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INTRODUCTION

Since the first human lung transplantation in 1963 (Hardy et al. 1963, Blumenstock and Lewis

1993) it was not until 1981 when development in surgical techniques, intensive care, and treatment

of infection and rejection made successful heart-lung transplantation with long-term survival possible

(Reitz et al. 1982). Thereafter heart-lung transplantation, single lung transplantation, and bilateral

lung transplantation have become routine treatments for end-stage pulmonary and pulmonary

vascular diseases (Reitz et al. 1982, Cooper et al. 1986, 1989).

The 1- and 5-year survival rates after lung transplantation are 70% and 40%, respectively. The

major complications affecting the long-term lung transplant survivors are infections and chronic

rejection. Chronic rejection in the form of obliterative bronchiolitis (OB) is currently the leading

cause of death or retransplantation among lung transplant recipients, causing approximately 30%

of deaths after the first post-transplantation year (Hosenpud et al. 1998).

Clinically, OB presents as bronchiolitis obliterans syndrome (BOS) with deterioration of graft

function in the absence of any other cause (Cooper et al. 1993). Pathologically, OB is characterized

by peribronchial inflammation, epithelial damage, and obliteration of small and medium sized

bronchioli by fibrous plaques (Yousem et al. 1985, 1996, Levrey and Hertz 1998). Although several

risk factors have been identified, the ethiology and pathogenetic mechanisms of OB are largely

unknown, and currently, no specific treatment exists. The aim of this study was to investigate the

pathogenesis, risk factors and therapeutic interventions of OB in the rat heterotopic tracheal

transplantation model.
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REVIEW OF THE LITERATURE

1. Introduction to clinical lung transplantation

1.1. Indications and results

The first human lung transplantation was performed by Dr. James Hardy at the University of

Mississippi in 1963 (Hardy et al. 1963, Blumenstock and Lewis 1993). Between 1963 and 1974, 36

patients had lung transplantation, but only two recipients lived for more than 1 month (Veith and

Koerner 1974). Poor survival resulted in decline of the lung transplantation activity until cyclosporine

A (CsA) was introduced. In 1981 Dr. Bruce Reitz at Stanford University performed the first successful

human heart-lung transplantation with long-term survival (Reitz et al. 1982). Since then, heart-

lung transplantation, single lung transplantation, and bilateral lung transplantation have become

routine treatments for end-stage pulmonary and pulmonary vascular disease (Reitz et al. 1982,

Cooper et al. 1986, 1989). According to the Registry of the International Society for Heart and

Lung Transplantation (ISHLT), over 10,000 lung and heart-lung transplantations have been performed

since 1982 (Hosenpud et al. 1998). The indications and results of lung and heart-lung transplantations

are summarized in Table 1.

There is no significant difference in survival rates between single lung and bilateral lung

transplantation, or the pretransplantation diagnosis, but the results of retransplantation are

significantly worse than in primary transplantation (Hosenpud et al. 1998). Pulmonary function

among the long-term survivors depends on the underlying disease and type of procedure but is

usually satisfactory, and the quality of life is significantly improved (Gross and Raghu 1997, Trulock

1997).

Table 1. Indications and results of lung and heart-lung transpantation
Single Lung Bilateral Lung Heart-Lung

Diagnosis
   chronic obstructive pulmonary disease 44% 16% 5%

α1-antitrypsin deficiency 13% 10% 3%

   idiopathic pulmonary fibrosis 18% 6% 3%
   cystic fibrosis 2% 38% 15%
   primary pumonary hypertension 7% 11% 30%

   congenitalal heart disease 28%
   retransplantation 3% 3% 4%
   other 13% 16% 12%
1-year survival (overall) 70% 70% 60%

Patient half-life (T1/2) 3.6 years 4.5 years 2.6 years
Conditional T

1/2 for 1-year survivors 7.5 years 6.5 years 8.4 years

Data from Hosenpud et al. 1998 and Trulock 1997.
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Table 2. Complications of lung transplantation

Complication Comment References
Early graft dysfunction Range from mild acute lung injury to

ARDS
Paradis et al. 1992

Airway complications Dehiscence, stenosis, bronchomalasia Shennib and Massard 1994

Infections

0-1 month
1-6 months
6 months on

Bacterial, fungal, viral
Viral, bacterial, fungal, parasitic
Viral, bacterial, parasitic and fungal

Maurer et al. 1992
Paradowski 1997
Fishman and Rubin 1998

Rejection

hours-days
days-months
3 months on

Hyperacute rejection, rare
Acute rejection
Chronic rejection (OB)

Ohori and Yousem 1996
Griffith et al. 1988
Levrey and Hertz 1998

Other late complications Malignancies, recurrence of disease Trulock 1997

1.2. Complications

Lung transplantation is associated with many complications related to brain-death, ischemia and

reperfusion, surgery, intensive care, infections, rejection and immunosuppression (Table 2).

1.3. Lung allograft rejection

During the first weeks after lung transplantation 30% - 40% of patients are prone to acute rejection

(Griffith et al. 1988). Airway epithelial cells, alveolar pneumocytes, endothelial cells and

mesenchymal cells express major histocompatibility complex (MHC) class II molecules, enabling

direct allorecognition (Romaniuk et al. 1987, Yousem et al. 1990a). In addition, bronchus associated-

lymphoid tissue contains large quantities of donor derived antigen presenting cells (APC) for direct

presentation (Prop et al. 1985a, b). Acute rejection is characterized by perivascular and subendothelial

mononuclear inflammatory cell infiltrates surrounding pulmonary veins, arteries and lymphatics.

Lung allografts demonstrate diffuse inflammatory cell infiltrates in the interstitium and airways.

Early in the rejection process, the predominating T cells are CD4+, whereas later the relative number

of CD8+ T cells increases, macrophages and neutrophils are present, and occational B cells and NK

cells may be detected (Yamamoto et al. 1990, de Blic et al. 1992, Ohori and Yousem 1996). Many

T cells express interleukin-2 receptor (IL-2R) as marker of T cell activation (de Blic et al. 1992).

These events lead to epithelial necrosis and denudation, alveolar damage, and eventually graft loss

(Ohori and Yousem 1996).

Lymphocytic bronchitis/bronchiolitis (LBB) is characterized by lymphocytic infiltrates of small

and large airways without perivascular mononuclear cell infiltrates (Fig. 2). Although LBB may

represent isolated airway rejection, and it may be a prestage of OB (Yousem 1993, Husain et al.
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1999), its significance is unclear and follow-up of LBB may demonstrate spontaneous resolution

(Ohori et al. 1994, Yousem et al. 1996, Ross et al. 1997, Husain et al. 1999). Acute bronchitis/

bronchiolitis (ABB) is characterized by predominantly neutrophilic infiltrates in small and large

airways accompanied by luminal dilatation, mucous plugging, and granulation tissue formation.

ABB may be associated with several ethiologies including rejection, early graft dysfunction, infection,

and OB (Ohori et al. 1994).

2. Immunobiology of lung allograft rejection

2.1. Transplantation antigens

Transplantation antigens responsible for alloimmune response (allograft rejection), i.e.,

histocompatibility antigens, are products of highly polymorphic genes of the major histocompatibility

complex (MHC) (Bach and Sachs 1987). The MHC class I molecules bind peptide antigens derived

from endogenously synthesized proteins and interact with the CD8 molecules on T cells. The MHC

class II molecules bind peptide antigens derived from exogenously synthesized proteins and interact

with the CD4 molecules on T cells (Doyle and Strominger 1987, Norment et al. 1988, Lechler et al.

1995).

MHC class I molecules are expressed on most nucleated cells, whereas MHC class II molecules are

constitutively expressed on dendritic cells, macrophages, and B cells, which are antigen-presenting

cells (APC) for T cells (Daar et al. 1984a, b, Auchincloss Jr. 1995). In addition, MHC class II

expression can be induced by interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) on a variety

of cells, including endothelial cells, epithelial cells, smooth muscle cells and fibroblasts (Pober et

al. 1986, Auchincloss Jr. 1995, Mauck and Hosenpud 1996). In addition to presenting foreign antigens

to T cells, the APC transport the antigens to lymph nodes where naive T cells are located, facilitate

the binding of T cells, and provide costimulatory signals for T cell activation (Sabatine and Auchicloss

Jr. 1996).

2.2. Allorecognition

In direct allorecognition, donor MHC molecules, with or without alloantigens, are recognized by

recipient T cells. Thus the alloantigens are presented “directly” to recipient T cells by donor APC.

Direct allorecognition initiates a strong alloimmune response, presumably because of the high number

of T cells recognizing the donor MHC molecules and because every MHC molecule on a single

donor APC is recognized as foreign molecule. The strength of direct allorecognition induces atypical

reactions within T cell populations. The CD8+ T cells may crossreact with MHC class II molecules

and function as T helper cells, actions usually performed by the CD4+ T cells. The CD4+ T cells

may crossreact with MHC class I molecules and perform cytotoxic functions, which are usually

associated with the CD8+ T cells (Sabatine and Auchicloss Jr. 1996).
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In indirect allorecognition, alloantigenic peptides are processed from foreign proteins and presented

by the recipient APC. Thus indirect allorecognition represents the normal means of recognition of

foreign antigens by the immune system. Although direct allorecognition is thought to mediate acute

rejection when an allograft is introduced, the role of indirect pathway increases over time. As APC

are bone marrow-derived cells, the supply of donor APC is eventually exhausted whereas the recipient

APC may present alloantigens infinitely (Auchincloss Jr. 1995, Sabatine and Auchicloss Jr. 1996).

2.3. T cell activation

During T cell activation, T cell receptors (TcR) bind their antigen-MHC ligands. For signal

transduction, TcR must link with CD3 molecule, which activates intracellular signal transduction

by tyrosine kinase p59fyn. Here, CD4 or CD8 binds with its ligands and associates with the TcR/

CD3 complex providing an additional intracellular transduction pathway via tyrosine kinase p59lck

that facilitates T cell activation. Binding of intercellular adhesion molecule (ICAM) -1 on APC

surface to leukocyte function associated antigen (LFA) -1 on T cells, provides sufficient stability

for APC-to-T cell interactions and effective T cell activation (Mackay and Imhof 1993, Auchincloss

Jr. 1995). Effective T cell activation requires costimulatory signals from APC provided by the

B7(CD80/CD86)-CD28 interaction (Linsley et al. 1990, Sayegh et al. 1995, Sayegh and Turka

1998). In addition to APC stimuli to T cells, the latter may provide stimuli to APC. Antigen activated

T cells express CD40 ligand (CD40L) which binds to CD40 on APC leading to upregulation of B7

thus providing more sites for cell-to-cell interactions and strenghtening T cell activation (Sayegh

and Turka 1998).

2.4. Cell mediated alloimmune responses

T cell activation initiates transcription of interleukin (IL) -2, a T cell growth and differentiation

factor that also augments alloimmune responses mediated by other inflammatory cells leading to

graft rejection (Fig. 1) (Flomberg 1995). Activated CD8+ T cells become cytotoxic T lymphocytes

(CTL) which are able to induce target cell lysis and apoptosis of target cells by release of endogenous

endonucleases which result in DNA fragmentation (Flomberg 1995, Sabatine and Auchicloss Jr.

1996). Activated CD4+ T cells become helper T cells (Th) which regulate the inflammatory response

by producing cytokines which operate in an autocrine or paracrine manner (Fig. 1). The Th cells are

divided into Th1-type and Th2-type cells according to the type of cytokines they produce (Mosmann

et al. 1986, Mosmann and Coffman 1989). In general, the Th1-type cytokines augment and the

Th2-type cytokines reduce cell-mediated alloimmune responses (Nickerson et al. 1997).

Cytokines produced by the Th1 cells recruit and activate B cells and macrophages (Fig. 1).

Macrophages eliminate antigens by phagocytosis and cause cell injury by releasing inflammatory

mediators such as complement components, platelet activating factor, prostaglandins, leukotrienes,

and free radicals (Flomberg 1995, Rosen et al. 1995, Sabatine and Auchicloss Jr. 1996). Macrophages
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recruit other leukocytes by secreting chemoattractants such as IL-8 for neutrophils (Luster 1998).

In addition, macrophages facilitate the rejection process by secreting cytokines such as IL-1 and

TNF-α and growth factors such as the transforming growth factor-β (TGF-β) and platelet-derived

growth factor (PDGF), which may have a role in late acute rejections and chronic rejection (Häyry

et al. 1993).

2.5. Antibody mediated responses

Alloantibodies may be directed to the ABO blood group antigens, MHC class I and class II antigens,

and several non-MHC antigens. B cells bind antigens with immunoglobulin receptors. Antigens are

bound to the MHC class II molecule, and presented to CD4+ T cells. Activated CD4+ T cells

IL-2R

IL-2

CTL
CD8

IL-2R

IL-2

B cell

Th2

MHC class II
CD4

Th

APC

costimulationTcR
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Figure 1. Cell mediated alloimmune responses and their cytokine networks.
Alloantigens are presented to CD4+ Th cells by APC which provide costimulatory signals leading to T cell activation,
and IL-2 and IL-2R transcription. IL-2 promotes the activation, proliferation, and differentiation of CD4+ T cells
towards production Th1-type
cytokines. IL-2 and IFN-γ  augment
activation and proliferation of CD8+
T cells, which recognize antigens
presented by MHC class I molecules
and act as CTL. CTL induce lysis or
apoptosis of target cells by releasing
various inflammatory mediators and
enzymes. IL-2, IFN-γ, and IL-6
augment B cell activation,
proliferation, and antibody
production. Antibodies induce
complement activation, and cell-
mediated lysis. IL-2 and IFN-γ also
activate macrophages. Macrophage-
derived TNF-α and IL-12 promote
Th1-type responses, but IL-4 induces
Th2-type cells. TNF-α upregulates
MHC class II on APC. IL-1 is a
multipotent proinflammatory
cytokine. IL-8 and other chemokines
released by macrophages induce
leukocyte activation and chemotaxis.
Macrophages release also growth
factors PDGF and TGF-β, which
induce graft fibrosis and
mesenchymal cell proliferation. Th2-
type cells release regulatory cytokines
such as IL-4 and IL-10, which inhibit
Th1-type responses, macrophages,
and switch antibody production to
IgE isotype. Data from: Old 1985,
Tosato et al. 1988, Mosmann and
Coffman 1989, di Giovine and Duff
1990, Abbas et al. 1996, Nickerson
et al. 1997, Luster 1998, Paludan 1998.
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express CD40 ligand (CD40L) which engages to CD40 on B cell surface and activates B cells

(Linsley et al. 1990). Activated B cells proliferate and produce antibodies, IgM isotype and later

IgG (Campbell and Halloran 1996). Some B cells undergo differentiation to plasma cells which

produce large amounts of antibodies and then die, while others differentiate to memory B cells

(Campbell and Halloran 1996). Alloantibodies mediate hyperacute rejection leading to complement

activation and rapid graft loss. In addition, alloantibodies have been suggested to mediate acute

vascular rejection and to have a role in accelerated acute rejection (Halloran et al. 1990, Campbell

and Halloran 1996).

3. Obliterative bronchiolitis

3.1. Clinical manifestation

Obliterative bronchiolitis (OB; bronchiolitis obliterans, chronic airway rejection, obliterative airway

disease) was first described by Burke and associates, who observed pathological changes of OB in

biopsies of lung transplantation patients with obstructive ventilatory defect (Burke et al. 1984). OB

is considered a pulmonary manifestation of chronic rejection (Theodore et al. 1990, Paradis et al.

1993, Levrey and Hertz 1998). Clinically OB presents as bronchiolitis obliterans syndrome (BOS)

which is determined as deterioration of graft function secondary to progressive airway disease for

which there is no other cause, such as infection, acute rejection or cardiac failure, at least 3 months

after transplantation (Cooper et al. 1993). The diagnosis is based on the decline in forced expiratory

volume in 1 second (FEV1), and staged from 0 to 4 according to the severity. The diagnosis of BOS

does not require histological proof, but when possible, biopsies are recommended also for differential

diagnostics (Cooper et al. 1993). High resolution computed tomography may be used to confirm

the clinical diagnosis (Ikonen et al. 1996).

Figure 2. Photomicrographs of lung biopsies demonstrating LBB (I) and end-stage OB (II). I shows dense
mononclear inflammatory cell infiltrates subepithelially and also in peribronchiolar parenchyma, leading to
partial occlusion of airway lumen, while epithelium is still well preserved. II shows totally occluded bronchioli
(B). Inflammation has subsided. Artery (A) next to occluded bronchioli demonstrates no allograft vasculopathy.

I II
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Table 3. Risk factors for OB

Risk factor Comment References

Acute rejection Intensity, frequency, duration. Late
acute rejection episodes. Airway
involvement.

Yousem et al. 1991
Kroshus et al. 1997
Husain et al. 1999

Histoincompatibility Possibly mediated through
increased risk for acute rejection.

Sharples et al. 1996
Kroshus et al. 1997

Donor-specific alloreactivity HLA class I-directed alloreactivity. Rabinowich et al. 1990
Zeevi et al. 1991
Reinsmoen et al. 1993

Underlying diagnoses Primary pulmonary hypertension.
Retransplantation for OB?

Kshettry et al. 1996
Novich et al. 1995

CMV infection Infection and disease, latent and
primary infection.

Keenan et al. 1991
Kroshus et al. 1997

3.2. Pathology

The diagnosis of OB requires histological proof, obtained either by transbronchial biopsies (TBB)

or open lung biopsies. Pathologically, the term bronchiolitis obliterans is restricted to membranous

and respiratory bronchioles, and is characterized by dense eosinophilic hyaline fibrous plaques in

the submucosa of small airways resulting in partial or complete luminal compromise (Fig. 2). This

scar tissue within small airways may be eccentric or concentric, it may be associated with breaks in

the smooth muscle wall, and may extend into the peribronchial interstitium (Yousem et al. 1996).

Patchy distribution makes TBB relatively unsensitive in the diagnosis of OB (Kramer et al. 1993,

Pomerarance et al. 1995). OB is graded as active or inactive according to the intensity of

intrabronchial and peribronchial inflammatory cell infiltration (Yousem et al. 1996). OB often

associates with ongoing epithelial damage, denudation, ulceration or metaplasia, where the respiratory

epithelium is replaced by cuboidal or squamous epithelium, LBB, and ABB with neutrophilic and

mononuclear inflammatory cell infiltrates (Yousem 1993, Ohori et al. 1994, Yousem et al. 1996).

Larger airways are affected by bronchiectasis, mucous plugging, and inflammatory cell infiltrates

(Yousem et al. 1990b, Levrey and Hertz 1998). The affected lung may also present general findings

of chronic rejection, such as interstitial inflammation and fibrosis, and allograft arteriosclerosis

(Yousem et al. 1996, Levrey and Hertz 1998).

3.3. Risk factors

Risk factors for OB (Table 3) have usually been identified in retrospective analyses, and in many

studies BOS is used as the primary end-point without histologically proven OB.
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Characteristics of acute rejection such as frequency, duration, and intensity, the degeree of airway

involvement and LBB, epithelial damage, and occurence of late acute rejection predispose for OB.

Histoincompatibility and donor-specific alloreactivity may be risk factors for OB, although it is

possible that their effects on OB are mediated through enhancement of acute rejection.

Cytomegalovirus (CMV) infection may facilitate acute rejection and OB by various mechanisms.

Cytokines released during inflammatory responses such as acute rejection and sepsis as well as

during treatment with monoclonal antibodies may activate latent CMV infection and increased

immunosuppression reduces immune response against CMV (Lemström et al. 1994c, Fishman and

Rubin 1998). On the other hand, CMV infection may facilitate alloimmune responses by inducing

endothelial and epithelial cell MHC class I and class II, and ICAM-1 expression (Ibrahim et al.

1993, van Dorp et al. 1993, Waldman et al. 1993, Sedmak et al. 1994, Steinhoff et al. 1995). In

addition, CMV infection may upregulate IL-2 and IL-2R gene expression and inhibit the effect of

CsA on IL-2 gene expression (Geist et al. 1991, 1992), and induce TNF-α (Smith et al. 1992) and

IFN-γ (Yamaguchi et al. 1988) expression by monocytes and macrophages. Several studies suggest

that CMV infection is a risk factor for the development of OB (Keenan et al. 1991, Duncan et al.

1992, Bando et al. 1995, Kroshus et al. 1997). The enhancing effect of CMV on OB is most likely

multifactorial, including direct cytopathic effects, increased MHC antigen and adhesion molecule

expression leading to increased alloreactivity, and upregulation of proinflammatory cytokines and

growth factors (Lemström et al. 1994c).

3.4. “Response-to-injury” hypothesis and mesenchymal cell proliferation

The common denominators of chronic rejection in all solid organ transplants are inflammation,

fibrosis, and mesenchymal cell proliferation (Häyry et al. 1993). The “Response-to-injury”

hypothesis, originally formulated for atherosclerosis (Ross 1993), suggests in chronic rejection

that alloimmune-induced injury to the graft causes poorly controlled reparative processes, release

of growth promoting factors, fibrosis, and mesenchymal cell proliferation (Fig. 3) (Häyry et al.

1993, Paul and Benediktsson 1993).

Epithelial injury, inflammation, mesenchymal cell proliferation, and connective tissue deposition

are typical findings in several pathological conditions of the lung. Studies in patients with acute

lung injury, idiopathic pulmonary fibrosis, and bronchiolitis obliterans-organizing pneumonia

demonstrate that lung epithelial cells, fibroblasts, and macrophages release several growth-regulating

factors that may mediate fibroproliferation and conective tissue deposition (Rennard et al. 1981,

Martinet et al. 1987, Myers and Katzenstein 1988, Snyder et al. 1991, Aubert et al. 1997). Similarly,

alloimmune-induced epithelial injury, leading to scarring of the airways, has been suggested to be

the key initiating factor in the pathogenesis of OB both in experimental models of lung transplantation

and in human lung allografts (Griffith et al. 1988, Tazelaar et al. 1988, Taylor et al. 1989, Paradis et

al. 1993, Levrey and Hertz 1998, Ikonen et al. 1999).
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3.5. Regulatory molecules

Cytokines and peptide growth factors regulate many of the acute and chronic responses in the

allograft. Some of the peptide growth factors and cytokines which may have a role in the pathogenesis

of OB and in fibroproliferative responses of the lung are summarized in Table 4.

Platelet-derived growth factor (PDGF). PDGF is a major mitogen for mesenchymal cells such as

smooth muscle cells and fibroblasts (Ross et al. 1986). The PDGF ligand consists of a dimer of

PDGF-A and PDGF-B chains, and can be expressed as homodimers (PDGF-AA and PDGF-BB) or

a heterodimer (PDGF-AB) (Ross et al. 1986). The dimers bind to two related tyrosine kinase

receptors, the PDGF-Rα and PDGF-Rβ (Heldin and Westermark 1989, Williams 1989). PDGF-Rβ
can bind only the PDGF-B chain, whereas PDGF-Rα binds both A and B chains (Heldin and

Westermark 1989). Binding of PDGF to the extracellular part of either receptor type leads to

dimerization of receptor molecules, followed by activation of the receptor protein-tyrosine kinase,

and generation of phosphorylation-mediated signals that initiate the biological response (Williams

1989).

Figure 3. Sequence of various events leading to chronic rejection and  OB, and cells and molecules mediating
graft injury and responses to injury.
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PDGF is upregulated in several fibroproliferative disorders of lungs such as idiopathic pulmonary

fibrosis (Martinet et al. 1987), acute lung injury (Snyder et al. 1991), and bronchiolitis obliterans-

organizing pneumonia (Aubert et al. 1997). In experimental models of lung fibrosis and inflammation,

overexpression of the PDGF-B gene increases fibroproliferation and collagen deposition (Yoshida

et al. 1995) and exogenous PDGF-BB induces mesenchymal and epithelial cell proliferation (Yi et

al. 1996). In addition, upregulation of PDGF has been associated with the development of chronic

rejection in kidney (Rubin et al. 1988) and heart (Zhao et al. 1994) allografts suggesting that PDGF

may be involved in the pathophysiology of chronic rejection.

In human lung allografts with OB, Hertz and associates observed increased concentrations of PDGF

in bronchoalveolar lavage (BAL) fluids (Hertz et al. 1992). Further, they found an upregulation of

PDGF-AB protein expression in epithelial and mononuclear cells, and PDGF-B mRNA expression

in macrophages in association with OB. Upregulation of PDGF expression has also been observed

in alveolar macrophages, pneumocytes, and interstitial fibroblasts in chronically rejecting lung

allografts (Hirabayashi et al. 1996). Locally applied basic fibroblast growth factor (bFGF) and

PDGF induce OB-like changes in heterotopic tracheal syngeneic grafts (Al-Dossari et al. 1995).

Table 4. Peptide growth factors and cytokines with potential role in OB

Molecule Observations References

Growth factors

PDGF Increased in BAL fluid of OB patients.
Accelerates experimental OB.

Hertz et al. 1992
Al-Dossari et al. 1995

TGF-β Enhanced lung allograft fibrosis in high TGF-β producers.
Increased in BAL fluid and TBB of OB patients.

El-Gamel et al. 1999
Charpin et al. 1998

FGF Upregulated in chronic rejection (heart, kidney).

Accelerates experimental OB.

Zhao et al. 1994
Kerby et al. 1996
Al-Dossari et al. 1995

Cytokines

IL-1 Increased in idiopathic pulmonary fibrosis and chronic
rejection.

Zhang et al. 1993
Azuma et al. 1994

IL-6 Increased in BAL fluid of patients who subsequently
develop OB.

Yoshida et al. 1993
Magnan et al. 1996

IL-8 Increased in BAL fluid of OB patients. DiGiovine et al. 1996

IL-10 Inhibits experimental OB. Mulligan et al. 1999

TNF-α Enhances myofibroproliferation by inducing macrophageal
PDGF and TGF-β.

Battegay et al. 1995
Sime et al. 1998
Sihvola et al. 1999
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Nitric oxide. Nitric oxide (NO) is synthesized from L-arginine by a group of enzymes called nitric

oxide synthases (NOS) in a reaction yielding NO and L-citrulline (Fig. 4) (Nathan 1992, Moncada

and Higgs 1995). NOS can be either constitutively expressed (cNOS) or inducible (iNOS). cNOS

is expressed by the vascular endothelium, platelets, and neurons, it produces small quantities of

NO, requires intracellular calcium/calmodulin, and is involved in several physiological functions

including vasorelaxation, platelet and leukocyte adhesion, and neurotransmission. iNOS is calcium

independent and may produce large quantities of NO in response to stimulation by endotoxin and

cytokines such as IL-1, TNF-α, IL-2, and IFN-γ. iNOS is expressed by macrophages and activated

neutrophils, smooth muscle cells, endothelial cells, mesangial cells, and airway epithelium, and is

involved in several physiological and pathophysiological conditions including host defence

mechanisms against bacteria and viruses (Nathan 1992, Moncada and Higgs 1995). In the lungs,

NO is produced by both cNOS and continuously expressed epithelial iNOS,  regulates bronchomotor

tone, and is induced in several inflammatory conditions such as asthma, idiopathic pulmonary

fibrosis, and granulomatous inflammation (Hamid et al. 1993, Barnes 1995, Guo et al. 1995, Tsuji

et al. 1995, Saleh et al. 1997).

As a mediator of immune defence, leukocyte adhesion, and vasorelaxation, NO has been suggested

to have a role in the pathogenesis of acute and chronic rejection. In experimental studies, induction

of iNOS and NO have been demonstrated during acute (Langrehr et al. 1992, Yang et al. 1994) and

chronic allograft rejection (Russel et al. 1995, Akyürek et al. 1996). Inhibition of iNOS ameloriates

acute cardiac and lung allograft rejection (Shiraisi et al. 1995, Worrall et al. 1995). On the other

hand, supplementation of NO synthesis has been demonstrated to enhance cardiac preservation and

suppress the development of cardiac allograft atherosclerosis, i.e., chronic rejection in the rat (Pinsky

et al. 1994, Shears II et al. 1997) indicating that NO might have different roles in the pathogenesis

of acute and chronic rejection (Fig. 4).

IL-1, TNF-α
IL-2, IFN-γ iNOS ���� NO ����

O2
- ONOO- � protein nitration

DNA fragmentation
apoptosis

cytoprotective effects
free radicals ����
vasorelaxation
leukocyte adhesion ����
mesenchymal  cell  proliferation ����

cytotoxic effects

L-arginine

L-citrulline

O2

Figure 4. Effects of iNOS-derived NO.
Cytokine-induced iNOS produces large quantities of NO from L-arginine and molecular oxygen (O

2
) yielding L-citrul-

line and NO. Many of the cytotoxic effects of NO are mediated by peroxynitrite (ONOO-), produced by a reaction of NO
with superoxide (O

2
-), and induce protein nitration, deamination of nucleotides, and apoptosis. On the other hand, NO

has cytoprotective effects which may have a role in transplantation.
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Complement. There are two activation pathways of the complement cascade (Fig. 5). The classical

pathway is activated by antigen-antibody complexes which bind to C1 and the alternative pathway

is activated by covalent attachment of C3 to a cell surface or intracellular structures released during

cell injury, or by spontaneous hydroxylation of C3. Both pathways share the terminal pathway

leading to the formation of C5b-9, the membrane attack complex, resulting in osmotic lysis of cells

(Kinoshita 1991, Campbell and Halloran 1996).

In allografts, complement activation may occur via both the classical and the alternative pathways

(Kinoshita 1991, Baldwin III et al. 1995, Campbell and Halloran 1996). During reperfusion, ischemic

tissue releases components which can activate both pathways, while activity of complement

regulatory molecules may be decreased. Activation of complement may augment reperfusion injury

by direct cell lysis, and indirectly by recruiting neutrophils, upregulating endothelial adhesion
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Figure 5.  The complement cascade.
The classical pathway is activated by antigen-antibody (AG+AB) complexes which bind to C1 initiating a cascade
leading to formation of C4b2a, the C3 convertase of the classical pathway. The alternative pathway is activated by
covalent attachment of C3 to a cell surface or intracellular structures released during cell injury, or by spontaneous
hydroxylation of C3. C3 reacts with factors D and B to form C3bBb, the C3 convertase of the alternative pathway. Both
pathways share the terminal pathway: formation of C5 convertases (C4b2a3b/C3bBbC3b), cleaving of C5 and the
sequential binding of C6, C7, C8, and C9 to form C5b-9, a lipid-soluble pore structure called the membrane attact
complex (MAC), resulting in osmotic lysis of cells. + indicates enzymatic activity.
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molecules, and inducing trombosis (Kilgore et al. 1994, Baldwin III et al. 1995, Ward 1996).

Complement activation causes largely the graft injury in antibody-mediated xenograft rejection

and hyperacute rejection of presensitized allografts (Lu et al. 1994, Baldwin III et al. 1995).

Deposition of complement has also been demonstrated in unsensitized allotransplantation and during

acute vascular rejection (Halloran et al. 1990, Miller et al. 1993, Zales et al. 1993). Complement

may enhance the development of chronic rejection by contributing to ischemia-reperfusion injury,

enhancing cell-mediated responses by recruiting and activating neutrophils and macrophages,

inducing release of cytokines and other growth regulatory molecules by these cell. However, the

role of complement in chronic rejection and OB is largely unknown.

3.6. Experimental models of obliterative bronchiolitis

The first lung transplantation described in the literature, was an experiment where the lung of a

kitten was transplanted into the neck of an adult cat. During the 1940s, Deminkov performed

extensive work with orthotopic heart-lung transplantation in the dog, with survival times up to six

days (Cooper 1969). Since then, several experimental models have been used to investigate lung

transplantation, with emphasis on surgical techniques, organ preservation, and management of acute

rejection. By the end of the 1960s, long-term survival in dogs was achieved with metothrexate and

antilymphocyte serum, and chronic rejection was observed in lung allografts surviving over 10

months (Blumenstock et al. 1968, 1969). Hino and associates observed OB as “the most characteristic

histological finding” after lung autotransplantation with prolonged cold-preservation times  in dogs

(Hino et al. 1968). However, it was only after OB had emerged as a clinical problem that it was

systematically investigated in long surviving rat lung allograft recipients (Tazelaar et al. 1988).

Orthotopic rat lung allografts immunosuppressed with three doses of CsA develop bronchial epithelial

ulceration, lymphocytic bronchiolitis, and focal granulomas similarly as human lung allografts, but

lesions characteristic to human OB are not observed (Uyama et al. 1992). Although

nonimmunosuppressed rat lung allografts have been shown to develop OB (Hirt et al. 1999),

orthotopic lung transplantation in rats is a technically demanding procedure, with poor survival,

and variation in histopathological findings. Miniature pig orthotopic lung allografts develop

histological changes similar as seen in human OB (Al-Dossari et al. 1994). However, use of large-

animal models has its limitations such as expenses and lack of inbred strains. Thus, a need to

develop a simple and reproducible model of OB existed. In 1993 Hertz and associates described a

mouse heterotopic tracheal transplantation model, where tracheal rings were transplanted under

recipient skin, and where allografts developed similar histological changes as seen in human OB

(Hertz et al. 1993). This model was modified and applied to rats by Dr. Morris’ group in Stanford

(Morris 1995) and our group (Koskinen et al. 1995). The development of experimental OB in this

model is an alloimmune driven process, as it is not seen in syngeneic grafts or allografts with



24

sufficient immunosuppression (Koskinen et al. 1995, Morris et al. 1995, King et al. 1997). This

model has later been appilied also to larger animals to enable transplantation of smaller airways

(Ikonen et al. 1998) and modified to orthotopic tracheal transplantation in rat to obtain a more

physiological model (Ikonen et al. 1999).

3.8. Treatment of obliterative bronchiolitis

Immunosuppressive drugs used in clinical lung transplantation are summarized below in Table 5.

Table 5. Immunosuppressive drugs used in clinical lung transplantation

1Abbreviations: CYP, cyclophilin; PKC, protein kinase C; FKBP, FK506 binding protein. Data from: Bach 1975,

Cupps and Fauci 1982, Kahan 1989, Schreiber and Crabtree 1992, Lipsky 1996, Morris 1996.

Drug Action Molecular mechanism

Cyclosporine A (CsA) Inhibits T cell activation and proli-
feration by inhibiting IL-2 and
other cytokine transcription.

Binds to CYP1. CsA-CYP complex
inhibits PKC-calcineurin and activation
of transcriptional activating factors.

Tacrolimus (FK506) Inhibits T cell activation and proli-
feration by inhibiting IL-2 and
other cytokine transcription.

Binds to FKBP. CsA-FKBP complex
inhibits PKC-calcineurin and activation
of transcriptional activating factors.

Azathioprine (AZA) Inhibits proliferation of leukocytes
and other rapidly proliferating
cells.

Converts to 6-mercaptopurine which
inhibits de-novo synthesis and salvage
of purine nucleaotides.

Mycophenolate mofetil (MMF) Inhibits T and B cell proliferation. Inhibits inosine monophosphate
dehydrogenase inhibiting de-novo
syntheis of purine nucleotides.

Corticosteroids General anti-inflammatory and
antiproliferative effects.

Inhibition of RNA, DNA, and protein
syntheis.

Anti-lymphocyte/thymocyte globulin
(ALG/ATG)
Monoclonal antibody to CD3 (OKT3)

Depletion of lymphocytes.

Depletion of CD3+ T cells.

Lysis or opsonization and phagocytosis.

Lysis or opsonization and phagocytosis.

Cyclosporine A, azathioprine (AZA), and methylprednisolone, are the most commonly used

immunosuppressive drug combination, although CsA may be switched to tacrolimus and AZA to

mycophenolate mofetil (MMF) (Griffith et al. 1994, Ross et al. 1998). Many centers use antibodies

in the induction (Trulock 1997). Acute rejection episodes are treated with high-dose corticosteroids,

antibody preparations (Shennib et al. 1994), and CsA may be switched to tacrolimus (Horning et al.

1998). OB has been treated with augmentation of immunosuppression (Glanville et al. 1987). After

diagnosis of BOS or OB, CsA dose is increased to maximum trough levels, AZA and steroid doses

are increased. For patients at risk for CMV, ganciclovir prophylaxis is introduced (Reichenspurner

et al. 1996). CsA may be replaced by tacrolimus, and AZA by MMF (Kesten et al. 1997, Speich et

al. 1997). In addition, cytolytic therapy with antibody preparations (Date et al. 1998), aerolized

cyclosporine (Iacano et al. 1996), total body irradiation (Diamond et al. 1998), and methotrexate
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(Dusmet et al. 1996) have been used. These protocols alone and in combination have resulted in

apparent arest or slowed the progression of BOS. However, the diagnosis in these studies has relied

on clinical findings, and the end-point has been improvement or arrest in decline of pulmonary

function tests. It is possible that the improvement has resulted from clearance of inflammatory

infiltrates and lymphocytic bronchiolitis rather than resolvement of myofibroproliferative plaques

occluding the bronchioles (Ross et al. 1997).



26

AIMS OF THE STUDY

The aim of this study was to investigate the pathogenesis, risk factors, and prevention of experimental

obliterative bronchiolitis in heterotopic tracheal allografts in the rat.

Here, I specifically wanted

1. to investigate the effect of immunosuppressive drugs on experimental obliterative bronchiolitis;

2. to investigate whether rat CMV infection enhances the development of experimental

obliterative bronchiolitis;

3. to investigate the role of nitric oxide in experimental obliterative bronchiolitis;

4. to investigate the role of complement in experimental obliterative bronchiolitis; and

5. to investigate the role of platelet-derived growth factor in experimental obliterative

bronchiolitis.
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METHODS

1. Heterotopic tracheal transplantations

Specific pathogen free, inbred male Dark Agouti (DA) AG-B4, RT1a and Wistar Furth (WF) AG-

B2, RT1u rats weighing 200-300 g and 2-3 months of age were used (Laboratory Animal Center,

University of Helsinki, Helsinki, Finland). The rats were fed with regular rat food (Altromin, Standard

Diœt, Chr. Petersen A/S, Ringsted, Denmark), and drinking water was given ad libidum. The RCMV

infected animals were kept in separate colonies, with otherwise similar diet and conditions.

A 2-3 cm long segment of trachea was excised, thoroughly perfused with phosphate-buffered saline

containing 10,000 IU/ml penicillin and 1,000 µg/ml streptomycin, and stored in the same solution

at +4°C until used for transplantation. In the recipient operation, the trachea was wrapped in greater

omentum and the abdomen was closed with 3-0 absorbable continuous sutures. The donor rats

were anesthetized with ether and recipients with chloral hydrate 240 mg/kg i.p., and the recipients

received buprenorphine 0.25 mg/kg s.c. (Temgesic; Reckitt & Colman, Hull, UK) for post-operative

pain relief. Syngeneic transplantations were performed from DA to DA rats, and allogeneic

transplantation from DA to WF rats. The grafts were removed 3, 10, and 30 days after transplantation.

In addition, nontransplanted DA tracheas were used as normal controls.

2. Drug regimens

Cyclosporine A. CsA (Novartis, Basel, Switzerland) was dissolved in Intralipid solution

(KabiVitrum, Stockholm, Sweden) to a final concentration of 1 mg/ml and given 1, 2, or 5 mg/kg/

d s.c., starting at transplantation and continued until the graft was removed.

Mycophenolate mofetil. MMF (Roche, Basel, Switzerland) was dissolved in distilled water to

final concentration of 40 mg/ml and given 20 or 40 mg/kg/d i.p., starting at transplantation and

given until the graft was removed.

15-deoxyspergualin (DSG). DSG (Takara Shuzo Co. Ltd., Kyoto, Japan) was dissolved in distilled

water to a final concentration of 0.2 mg/ml and given 1 or 2 mg/kg/d i.p., starting at transplantation

and given until the graft was removed.

Nitric oxide inhibition and supplementation. Aminoguanidine (Sigma Chemical Co., St. Louis,

MO), a selective inhibitor of iNOS (Misko et al. 1993), was given 400 mg/kg/d i.p. in three doses

(100 mg/kg at 9.00 am, 100 mg/kg at 1.00 pm and 200 mg/kg at 5.00 pm), previously shown to

decrease serum nitric oxide metabolite (nitrites and nitrates) concentrations in rats to 30% of normal
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(Worrall et al. 1995). L-arginine (Sigma), substrate of iNOS (Nathan 1992), was given orally at a

concentration of 2.25% dissolved in tap water which was available ad libidum, previously shown

to increase plasma L-arginine levels two-fold (Cooke et al. 1992).

PDGF receptor inhibition. CGP 53716 (Novartis), a protein-tyrosine kinase inhibitor highly

selective for PDGF receptors (Buchdunger et al. 1995), was given 50 mg/kg/d i.p. This dose has

previously been shown to be well-tolerated and effective in inhibition of tumor activity against

tumors derived from v-sis- and c-sis-transformed BALB/c cells in BALB/c nude mice (Buchdunger

et al. 1995). Controls received an equal amount of vehicle prepared and administered similarly

with the drug.

Inhibition of complement activation. Human recombinant soluble complement receptor type 1

(sCR1; AVANT Immunotherapeutics, Needham, MA), a potent inhibitor of C3 and C5 convertases

(Weisman et al. 1990), was administered 20 mg/kg/d i.p. starting preoperatively and continued for

7 days. The controls received vehicle which was administered as sCR1.

3. Histological and immunohistological evaluation

Histology. The histological changes were evaluated light microscopically from paraffin or frozen

sections stained with Mayer´s hematoxylin-eosin (H&E). The histological changes of the epithelium

were evaluated as a percentage of normal respiratory epithelium, cuboidal epithelium, squamous

epithelium, or loss of epithelium. Luminal occlusion was evaluated as a reduction of luminal area.

Immunohistochemistry. Immunohistochemistry was evaluated from frozen sections. For single

stainings, frozen sections were incubated with 1.5% nonimmune serum followed by incubation

with primary mouse monoclonal antibodies at room temperature for 30 to 60 min or with rabbit or

goat polyclonal antibodies at +4°C for 12 h. With intervening washes in Tris-buffered saline, the

sections were incubated with biotinylated horse anti-mouse or goat anti-rabbit rat-absorbed antibodies

at room temperature for 30 min and avidin-biotinylated horse-radish complex (Vectastain Elite

ABC Kit, Vector Laboratories, Burlingame, CA) in PBS at room temperature for 30 min. The

reaction was revealed by chromogen 3-amino-9-ethylcarbazole (AEC; Sigma) containing 0.1%

hydrogen peroxidase, yielding a brown-red reaction product. The specimens were counterstained

with hematoxylin and coverslips were aquamounted (Aquamount; BDH Ltd., Poole, UK). For

double stainings, sections were stained with the primary antibody, washed, the avidin-biotin complex

was blocked with an excess of avidin and biotin (Avidin/Biotin Blocking Kit, Vector Laboratories),

and stained with the secondary antibody. Double stained sections were not counterstained. Specificity

controls were performed by stainings using the same immunoglobulin concentrations of species

and isotype-matched antibodies and staining after overnight incubation with a 10 to 20-molar excess

of recombinant cytokines or peptides. Antibodies, their specificities, sources, and dilutions used in

immunostainings are given in the original publications I-V.
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Quantitation of immunohistochemistry. The immunohistochemical analysis was done in a blind

review by two observers. The score assigned was determined by consensus of the observers. The

intensity of the staining was scored from 0 to 3 as follows: 0, no visible staining; 1, few cells with

faint staining; 2, moderate intensity with multifocal staining; and 3, intense diffuse staining of the

cells analyzed. Positive staining for IL-2, IL-4, and IL-10 was scored as the number of positive

cells in a cross section.

In vivo labelling for cell proliferation. All recipients were injected intravenously with 300-400 µl

of a concentrated solution of bromodeoxyuridine (BrdU; 5-bromo-2´-deoxyuridine 3 mg/ml and 5-

fluoro-2´deoxyuridine 0.3 mg/ml; Zymed Laboratories, Inc., San Francisco, CA) 3 h before sacrifice.

Cell proliferation in frozen sections was revealed by an IgG1 mouse monoclonal antibody to BrdU

1:20 (M744; Dako A/S) and the Vectastain Elite ABC Kit method. Cell proliferation was measured

by counting the number of labeled nuclei in cross sections.

4. Reverse transcriptase polymerase chain reaction (RT-PCR)

Total RNA isolation from fresh tracheal segments was performed using the guanidine-isothiocyanate

preparation (Chomczynski and Sacchi 1987, Lemström et al. 1994a). After isolation and purification,

RNA concentrations were measured by a spectrophotometer and the quality of RNA was confirmed

by electrophoresis through 1.5% agarose.

Total RNA was reverse transcribed to cDNA in a master mix containing 1xRT buffer (Promega;

Madison, WI), dNTP (GeneAmp; Perkin Elmer, Foster City, CA), oligo-dT primer (p(dT)15 primer;

Boehringer-Mannheim, Mannheim, Germany), RNasin (RNasin Ribonuclease Inhibitor; Promega),

and reverse transcriptase (M-MLV-RTase Reverse Transcriptase, RNase H Minus; Promega). cDNA

reaction mixture was added water and supplemented with 10xPCR buffer I (GeneAmp; Perkin

Elmer), dNTP (GeneAmp; Perkin Elmer), α(32P)dATP 3000 Ci/mmol (Amersham, Buckinghamshire,

England), sense primer, antisense primer, and AmpliTaq Gold (Perkin Elmer). After 33-37 cycles

in the 96 well PCR apparatus (GenAmp PCR System 9600 apparatus; Perkin Elmer), the samples

were electrophoresed through 2% agarose. The gel was dried (LKB 2003 Slab Gel Dryer, LKB,

Bromma, Sweden), exposed to imaging plate (Fuji Photo Film Co., Tokyo, Japan) and the gels

were quantified using a Fuji BAS1500 phosphoimager. The mean values of the three determinations

were used for final analysis and the normalized mRNA levels were derived by dividing the mean of

the gene of interest mRNA with the mean of glyseraldehyde-3-phosphate dehydrogenase (GAPDH)

mRNA for each tissue sample.

The primers were prepared at the Molecular/Cancer Biology Laboratory, Department of Pathology,

University of Helsinki, Helsinki, Finland. The sequences, cycle numbers, and accession numbers

are given in the original publications III and IV.
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5. Graft nitric oxide (NO) production

Graft NO production was determined as stable metabolites, nitrites and nitrates. A segement of

trachea was snap frozen in liquid nitrogen and stored at -70°C. Upon analysis, grafts were

homogenizated and centrifuged (4000 g),  and supernatants were filtered to prevent the interference

of proteins and heme groups. The supernatants were divided for two assays: for the measurement of

NO
2

- + NO
3

- and for of NO
2
-. NO

2
- was measured with the Griess reaction and nitrate reductase (EC

1.6.6.2; Aspergillus species, Boehringer Mannheim) was used to reduce the NO
3
- to the NO

2
-  which

was used in the Griess reaction (Schmidt et al. 1992, Moshage et al. 1995). All determinations were

performed in duplicate and the results are given in nmol/mg of tissue. The detection limit of the

assay was 0.25 µM and absorbance in 540 nm was measured.

6. Rat cytomegalovirus infection

Rat cytomegalovirus (RCMV) was provided by Professor Cathrien Bruggeman, Department of

Medical Microbiology, University of Limburg, Maastricht, The Netherlands, and the plaque assays

were done at the University of Limburg. RCMV infection was established by inoculating the rats

i.p. with 105 PFU of Maastricht strain RCMV. Acute RCMV infection was given at the day of

transplantation, and chronic infection was given 8 weeks before transplantation to donors or

recipients, or both. CsA 2 mg/kg/d s.c. was used as baseline immunosuppression and RCMV infected

grafts were compared to non-infected, immunosuppressed controls.

RCMV infection was demonstrated by plaque assays (Bruggeman et al. 1982) from biopsies of

salivary glands, liver, and spleen taken at graft removal. To detect RCMV antigens in the tracheal

allografts, frozen tracheal segments were immunostained using a mixture of monoclonal antibodies

to early (monoclonal 8), and late (monoclonal 35) antigens (Bruning et al. 1987) of RCMV were

used as described above in single immunostainings.

7. Statistical methods

All data are expressed as mean ± SEM. For two group comparisons of small sample size, non-

parametric Mann-Whitney U-test (Statview 512+ program; Brain Power Inc., Calabasas, CA) was

used. For multiple group comparisons of small sample size, non-parametric Kruskal-Wallis (Statview

512+ program) one-way analysis by ranks was used. The rank sums obtained with the Kruskal-

Wallis test were then used for the Dunn test at the significance levels of 5% and 1% (Medstat; Astra

Group A/S, Copenhagen, Denmark). In groups with normal distribution and standard variance (F-

test), one-factor ANOVA and Fisher-test (Statview 512+ program) were used at significance levels

of 5%, 1% and 0.1%. P < 0.05 was regarded as statistically significant.
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RESULTS

1. Experimental OB in rat heterotopic tracheal allografts (I-V)

Histological features of nonimmunosuppressed syngeneic grafts and allografts are summarized in

Table 6. In syngeneic grafts, airway wall inflammation was mild. Mild epithelial injury was observed

at 3 days recovering thereafter, and the airway lumen remained completely open. In allografts,

airway wall inflammation was intense already at 3 days, peaked at 10 days, and subsided within 30

days. There was progressive loss of normal respiratory epithelium leading to complete loss of

epithelium within 30 days. In allografts, there was intense proliferation of α-smooth muscle actin

positive myofibroblasts leading to nearly complete occlusion of the airway lumen within 30 days

(Fig. 6).

The allograft epithelium strongly expressed MHC class II. Airway wall inflammatory cell

proliferation was intense and consisted mainly of CD4+ and CD8+ T cells, and ED1+ and ED3+

macrophages. Epithelial and subepithelial neutrophil infiltrates occured concomitantly with epithelial

injury. Many of the mononuclear inflammatory cells expressed IL-2R and MHC class II as a sign of

immune activation. Expression of macrophage derived cytokines, IL-1 and TNF-α, as well as Th1-

derived cytokines IFN-γ, and IL-2 was induced while expression of Th2-derived cytokines IL-4

and IL-10 was nonexistent.

Table 6. Histological features of tracheal grafts

Cell proliferation was detected by BrdU+ labeling and scored by counting the number of cells/ cross section.
Immunohistochemistry was scored from 0 to 3. Data is expressed as mean ± SEM. n=16-36 per group at each time
point. *P<0.05, **P<0.01, ***P<0.001 by Mann-Whitney U-test when allografts are compared to syngeneic grafts.

3 days 10 days 30 days
syngeneic graft allograft syngeneic graft allograft syngeneic graft allograft

Airway occlusion (%) 3±1 6±1 4±1 15±3 0 82±3***

Epithelium covering lumen (%)
  Respiratory 51±9 9±6** 95±2 2±1*** 97±1 0***
  Cuboidal 30±8 25±7 4±2 8±2 2±1 0
  Squamous 5±3 27±5** 1±1 25±4*** 1±1 0
  Loss/Necrosis 16±8 38±8* 0 64±6*** 0 100±0***

Airway wall cell proliferation 401±43 497±78 26±4 380±41*** 20±7 33±4
Myofibroproliferation 40±7 60±12 9±2 78±16*** 1±0 22±4***
Macrophages 0.3±0.1 1.8±0.2* 0.5±0.1 0.9±0.1 0.4±0.1 1.1±0.1**
CD4+ T cells 0.2±0.1 1.5±0.2** 0.5±0.2 1.6±0.2** 0 1.6±0.1**
CD8+ T cells 0.2±0.1 0.6±0.1* 0.3±0.1 1.4±0.1** 0.2±0.1 0.9±0.1**
IL-2 receptor 0.1±0.1 0.4±0.1* 0 1.1±0.1*** 0 0.6±0.1**
MHC class II 0.8±0.3 1.7±0.2 1.5±0.1 2.0±0.1* 0.8±0.1 1.9±0.1***
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2. Effect of immunosuppressive drugs on experimental OB (I, II, IV, V)

CsA doses 1, 2, and 5 mg/kg/d s.c were used. CsA had a dose-dependent inhibitory effect on the

loss of respiratory epithelium and the development of airway occlusion. CsA 1 mg/kg/d did not

affect airway occlusion, although it somewhat reduced the loss of respiratory epithelium, whereas

at doses of 2 and 5 mg/kg/d CsA completely prevented the development of OB (I, II). In addition,

CsA 24 hour trough levels showed an inverse correlation with airway occlusion (Fig. 7, unpublished

observation). DSG did not affect the loss of epithelium nor the development of airway occlusion.

MMF at 20 mg/kg/d did not affect the development of experimental OB and at 40 mg/kg/d it

resulted in the death of most animals within 10 days.

3. Effect of rat cytomegalovirus infection on experimental OB (II)

The effect of RCMV infection on experimental OB was investigated in tracheal allograft recipients

immunosuppressed with CsA 2 mg/kg/d. Chronic RCMV infection was established 8 weeks before

transplantation in the recipient (D
neg

/R
pos

), donor (D
pos

/R
neg

), or both (D
pos

/R
pos

), and acute recipient

infection immediately after transplantation. Infectious RCMV could be demonstrated in salivary

glands of all acutely and chronically infected recipients, but in none of the chronic donor infection

group, indicating that tracheal grafts from chronically infected donors did not carry enough infectious

virus, to cause RCMV infection in the recipient. RCMV antigens were observed in tracheal allografts

of all acutely infected recipients, in 4/5 D
neg

/R
pos

, and 4/5 D
pos

/R
pos

, but only in 2/5 D
pos

/R
neg

 recipients.

Acute RCMV infection significantly enhanced airway wall inflammatory cell proliferation,

myofibroproliferation, and significantly enhanced airway occlusion. Respiratory epithelial MHC

class II expression, the number of graft infiltrating CD4+ T cells and macrophages, as well as

Figure 6. Development of experimental OB in rat heterotopic tracheal allografts.
At 3 days, early myofibroproliferative lesion (MPL), not yet compromizing the airway lumen is observed. Airway
inflammatory infiltrates are mild. There is focal loss of epithelium (LE). Respiratory epithelium may still be present
but epithelial metaplasia with cuboidal (CE) and squamous epithelium (SE) is observed. At 10 days, intense
inflammatory cell infiltrates and myofibroproliferation are observed. Respiratory epithelium is lost or replaced by
cuboidal or squamous epithelium. At 30 days, there is complete loss of epithelium, the airway lumen is nearly
completely occluded by myofibroproliferative lesion, and inflammation has subsided.
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alloimmune activation of mononuclear inflammatory cells detected as IL-2R and MHC class II

expression were induced by acute RCMV infection. In addition, acute RCMV infection upregulated

epithelial PDGF-AA and PDGF-Rα expression.

Chronic recipient infection ( D
neg

/R
pos

, and D
pos

/R
pos

) significantly induced airway occlusion at 30

days, and was associated with increased epithelial MHC class II expression and increased the number

of graft infiltrating CD4+ T cells and macrophages. In chronic donor infection (D
pos

/R
neg

), no

infectious virus was detected at 30 days and no enhancement of the development of experimental

OB was observed.

4. Role of nitric oxide in experimental OB (III)

Inducible NOS expression and graft NO production were investigated in nontreated syngeneic

grafts and allografts. In addition, we tested the effects of aminoguanidine, an iNOS inhibitor, and L-

arginine, the substrate for iNOS, on experimental OB. In syngeneic grafts, epithelial iNOS expression

was mild at 3 days, but was upregulated as epithelium recovered. Mononuclear inflammatory cell,

smooth muscle cell, and capillary endothelial cell iNOS expression remained mild throughout the

30-day period. Allograft epithelial iNOS expression was significantly reduced but mononuclear

inflammatory cell iNOS expression was induced. Although total intragraft iNOS mRNA expression

was induced during the development of experimental OB, intragraft NO production was significantly

reduced.

Figure 7. Correlation of CsA trough levels with airway occlusion.
Airway occlusion at 30 days was reversely correlated on average 24 hour CsA trough level obtained by weekly
measurements. While low CsA levels (< 250 ng/ml) were not associated with inhibition of airway occlusion compared
to nonimmunosuppressed tracheal allografts (82±3 % occlusion at 30 days), at higher CsA levels (> 350 ng/ml)
airway occlusion was nearly abolished.
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Inhibition of iNOS with aminoguanidine treatment reduced smooth muscle cell iNOS protein

expression. iNOS mRNA expression or NO production were not affected. Aminoguanidine did not

affect loss of epithelium, but upregulated airway wall inflammatory cell proliferation at 10 and 30

days. Aminoguanidine treatment did not affect the number or subsets of graft infiltrating inflammatory

cells, nor their cytokine profiles. Inhibition of iNOS with aminoguanidine enhanced

myofibroproliferation at 10 days, and accelerated airway occlusion at 3 and 10 days.

Suplementation of NO production with L-arginine treatment induced epithelial iNOS protein and

mRNA expression and increased intragraft NO production. L-arginine treatment inhibited loss of

epithelium but did not affect airway wall inflammatory cell proliferation, airway wall inflammatory

cell subsets, or IL-2 or IL-2R expression. However, L-arginine upregulated IL-4 and IL-10 expression,

indicating a switch from Th1 toward Th2 type immune response. Induction of NO production with

L-arginine treatment reduced myofibroproliferation at all time points, and significantly reduced

airway occlusion at 30 days.

5. Role of complement in experimental OB (V)

The expression of complement components C3 and C5b-9 (the membrane attack complex) as well

as immunoglobulins IgM and IgG during the development of OB was investigated in nontransplanted

normal tracheas, syngeneic grafts, and allografts. The role of complement in experimental OB was

investigated using human recombinant soluble complement receptor type 1 (sCR1), a inhibitor of

both classical and alternative complement activation pathways. CsA 1 mg/kg/d was used as

background immunosuppression to reduce the alloimmune induced graft injury. Allograft C3 and

C5b-9 expression was induced at 3 days and C5b-9 remained upregulated at 10 days. Increased

IgM and IgG immunoreactivity was observed at 10 and 30 days. Suboptimal dose of CsA alone did

not affect complement or immunoglobulin deposition. Treatment with sCR1, a inhibitor of C3 and

C5 convertases that effectively blocks complement activation, did not affect C3 expression, but

significantly inhibited the expression of C5b-9 at 3 days compared to CsA treated controls.

Inhibition of complement activation with sCR1 treatment inhibited myofibroproliferation and graft

occlusion. sCR1 significantly inhibited epithelial necrosis and airway wall inflammatory cell

proliferation, but did not affect the constitution of airway wall inflammatory cell subsets or

alloimmune activation. In contrast, sCR1 treatment was associated with significant inhibition of

IL-8 and ICAM-1 expression, and subepithelial infiltration of neutrophils. In addition, sCR1 treatment

significantly reduced TNF-α and IL-2 expression and upregulated IL-10 expression, while PDGF-

AA expression was inhibited.
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6. Role of platelet-derived growth factor in experimental OB (IV)

The expression of PDGF ligands and receptors was investigated in nonimmunosuppressed syngeneic

grafts and allografts. In addition, CGP 53716, a PDGF receptor protein-tyrosine kinase inhibitor,

alone and in combination with suboptimal dose of CsA 1 mg/kg/d was used to investigate the role

of PDGF in the development of experimental OB. In syngeneic grafts, mild PDGF-AA and mild to

moderate PDGF-BB protein expression was observed at 3 days. The PDGF-Rα and -Rβ expression

was nonexistent to mild. In allografts, PDGF-AA and -Rα were significantly induced, and were

localized to myofibroblasts, airway wall smooth muscle cells, endothelial cells, and mononuclear

inflammatory cells. In contrast, PDGF-BB and -Rβ protein expression was not induced in allografts.

On the mRNA level, allograft PDGF-B, PDGF-Rα and PDGF-Rβ expression was significantly

induced at 3 days after transplantation.

Inhibition of PDGF receptor with CGP 53716 alone significantly reduced myofibroproliferation

leading to 50% reduction in graft occlusion at 30 days. Addition of CsA to CGP 53716 did not have

any synergistic effect on myofibroproliferation or airway occlusion. CGP 53716 did not affect

airway wall inflammatory cell proliferation, inflammatory cell subsets, or immune activation

determined by the IL-2R and MHC class II expression.
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DISCUSSION

Obliterative bronchiolitis causes significant morbidity and mortality among lung transplant recipients,

and is considered to be a pulmonary manifestation of chronic rejection. Although clinical and

experimental studies have provided significant insights into risk factors and pathophysiology of

OB, the underlying pathogenetic mechanisms are largely unknown. The understanding of the

pathogenesis of OB has been delayed by lack of a simple experimental model. Since heterotopic

mouse tracheal transplantation was introduced as a model for OB (Hertz et al. 1993), this model

and its modifications in the rat have been employed by several investigators (Levrey and Hertz

1998).

1. Rat heterotopic tracheal transplantation as a model for OB

Rat heterotopic tracheal allografts developed similar changes as seen in human OB (Yousem et al.

1996). These changes were not observed in syngeneic grafts, indicating that they were not due to

ischemia or interruption of blood vessels and lymphatics. Tracheal epithelium strongly expressed

MHC class II enabeling direct antigen presentation, also observed in human lung allografts

developing OB (Taylor et al. 1989, Yousem et al. 1990c). Submucosal and peritracheal inflammation

resembled that seen in LBB and acute cellular rejection (Yousem 1993), with submucosal

inflammatory cell infiltrates, leading to focal epithelial necrosis and neutrophil infiltration. There

was progressive loss of normal respiratory epithelium, first replaced by cuboidal and squamous

epithelium, leading to complete loss of epithelium. Similar sequence of events has been observed

also by others using the heterotopic tracheal transplantation model (Hertz et al. 1993, Boehler et al.

1997). The inflammatory cell subsets in tracheal allografts were similar to those in human lung

allografts consisting first of CD4+ T cells and later, in increasing numbers, of CD8+ T cells and

macrophages, which have been suggested to be required for the development of OB (Kelly et al.

1998). Epithelial injury and airway inflammation lead to ingrowth of granulation tissue consisting

of mononuclear inflammatory cells and intense proliferation of α-smooth muscle cell actin positive

myofibroblast-like cells leading to gradual occlusion of the airway lumen. Airway inflammation

and epithelial injury have been suggested to initiate the development of OB in human lung allografts

(Paradis et al. 1993, Levrey and Hertz 1998) and prevention of epithelial injury has been shown to

ameloriate OB in experimental models (Tazelaar et al. 1988, Ikonen et al. 1999).

Heteropic tracheal transplants may be considered as a model for human OB which has its benefits,

but also limitations. Tracheal transplantation is technically simple and reproducible. In addition, no

baseline immunosuppression is required, making it possible to investigate different drugs without

drug interactions. On the other hand, the anatomy of trachea and bronchioli differ considerably, and

pathological changes of OB seen in bronchioli are not observed in large airways in man. There is no

airflow which may affect epithelial function and pathology. The blood supply comes from systemic

circulation, in contrast to lung allografts which receive their blood mainly from pulmonary circulation.
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Further, the tracheal allograft is not a vascularized organ, but is revascularized as the capillary

network infiltrates the graft, making it difficult to investigate the very early events associated with

ischemia and reperfusion, and possibly affecting the infiltration of inflammatory cells. The

immunogenecity of tracheal allografts may be lower than in orthotopic lung transplants as tracheal

allografts contain less lymphoid tissue. On the other hand, tracheal allografts develop obliterative

changes in accelerated fashion.

2. Sufficient immunosuppression prevents the development of OB

In our studies, CsA inhibited the development of experimental OB a in dose-dependent fashion,

and inhibition of OB correlated with CsA trough levels. Similar results have been obtained by

others using mouse and rat tracheal allografts (Morris et al. 1995, King et al. 1997, Yonan et al.

1998). Also other immunosuppressive drugs which block the proximal events leading to acute

rejection, i.e., IL-2R activation and cytokine transcription, such as tacrolimus, leflunomide, and

rapamycin, have been effective in the inhibition of experimental OB (Morris et al. 1995, Fahrni et

al. 1997, Yonan et al. 1998), demonstrating that inhibition of alloimmune-induced graft injury

prevents the development of experimental OB. Although MMF and DSG have been shown to

inhibit allograft arteriosclerosis in the rat aortic allograft model of chronic rejection (Räisänen-

Sokolowski et al. 1994, 1995), they did not, at the dosages used, inhibit the development of OB in

our study. Similar results in experimental OB have been obtained by others (Morris et al. 1995,

Yonan et al. 1998). Lack of effect of MMF and DSG indicates that in order to efficiently inhibit

alloimmune injury directed to airway epithelium this cascade must be inhibited at the level of T cell

activation.

Clinical studies demonstrate that rejection, especially multiple acute rejection episodes, late acute

rejection episodes and LBB are the most important risk factors for OB and BOS (Yousem et al.

1991, Kroshus et al. 1997, Husain et al. 1999). In addition, low level immunosuppression has been

associated with the development of BOS (Husain et al. 1999). Improved immunosuppression with

new immunosuppressive drugs has delayed the onset of BOS and augmentation of

immunosuppression stops or delays the progression of BOS (Glanville et al. 1987, Kesten et al.

1997, Speich et al. 1997). Taken together, both clinical and experimental studies demonstrate the

important role of alloimmune-induced graft injury in the pathogenesis of OB, and that sufficient

immunosuppression may prevent or delay the development of OB.

3. Cytomegalovirus infection enhances the development of OB

CMV infection has been  identified as a risk factor for OB in man (Keenan et al. 1991, Duncan et al.

1992, Bando et al. 1995, Kroshus et al. 1997, Heng et al. 1998). In the present study, both chronic

and acute recipient RCMV infection significantly enhanced the development of experimental OB.

The enhancing effect of RCMV infection has been demonstrated also in aortic, heart, and kidney
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allograft models of chronic rejection (Lemström et al. 1993, 1995, Yilmaz et al. 1996) and of OB

(Reichenspurner et al. 1998). Ganciclovir as well as RCMV hyperimmune serum prophylaxis

effectively prevents RCMV infection-enhanced allograft arteriosclerosis and experimental OB

(Lemström et al. 1994b, Tikkanen et al. 1999).

CMV may enhance OB by several mechanisms. CMV pneumonitis may contribute to epithelial

injury and thereby enhance the development of OB. However, CMV seropositivity, without clinical

infection, has also been associated with enhanced OB (Keenan et al. 1991). It is likely that CMV

infection modulates the alloimmune response to facilitate chronic rejection and OB. In vitro  studies

have demonstrated that CMV infection directly induces MHC class I expression (van Dorp et al.

1989, Ibrahim et al. 1993). CMV encodes a protein with sequence homology and cross-reactivity

with MHC class II, and MHC class II expression may be indirectly induced by CMV activated

CD4+ T cells (Fujinami et al. 1988, Waldman et al. 1993). CMV infection induces endothelial and

epithelial ICAM-1 expression both in vitro and in vivo (van Dorp et al. 1993, Sedmak et al. 1994,

Steinhoff et al. 1995) and causes endothelialitis in the allograft vascular wall (Koskinen et al.

1994). In addition, CMV infection upregulates IL-2 and IL-2R gene expression, inhibits the effect

CsA on IL-2 gene expression (Geist et al. 1991, 1992), and induces TNF-α (Smith et al. 1992) as

well as IFN-γ (Yamaguchi et al. 1988) expression by monocytes and macrophages. Similarly in our

study, RCMV infection upregulated epithelial MHC class II and P-selectin expression. These events

may enhance acute rejection, and thus facilitate OB development. On the other hand, cytokines,

especially TNF-α, produced during acute rejection and released during antibody treatments, may

activate latent CMV infection (Fietze et al. 1994), promoting alloreactivity that leads to a vicious

circle. CMV may directly induce mesenchymal cell proliferation leading to manifestations of chronic

rejection by inducing transcription of different growth factors and inactivating growth suppressors

(Sissons et al. 1986, Hajjar 1991, Speir et al. 1994).

The effect of CMV on the development of OB may be summarized to be bidirectonal and biphasic.

Bidirectional because CMV infection augments alloimmune responses to the graft leading to OB,

and, on the other hand, alloimmune activation may activate latent CMV infection. Biphasic because

CMV infection affects alloimmune responses in both acute and chronic rejection (Koskinen et al.

1999).

4. Protective role of nitric oxide in the pathogenesis of OB

Nitric oxide may have different roles in various stages of transplantation in regard to its

pathophysiological effects and therapeutic implications. During reperfusion NO functions as a

scavenger of free radicals (Rosen et al. 1995), and NO supplementation improves graft preservation

(Pinsky et al. 1994, Fujino et al. 1997, Du et al. 1998). In addition, inhaled NO has been effective

in treatment of early graft dysfunction after lung transplantation (Date et al. 1996).
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During acute rejection, macrophage- and T cell-derived cytokines, such as TNF-α, IL-1, IL-2, and

IFN-γ may induce iNOS expression in macrophages producing large quantities of NO. Macrophage-

derived NO and superoxide anion (O
2
-) may form peroxynitrite anion (ONOO-), a free radical,

which may induce tissue damage (Dusting and Macdonald 1995, Rosen et al. 1995). Myocyte

death by apoptosis in acute cardiac allograft rejection has been associated with induction of iNOS

expression and NO production (Szabolcs et al. 1998) and inhibition of NO improves rat cardiac

allograft survival by downregulating apoptosis (Yang et al. 1998). Inhibition of iNOS with

aminoguanidine ameliorates acute lung allograft rejection in the rat (Shiraisi et al. 1995, Worrall et

al. 1997). Functional studies using iNOS knockout mice heart transplantation model show that

reduced NO production inhibits inflammation and cell injury during acute rejection (Koglin et al.

1998) suggesting a damaging role for NO in acute rejection.

In chronic rejection, iNOS is upregulated in rat (Russel et al. 1995) and human (Ravalli et al. 1998)

cardiac allografts, as well as in rat aortic allografts (Akyürek et al. 1996). In human lung allografts,

induction of iNOS and peroxynitrite are associated with epithelial damage and the development of

OB (Mason et al. 1998). Similarly in this study, iNOS expression was induced, but NO production

was reduced by the loss of continiously expressed epithelial iNOS as epithelium was damaged

during the development of experimental OB. Our results demonstrate that inhibition of iNOS

accelerates and supplementation of iNOS inhibits the development of OB. In rat aortic allografts,

inhibition of NO production accelerated allograft arteriosclerosis, whereas transduction of iNOS

expression with an adenoviral vector suppressed the development of allograft arteriosclerosis (Shears

II et al. 1997). In iNOS knockout mice heart transplantation model, lack of iNOS enhanced the

development of chronic rejection (Koglin et al. 1998). In addition, supplementation of the iNOS

pathway with L-arginine prevented allograft arteriosclerosis in rabbit heart allografts (Lou et al.

1996).

NO may modulate immune responses and graft homeostasis in several ways that may have beneficial

effects in downregulating OB. It inhibits leukocyte adhesion (Kubes et al. 1991) and platelet

aggregation (Radomski et al. 1990). NO inhibits the proliferation of Th1 cells, but not of Th2 cells

(Taylor-Robinson et al. 1994). We observed a switch from Th1 towards Th2 type response with the

inhibition of IL-2 expression and induction of IL-10 expression. Th2 type responses have been

associated with enhanced graft survival and inhibition of experimental OB (Sayegh et al. 1995,

Räisänen-Sokolowski et al. 1997, Mulligan et al. 1999). L-arginine treatment inhibited

myofibroproliferation, which may be mediated by NO directly by increasing intracellular cyclic-

GMP levels (Garg and Hassid 1989, Kariya et al. 1989), and indirectly by inhibiting the growth

factor release (Barrett et al. 1989, Kourembanas et al. 1993). Further, NO induces apoptosis of

smooth muscle cells, which may reduce proliferative responses in chronic rejection (Iwashina et al.

1998). In conclusion, NO may have different roles in acute and chronic rejection. While NO behaves

as a cytotoxic effector molecule contributing to graft injury during acute rejection, it seems to be

protective in chronic rejection and OB.
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5. Inhibition of complement activation downregulates epithelial injury leading to OB

Our investigations demonstrate that complement activation takes place during the development of

experimental OB, and that inhibition of complement activation with sCR1 reduces epithelial injury

and myofibroproliferation, leading to ameloriation of OB. In the transplant, complement activation

may occur by both classical and alternative pathways (Baldwin III et al. 1995). Complement mediates

much of the tissue damage occuring in ischemia-reperfusion injury (Kilgore et al. 1994, Ward

1996). In addition to early complement-induced graft injury leading to enhancement of reparative

processes and myofibroproliferation, complement components may facilitate chronic rejection and

OB by several other mechanisms. Complement may enhance antigen presentation and T cell

proliferation promoting cell-mediated rejection (Morgan et al. 1983, Erdei et al. 1984, Arvieux et

al. 1988). Complement may mediate leukocyte chemotaxis by upregulating the expression of

endothelial adhesion molecules (Foreman et al. 1994, Kilgore et al. 1995) and the production of

chemoattractants monocyte chemoattractant protein, macrophage inflammatory protein-1α and IL-

8 by monocytes and macrophages (Ember et al. 1994, Shanley et al. 1995). In addition, complement

may induce release of IL-1 and TNF-α from monocytes and macrophages (Barton and Warren

1993, Kaspar and Gehrke 1994), and induce the release of bFGF and PDGF from endothelial cells

(Benzaquen et al. 1994). All these factors have been implemented to contribute to alloimmune-

induced graft injury ultimately leading to OB.

Complement receptor type 1 (CR1) is an endogenous regulatory protein of complement, which

inhibits C3 and C5 convertases, thus inhibiting activation of both classical and alternative pathways

(Morgan 1995). Recombinant human soluble CR1 (sCR1) has the same capacity to inhibit

complement activation as CR1 (Weisman et al. 1990). sCR1 effectively protects against complement-

mediated tissue damage in ischemia/reperfusion injury as well as in immune complex, thermally

and cobra venom factor-induced injury models (Weisman et al. 1990, Mulligan et al. 1992). In

addition, sCR1 effectively inhibits hyperacute rejection in xenograft models (Pruitt et al. 1991) and

in allografts (Pruitt and Bollinger 1991), as well as vascular injury and inflammation in acute

rejection of rat renal allografts (Pratt et al. 1996).

Although complement is an important mediator of acute lung injury (Ward 1996), little data exists

on its role in acute lung allograft rejection or OB. In the present study, sCR1-treatment reduced

epithelial injury, inflammatory cell proliferation, and graft occlusion, that are the hallmarks of OB.

sCR1 inhibited ICAM-1 and IL-8 expression and neutrophil infiltration, previously associated with

the development of OB (DiGiovine et al. 1996). In addition, sCR1 upregulated IL-10 expression,

which has recently been shown to prevent experimental OB (Mulligan et al. 1999).
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6. Regulatory role of platelet-derived growth factor in the pathogenesis of OB

PDGF-AA and -Rα were identified as key regulatory molecules in the pathogenesis of experimental

OB. Upregulation of PDGF-AA, PDGF-Rα, and PDGF-Rβ protein expression was demonstrated

during the early phases of the development of OB, while PDGF-BB expression was downregulated

in allografts compared to syngeneic grafts. Inhibition of PDGF receptors with CGP 53716, a protein-

tyrosine kinase inhibitor highly selective for PDGF receptors (Buchdunger et al. 1995), markedly

inhibited the development of experimental OB.

In human lung allografts with OB, increased concentrations of PDGF in BAL fluid, upregulation of

PDGF-AB protein expression in epithelial cells and mononuclear cells, and PDGF-B mRNA

expression in macrophages have been observed (Hertz et al. 1992). Locally applied PDGF induces

OB-like changes in heterotopic tracheal syngeneic grafts (Al-Dossari et al. 1995). In experimental

models of lung fibrosis and inflammation over expression of the PDGF-B gene increases

fibroproliferation and collagen deposition (Yoshida et al. 1995) and exogenous PDGF-BB induces

mesenchymal cell and epithelial cell proliferation (Yi et al. 1996). In vitro, PDGF-BB and -AB are

more potent chemoattractants and mitogens for non-stimulated lung fibroblasts than PDGF-AA

(Bonner et al. 1991, Osornio-Vargas et al. 1995). However, when fibroblasts are stimulated with

cytokines such as IL-1β and TNF-α they express more PDGF-AA and PDGF-Rα (Battegay et al.

1995, Lindroos et al. 1995). Expression of PDGF-Rα, where PDGF-AA can bind, appears to be a

prerequisite for maximal chemotaxis and proliferation of lung fibroblasts (Osornio-Vargas et al.

1996). In this study, upregulation of PDGF-AA and -Rα occured concomitantly with the peak of

inflammation and myofibroproliferation. A specific role for cytokine activated expression of long

chain PDGF-AA, which is required for full activation of PDGF-Rα protein-tyrosine kinase, has

been suggested in the pathogenesis of chronic heart allograft rejection in man (Zhao et al. 1994,

1995). These findings suggest that although PDGF-BB may have a significant role in normal

physiology and in the pathogenesis of several fibroproliferative disorders, PDGF-AA and PDGF-

Rα may be more important in mediating myofibroproliferation in chronic rejection and OB.

CGP 53716 effectively inhibited neointimal formation in the carotid denudation model of

atherosclerosis (Myllärniemi et al. 1997) and chronic rejection in rat heart allografts (Sihvola et al.

1999). In the present study, CGP 53716 inhibited myofibroproliferation and airway occlusion. CGP

53716 had no effect on airway wall inflammation indicating that it is not immunosuppressive, but

rather that its effects are mediated by inhibition of myofibroproliferation. However, the inhibition

of OB by CGP 53716 was not complete, indicating that also other growth factors in addition to

PDGF, may operate in this disease process. These findings implicate that inhibition of PDGF receptor

tyrosine kinase activity may prove effective in the prevention of OB also in man.
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Figure 8. Mechanisms of graft injury leading to myofibroproliferation and OB, and potential sites for intervention
investigated in this thesis.
Initial ischemia-reperfusion injury is mediated by free radicals and complement activation. Ischemia and reperfusion
may upregulate alloantigen and adhesion molecule expression enhancing acute cellular rejection. Acute rejection
leads to graft injury by activated CTL, macrophages, neutrophils, and other leukocytes. Macrophages contribute to
graft injury by several mechanisms, including peroxynitrate (OONO-) formation. B cells produce antibodies that may
activate the classical complement pathway and induce graft injury. If acute rejection is overcome, alloimmune activation
may be sustained in the form of delayed-type hypersensitivity, with activated CD4+ T cells and macrophages producing
cytokines and growth factors promoting graft injury, fibrosis and mesenchymal cell proliferation. Mesenchymal cell
proliferation may be induced directly by growth factors released by macrophages, or macrophages may induce growth
factor production by endothelial cells, epithelial cells, smooth muscle cells, and fibroblasts leading to autocrine
stimulation and switches to proliferative phenotype. CMV infection may directly cause graft injury. CMV infection may
induce acute rejection, and acute rejection may activate latent CMV infection. In addition to indirectly induced alloimmune
responses, CMV infection may directly induce mesenchymal cell proliferation. NO has different roles at various phases
of the development of OB. While exogenous NO is protective against ischemia-reperfusion injury, macrophage-derived
NO induces graft injury. NO may regulate alloimmune responses towards Th2-type and inhibit mesenchymal cell
proliferation directly or indirectly by reducing growth factor release. Reparative mechanisms induced by graft injury
may initiate and sustain mesenchymal cell proliferation. However, mesenchymal cell proliferation may become
autonomous at some point. Phenotypic changes and autocrine stimulation by growth factors, especially PDGF, lead to
uncontrolled myofibroproliferation and manifestation of OB. This study demonstrates several sites for intervention,
which may be used to prevent the development of experimental OB. Inhibition of acute rejection with sufficient doses of
CsA abolished experimental OB. Stimulation of NO production with L-arginine (L-arg) reduced, and inhibition of iNOS
with aminoguanidine (AG) accelerated, the development of OB. Inhibition of complement activation with sCR1
ameloriated graft injury and reduced obliterative changes. CMV infection enhanced the development of OB and
prophylaxis against CMV may prove effective against CMV infection-enhanced OB. Finally, inhibition of PDGF receptors
with CGP53716 downregulated myofibroproliferation and graft occlusion suggesting a regulatory role for PDGF in
the pathogenesis of OB.

7. Conclusion: epithelial injury and airway wall inflammation induce myofibroproliferation

leading to OB

This study supports the hypothesis that epithelial injury and airway wall inflammatory responses

activate reparative processes leading to OB. Figure 8 summarizes the potential events leading to

epithelial damage and OB, as well as sites for therapeutic intervention investigated in this study.

Graft injury is initiated already at donor brain death, and enhanced by ischemia and reperfusion,

where neutrophils, free radicals, and complement mediate the tissue damage. In nonsensitized

allotransplantation, next noxious effects are induced by acute rejection and mediated by CTL, T

helper cells and macrophages, augmented by antibody-mediated responses and NK cells. CMV

infection may contribute to the development of OB by inducing epithelial injury and promoting

acute rejection, and directly by promoting mesenchymal cell proliferation. As acute rejection subsides,

alloimmune activation may be maintained in the form of delayed-type hypersensitivity with activated

T cells and macrophages. Macrophages release cytokines and growth factors which induce

myofibroproliferation. Graft injury and alloimmune activation may induce growth factor release in

several cell types in the graft. Growth factors released by epithelial cells, endothelial cells, smooth

muscle cells, and fibroblasts may act in autocrine and paracrine fashion and induce phenotypic

changes in fibroblasts favoring proliferation. Growth factors, especially PDGF, enhance migration

and proliferation of myofibroblasts leading to gradual occlusion of the airway lumen.
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SUMMARY

Obliterative bronchiolitis as a manifestation of chronic lung allograft rejection is the leading cause

of graft failure after lung transplantation causing approximately 30% of deaths after the first post-

transplantation year. OB is characterized by peribronchial and subepithelial inflammation, epithelial

damage, and proliferation of mesenchymal cell leading to obliteration of bronchioli. OB has been

suggested to result from reparative responses induced by alloimmune injury directed to the graft,

especially to bronchiolar epithelium. However, the pathogenetic mechanisms causing OB remain

largely unknown. The purpose of this study was to investigate pathogenesis, risk factors, and

prevention of obliterative bronchiolitis using rat heterotopic tracheal transplantation model.

The first objective of this study was to investigate the pathological changes developing in tracheal

allograft, and to define the effects of different immunosuppressive drugs on the development of

experimental OB (I). Tracheal allografts transplanted to heterotopic position in recipient omentum

developed similar changes as seen in human OB. Allograft inflammation resembeled that of human

lung allograft LBB and acute cellular rejection. Epithelial injury was followed by proliferation of

α-smooth muscle cell actin positive myofibroblast-like cells leading to gradual occlusion of airway

lumen within 30 days. These changes were not observed in syngeneic grafts, demonstrating that

they were caused by alloimmune activation. Immunosuppression with sufficient doses of CsA

completely abolished airway occlusion, while other immunosuppressive drugs investigated, MMF

and DSG, were ineffective in inhibition of experimental OB. Results showing that experimental

OB develops in allograft but not in syngeneic grafts, and that experimental obliterative bronchiolitis

may be inhibited with sufficient immunosuppression, suggest that alloimmune mediated responses

are the key factors in the pathogenesis of OB.

Acute and chronic recipient RCMV infection induced airway wall inflammatory cell proliferation,

myofibroprolifeartion, and graft occlusion, suggesting that both active and latent CMV infection

may be risk factors for OB (II). Acute and chronic recipient RCMV infection induced epithelial

MHC class II expression and inflammatory cell infiltration, suggesting that RCMV infection

indirectly enhanced grafts alloreactivity. In addition, acute RCMV upregulated epithelial PDGF-

AA and PDGF-Rα expression, indicating that CMV infection may directly influence proliferative

responses in the graft.

Epithelial iNOS expression was reduced but cytokine-induced macrophageal iNOS expression was

upregulated during the development of experimental OB (III). As a result, the total intragraft NO

production was reduced in experimental OB. Inhibition of iNOS with aminoguanidine enhanced

and supplementation of iNOS with L-arginine inhibited experimental OB, indicating a protective

role for NO in the pathogenesis of OB. Induction of NO production was associated with upregulation

in expression of regulatory cytokines IL-4 and especially IL-10, indicating a switch from Th1-type
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responses towards Th2-type responses and enhanced graft survival. Induction of NO production

was also associated with inhibition of myofibroproliferation, indicating that NO may regulate

proliferative responses of mesenchymal cells either directly, or by inducing apoptosis and

downregulating growth factor expression.

Complement deposition was observed in tracheal allografts, indicating that complement activation,

either through classical or alternative pathway, may have a role in the pathogenesis of OB (V).

Inhibition of complement with sCR1 significantly reduced experimental OB. Inhibition of

complement ameloriated epithelial necrosis, and reduced epithelial neutrophil infiltrates, possibly

through downregulating IL-8 and ICAM-1 expression. sCR1 treatment downregulated TNF-α and

IL-2 expression, and upregulated IL-10 expression. In addition, PDGF-AA expression was reduced.

These findings indicate that complement may facilitate the development of OB directly by causing

epithelial injury, or indirectly by enhancing cell-mediated graft injury and mesenchymal cell

proliferation.

Upregulation of PDGF-AA, PDGF-Rα, and PDGF-Rβ expression was demonstrated at the peak of

myofibroproliferative response during the development of OB (IV). In addition, CGP 53716, a

protein-tyrosine kinase inhibitor highly selective for PDGF receptors, markedly inhibited the

development of experimental OB. CGP 53716 significantly reduced myofibroproliferation and graft

occlusion, without any effect on inflammatory cell infiltration, level of alloimmune activation, or

epithelial injury. These finding suggest a regulatory role for PDGF in the pathogenesis of OB.



46

YHTEENVETO

Kokeellinen työ keuhkonsiirron kroonisen hyljinnän eli obliteroivan bronkioliitin

kehittymisestä rotan henkitorvensiirtomallissa.

Sydän-keuhkosiirrosta, yhden keuhkon siirrosta sekä molemminpuoleisesta keuhkosiirrosta on

kehittynyt parantava hoitomuoto loppuvaiheen keuhkosairautta sairastaville potilaille. Näitä siirtoja

on maailmalla suoritettu yhteensä yli 10 000 ja nykyisin 60-70 % potilaista on elossa vuoden kuluttua

siirrosta. Vaikka keuhkonsiirtojen lyhytaikaisennuste on merkittävästi parantunut, siirrännäisistä

puolet menetetään 2,6-4,5 vuoden kuluessa siirrosta. Keuhkonsiirrännäisen krooninen hyljintä eli

obliteroiva bronkioliitti aiheuttaa noin 30 % keuhkonsiirtopotilaiden kuolemista ensimmäisen vuoden

jälkeen siirrosta ja on siten tärkein yksittäinen syy keuhkonsiirrännäisen myöhäiselle menettämiselle.

Obliteroivassa bronkioliitissa tulehdusreaktio, ilmatiehyiden pintakerroksen eli epiteelin

vaurioituminen ja sidekudossolujen jakaantuminen aiheuttavat pienten ja keskisuurten ilmatiehyiden

tukkeutumisen, mikä johtaa hengityksen vajaatoimintaan ja lopulta kuolemaan. Tämän tutkimuksen

tarkoituksena oli selvittää obliteroivan bronkioliitin kehittymisen riskitekijöitä, solu- ja

molekyylitason mekanismeja, sekä taudin ennaltaehkäisyä rotan henkitorvensiirtomallissa.

Tutkimus osoittaa, että rotan henkitorveen eli trakeaan kehittyy ihmisen obliteroivaa bronkioliittia

vastaavat muutokset, kun se siirretään eriperimäisen (allogeenisen) rotan vatsapaitaan. Henkitorven

siirrännäisessä tulehdusreaktio, epiteelin vaurio ja sidekudossolujen jakaantuminen johtavat

siirrännäisen tukkeutumiseen samaan tapaan kuin ihmisen obliteroivassa bronkioliitissa. Näitä

muutoksia ei nähdä, jos siirto tehdään samanperimäisten (syngeenisten) rottien välillä, mikä osoittaa

muutosten johtuvan hyljintäreaktiosta. Kun rottia lääkittiin suurilla annoksilla siklosporiini A:ta, se

ehkäisi obliteroivan bronkioliitin synnyn. Nämä tulokset osoittavat, että obliteroiva bronkioliitti on

alloimmuunivasteesta eli hyljinnästä johtuva sairaus, jonka syntyä voidaan ehkäistä estämällä

hyljintäreaktio.

Sytomegalovirusinfektion on osoitettu olevan merkittävä riskitekijä ihmisen obliteroivalle

bronkioliitille. Rotan sytomegalovirusinfektio voimisti sekä tulehdureaktiota että sidekudossolujen

jakaantumista ja siten nopeutti obliteroivan bronkioliitin kehittymistä. Se lisäsi myös epiteelin MHC

luokka II:n ja P-selektiinin esiintymistä solujen pinnalla sekä verihiutaleperäisen kasvutekijän

(PDGF) ja sen reseptorin esiintymistä siirrännäisessä. Nämä tulokset osoittavat, että

sytomegalovirusinfektio nopeuttaa obliteroivan bronkioliitin syntyä useilla mekanismeilla:

aiheuttamalla suoraan epiteelin vauriota, lisäämällä siirrännäiseen kohdistuvaa hyljintäreaktiota ja

lisäämällä kasvutekijöiden tuotantoa mikä nopeuttaa sidekudossolujen jakaantumista.

Typpioksidi on monia elimistön normaaleja ja patologisia reaktioita säätelevä molekyyli, jolla on

merkitystä useissa siirteeseen kohdistuvissa reaktioissa. Typpioksidia tuottava entsyymi, indusoitava

typpioksidi syntetaasi (iNOS) väheni obliteroivassa bronkioliitissa, mikä johti typpioksidin kokonais
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tuotannon vähenemiseen. iNOS entsyymin toiminnan estäminen johti typpioksidin tuotannon

vähenemiseen ja obliteroivan bronkioliitin kehittymisen nopeutumiseen. Vastaavasti typpioksidin

tuotannon lisääminen esti obliteroivan bronkioliitin syntyä merkittävästi. Typpioksidin tuotannon

lisääminen johti säätelevien sytokiinien interleukiini (IL) -4:n ja erityisesti IL-10:n esiintymisen

lisääntymiseen, millä uskotaan olevan hyljinnältä suojaava vaikutus. Lisäksi typpioksidin tuotannon

lisääminen vähensi sidekudossolujen jakaantumista, mikä johti obliteroivan bronkioliitin

vähenemiseen. Tämän tutkimuksen valossa näyttäisi siltä, että typpioksidilla on suojaava vaikutus

obliteroivassa bronkioliitissa.

Komplementin aktivoituminen johtaa eri lajien välisten siirteiden (xenograftien) ja aiemmin

immunisoitujen saman lajin välillä tehtyjen siirrännäisten nopeaan tuhoutumiseen, hyperakuuttiin

hyljintään. Vaikka komplementin on osoitettu aktivoituvan myös normaalissa elinsiirrossa, ei sen

merkityksestä  obliteroivassa bronkioliitissa ole tietoa. Tässä tutkimuksessa komplementti aktivoitui

allogeenisessa, mutta ei syngeenisessä  trakeansiirrossa. Komplementin aktivaation esto liukoisella

komplementin reseptori tyyppi 1:llä (sCR1) vähensi sidekudossolujen jakaantumista ja obliteroivan

bronkioliitin syntyä. sCR1 vähensi epiteelin vauriota ja neutrofiilista epiteelin tulehdusreaktiota,

mikä liittyi IL-8:n ja ICAM-1:n ekspression vähenemiseen. sCR1 vähensi IL-2:n ja TNF-α:n ja

lisäsi IL-10:n esiintymistä. Lisäksi sCR1 vähensi PDGF-AA:n esiintymistä. Tulokset viittaavat

siihen, että komplementin aktivaation esto saattaa ehkäistä obliteroivan bronkioliitin kehittymistä.

Verihiutaleperäinen kasvutekijä (PDGF) on tärkeimpiä sileälihassolujen ja sidekudossolujen

jakaantumista lisääviä kasvutekijöitä, ja sen tuotannon on todettu lisääntyvän kroonisessa hyljinnässä.

Totesimme PDGF-AA:n, ja PDGF reseptoreiden tyyppi α:n ja β:n esiintymisen lisääntyvän

obliteroivan bronkioliitin kehittyessä. PDGF:n estäminen käyttämällä PDGF:n reseptorin

solunsisäisen viestinvälityksen estäjää, CGP 53716:ta vähensi merkittävästi sidekudossolujen

jakaantumista ja obliteroivaa bronkioliittia. Nämä tulokset osoittavat PDGF:n olevan merkittävä

obliteroivan bronkioliitin syntyä säätelevä kasvutekijä ja, että obliteroivan bronkioliitin synty voidaan

ehkäistä myös estämällä kasvutekijöitä, jotka säätelevät sidekudossolujen jakaantumista.

Tämä tutkimus osoittaa, että obliteroiva bronkioliitti on hyljinnästä aiheutuvasta ilmateiden vauriosta

johtuva sairaus, jonka kehittymistä monet solu- ja molekyylitason mekanismit säätelevät. Hyljinnän

lisäksi merkittävin obliteroivalle bronkioliitille altistava riskitekijä on sytomegalovirusinfektio.

Hyljinnän ja sytomegalovirusinfektion lisäksi myös komplementin aktivaation aiheuttamaa

ilmateiden vauriota seuraa kontrolloimaton korjausprosessi, joka johtaa ilmateiden arpeutumiseen

ja tukkeutumiseen. Tätä arpeutumista säätelevät muunmuassa typpioksidi ja kasvutekijät, erityisesti

PDGF. Tämä tutkimus osoittaa, että vaikuttamalla näihin obliteroivan bronkioliitin syntyyn johtaviin

tekijöihin, voidaan sen kehittyminen estää rotan trakeansiirto mallissa.
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