catalyses the reaction
between hydrogen peroxide and chloride to form a
highly reactive species, hypochlorus acid. Therefore,
MPO is an indirect marker for oxidative stress in lung
allografts (Bonnell et al., 2004; Liu et al., 2005) and a
stimulus for HO-1 (Lu et al., 2002). HO-1 has
cytoprotective functions whereby HO-1 is important
against oxidative stress injury (Le et al., 1999; Sato et
al.,2001; Ke et al., 2012).

In this study, pirfenidone alone or in combination
with everolimus did not inhibit oxidative stress and the
development of acute cellular rejection in the early time
after transplantation. These results seem to be in contrast
to the results of Liu and co-workers (2005), who
described a significant reduction of MPO-positive cells
in an acute LTx rat model. Reasons for opposing results
might be usage of different animal models or problems
in installation of stable pirfenidone blood-levels within
the first days after transplantation. Since pirfenidone was
given by feed and our rats showed a restrained feed
intake during the first three days after surgery, it cannot
be excluded that the ultimate dosage was achieved too
late to inhibit oxidative processes. It was already shown
by Zhou and co-workers (2005) that an early therapeutic
blood level of pirfenidone might be decisive for the
success of therapy. Therefore, further studies focusing
on optimal drug uptake during the first days after
transplantation (for example application per gavage
during the first four days after transplantation) might
improve the outcome after LTx. Nevertheless, it should
be emphasized that pirfenidone treatment decreased the
extent of inflammatory infiltrations within the alveolar
septa and the interstitium. However, this distinctive
feature was not included in the ISHLT classification. In
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this context, it may be considered whether pirfenidone
has more influence on the restrictive allograft syndrome
(RAS). RAS is another form of chronic allograft
rejection which takes place more in the interstitial area
(Verleden et al., 2014) and can occur in addition to BO.
Due to the fact that we can see bronchiolar, vascular and
interstitial damage in our model, an evaluation of RAS
might be possible.

In our model, the anti-oxidative properties of
pirfenidone appeared on POD 60. Pirfenidone
significantly reduced chronic airway rejection,
interstitial fibrosis, content of collagen, expression of
PDGFR-a and the deposition of iron. The additional
application of everolimus amplified the anti-fibrotic
properties of pirfenidone resulting in a significant
decrease in the extent of fibrotic degeneration of the
terminal bronchioles, vasculopathy and interstitial
fibrosis in the allografts (see table 4), which can be
considered as a reduction of BO and RAS.

Pirfenidone showed its anti-oxidative properties by
maintaining HO-1 level. The cytoprotective and anti-
proliferative properties of HO-1 in lung disease have
already been reviewed by Constantin and co-workers
(2012). In vascular smooth muscle cells it has been
demonstrated that HO-1 products, CO and bilirubin,
have been implicated to inhibit cell proliferation by
promoting cell cycle arrest at G1/S phase and by
attenuating cell migration effectively by inactivating
platelet derived growth factor (PDGF) —receptor beta
signaling (Cheng et al., 2012). The correlation between
HO-1 and PDGF has also been demonstrated in an in
vitro airway wall remodeling model (Seidel et al., 2010).
It was shown that PDGF induced proliferation can be
inhibited through a p38 MAPK dependent induction of
HO-1. The effect of pirfenidone on the inhibition of
PDGF-isoforms has already been confirmed by
Gurujeyalashmi and co-workers (1999) in a bleomycin
hamster model of lung fibrosis. We demonstrated that
treatment with pirfenidone decreased PDGFR-a in rat
allografts. Consequently, it can be speculated that
pirfenidone might act via the inhibition of PDGF.
Generally PDGF acts via the activation of MAPkinases.
An inhibition of PDGF results in a decreased fibroblast
proliferation which consequently reduces fibrotic
degeneration in the long term course.

Moreover, it was described that pirfenidone inhibits
the expression of collagen type I directly and indirectly
by attenuating key TGF-f-induced signaling pathways in
TGF-B-stimulated human lung fibroblasts in vitro
(Hisatomi et al., 2012; Conte et al., 2014) and in TGF-f
and PDGF-BB-stimulated renal tubular epithelial cells in
vitro (Takakura et al., 2012).

However, more detailed studies on the mechanism of
action of pirfenidone are needed. Novel studies in
hepatic stellate cells (HSC) with a novel pyridone argent
(Flurofenidone) demonstrated that the pyridone
substances alter the balance between collagen synthesis
and degradation in vitro and in vivo by the inhibition of
MAPK signaling pathways in HSCs (Peng et al., 2013).

Especially the combination of pirfenidone and
everolimus showed the best long-term results in terms of
reducing chronic changes of the allografts after LTx. The
mechanism of action of everolimus is described by the
growth retardation by cell cycle arrest in G1-phase of the
cell cycle (Grozinsky-Glasberg et al., 2010; Albanell et
al., 2007). Strikingly, Yuge and co-workers (2015)
recently showed that everolimus alone showed no effect
on PDGF-pathways in human osteosarcoma cell lines
MG63, while the phosphorylation of PDGF-R was
significantly inhibited with everolimus in combination
with a receptor-tyrosin-kinase-inhibitor (Nilotinib). Our
results showed that even monotherapy with everolimus
resulted in a reduction of the PDGFR-a. Anyway, only
the combination of both substances presented a
significant reduction of chronic bronchiolar and chronic
vascular degeneration on POD 60.

The mechanism of action of pirfenidone, including
the inhibition of oxidative stress, in combination with
the anti-proliferative effect of the mTOR inhibitor
everolimus seems to be a good way to reduce the
progression of CR after LTx.

In conclusion, we suggest that oxidative stress plays
a crucial role in the development of CR. In this study we
demonstrated that pirfenidone reduced chronic graft
failure via maintaining the cytoprotective enzyme HO-1.
Additional therapy with everolimus could enhance the
anti-fibrotic properties of pirfenidone. So we suggest
that the combination therapy of pirfenidone and
everolimus might be a promising therapeutic option after
LTx.
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