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Introduction

Lung transplantation is effective for patients with end-

stage lung disease. As a result of the improvements over a

period of >10 years, 1-year survival rates of 80% are now

achieved [1]. However, long-term survival after lung

transplantation is limited by obliterative bronchiolitis

(OB). Histopathologically, OB is defined by a chronic

rejection process leading to obliteration and fibrous scar-

ring of the terminal bronchioles [2]. Clinically, it presents

as bronchiolitis obliterans syndrome (BOS) with a pro-

gressive obstructive limitation of airflow. Three to 4 years

after lung transplantation, about 50% of recipients

developed BOS, which is the major cause of death beyond

the first postoperative year [1,3,4]. In most patients, OB

responds poorly to augmented immunosuppression [5].

The etiology of chronic rejection of the lung and factors

triggering its onset however remain mostly speculative.

Both alloantigen-dependent and -independent factors may

influence OB [6]. Episodes of acute rejection are the pri-
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Summary

The role of infection in the pathomechanism of obliterative bronchiolitis (OB)

after human lung transplantation is controversial. In a rat lung transplantation

model, we analyzed the effect of viral [rat cytomegalovirus (RCMV)] and bac-

terial infection [Listeria monocytogenes (LM)] on the development of chronic

allograft rejection. Fisher rats underwent single left lung transplantation with

allografts from Lewis rats. Postoperatively, animals were infected with either

RCMV or LM, or served as noninfected controls. Animals were killed on day

120 and both lungs were evaluated histopathologically for chronic airway and

chronic vascular rejection. Infection with RCMV produced a significant increase

in the incidence of chronic airway rejection (66.7% vs. 20%), compared with

noninfected long-term surviving animals. In rats with bacterial infection (LM) a

similar increase of chronic airway changes as in viral infection (50% vs. 20%)

was observed. Chronic rejection of allografts infected with either RCMV or LM

was associated with significantly enhanced expression of intercellular adhesion

molecule-1 (ICAM-1) on the endothelium. More infiltrating leukocytes (CD18,

CD11a, CD44) and ED1-positive macrophages were found in allografts of infec-

ted animals. In this experimental model of chronic airway rejection in long-term

surviving rats, not only viral but also bacterial infection resulted in enhanced

development of chronic airway and vascular rejection. These results support our

hypothesis that infectious complications have a substantial influence on the

development of OB in human lung allografts.
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mary risk factors of OB, but cytomegalovirus (CMV)

infection and airway ischemia may also play an important

role [5,7]. CMV disease, but not CMV infection (anti-

genemia) or CMV mismatch, turned out to be a risk fac-

tor for chronic rejection in lung transplantation [7,8].

The impact of other infectious complications on the

development of OB, however, is not well characterized in

human lung transplantation. Based on clinical data, sev-

eral recent studies discussed the potential of infectious

episodes to trigger the onset of chronic allograft rejection

[9–12]. Neutrophils are believed to play an important role

in the pathomechanisms involved [13].

We developed a model of rat lung transplantation with

a low incidence of chronic airway rejection in long-term

surviving animals. The influence of viral [rat cytomegalo-

virus (RCMV)] and bacterial [Listeria monocytogenes

(LM)] infection on the development of OB was studied.

Infiltration of lung allografts by leukocytes is known to be

associated with RCMV infection and acute rejection in

rats [14]. We further analyzed the expression of the

endothelial adhesion molecule ICAM-1 and the accumu-

lation of leukocytes in the parenchyma of lung allografts

in long-term surviving infected animals.

Materials and methods

Fisher inbred rats (F344, RT1lv1) received either syngenic

(n ¼ 19) or allogenic (n ¼ 35) single left lung transplan-

tation from Lewis (RT1l) donor rats. Twelve animals

served as nontransplanted controls. These three

experimental groups were divided into subgroups of

noninfected (n ¼ 19), RCMV-infected (n ¼ 18) and

LM-infected (n ¼ 29) animals. Immunosuppression was

elicited by cyclosporine A (5 mg/kg/day) injected intra-

peritoneally from day 0 to 7 after transplantation. All ani-

mals were killed on day 120 for pathological and

immunohistochemical evaluation.

Inbred male rats, 3–4 months of age and 250–300 g

body weight were used for transplantation. The animals

were bred and maintained under specific pathogen-free

conditions at the Experimental Animal Center of the

Medical School of Hannover. All animals received

humane care in compliance with the ‘Principles of Labor-

atory Animal Care’ formulated by the National Society

for Medical Research and the Guide for the Care and Use

of Laboratory Animals prepared by the National Academy

of Science and published by the National Institutes of

Health (NIH Publication No. 86-23, revised 1985). The

German laws on the protection of animals were complied

with.

Donor left lung grafts were orthotopically transplanted

into recipient rats according to the method of Prop and

Marck [15]. Briefly, the recipient rat was intubated after

sedation with 0.1 mg/kg pentobarbital, and underwent

artificial ventilation with 100% oxygen. Left-sided thorac-

otomy and isolation of the left pulmonary vein, artery

and bronchus was performed. The donor animal was

sedated and after laparotomy and median sternotomy,

heparin was given intravenously. After the hilar structures

were dissected, the left lung was rapidly excised and

flushed with 20 ml of a low potassium dextran solution

(Perfadex; Vitrolife, Goeteborg, Sweden) via the pulmon-

ary artery after incision of the left atrial appendage. After

excision of the left lung in the recipient, the bronchial

and vascular anastomoses were performed with running

polypropylene sutures. The chest was closed and the ani-

mal extubated when spontaneous breathing was adequate.

The rat was kept in a separate cage to allow recovery

from the operation.

Infection of rats with RCMV was achieved by intraperi-

toneal inoculation of salivary-gland homogenate contain-

ing 5 · 105 plaque-forming units (PFU) of RCMV on day

20 and 80 postoperatively [16,17]. An isolate of a wild

RCMV strain was used in the study. The virus stock con-

sisted of homogenate of salivary glands from 4-week-old

rats, that had been infected. RCMV infection was verified

via immunohistology [18]. RCMV-related early antigen

was detected on frozen sections by using a mixture of

two monoclonal antibodies, as reported previously by

Bruning et al. [19]. RCMV-harboring cells were seen in

salivary glands and lungs of all infected animals with a

moderate or severe infection on day 120 (data not

shown).

Rats were infected with LM by intratracheal introduct-

ion of 1 · 105 colony-forming units (CFU) in 0.2 ml

NaCl 0.9% on postoperative day 20 and 80. Following

LM infection, a significant increase of pulmonary intersti-

tial ED1-positive cells in nontransplanted animals, native

right lungs of transplanted recipient rats and both syn-

genic and allogenic pulmonary grafts were seen. Verifica-

tion of LM infection was performed indirectly. The

strong rise of infiltrating ED1 cells in native right lungs

was considered to be a proof of a successful infection

with LM. In addition, LM were isolated from lung biop-

sies.

For histological analysis, left and right lungs were

explanted simultaneously on postoperative day 120. Intra-

pulmonary air was replaced by introduction of 4 ml of

optimal cutting compound, embedding medium (Miles

Inc., Elkhart, IN, USA) (OCT) (microtome cryostat,

LAB-Tek Division, Miles Laboritories Inc., Naperville, IL,

USA II). For hematoxylin and eosin (HE) staining, biop-

sies of the lung were fixed in 10% formaldehyde and

embedded for paraffin sections. Tissues (5-lm-thick

paraffin sections) with best staining quality were chosen

for histological analyses. Two independent, blinded
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observers analyzed five fields per section and three sec-

tions per lung. Chronic airway rejection and chronic vas-

cular rejection were classified according to the ‘Working

Formulation of Lung Rejection’ by the International Soci-

ety for Heart and Lung Transplantation [2]. Chronic

rejection in human lung allografts presents as OB, which

is characterized by dense fibrous plaques in the submu-

cosa of small airways resulting in partial or complete

luminal compromise. The scar tissue may be associated

with fragmentation and destruction of the smooth muscle

wall and may extend into the peribronchial interstitium.

The diagnosis of chronic airway rejection was made when

two observers found submucosal scaring associated with

partial or complete obliteration of the lumen. Chronic

vascular rejection is described by fibro-intimal thickening

of arteries and veins. There may also be an active compo-

nent consisting of mononuclear cell infiltrates. We

focused on the incidence of chronic airway rejection, as

reliable parameters for a semi-quantitative grading of

chronic rejection are missing. Samples of lung tissue and

salivary glands were snap frozen in liquid nitrogen. Im-

munohistochemical analysis were performed on 7-lm
cryostat sections. Standard techniques of immunohisto-

chemical methods with indirect immunoperoxidase and

alkaline phosphatase anti-alkaline phosphatase (APAAP)

were used. Mouse anti-rat-directed monoclonal antibodies

were used to determine the expression of the ICAM-1 cell

adhesion molecule, infiltrating leukocytes (CD18, CD11a,

CD44; PharMingen, Hamburg, Germany) and infiltrating

monocytes/macrophages (ED-1, ED-2, ED-3; Dianova,

Immunotech, Hamburg, Germany). A peroxidase-conju-

gated rabbit anti-mouse monoclonal antibody was used as

second antibody and diaminobenzidine as a chromogen.

Analysis of ICAM-1 expression was performed on the

endothelial cells of arterioles, capillaries and venules. The

entire slide was screened and counted (at least 50 vessels)

at a microscopic magnification of 400·. Expression of

ICAM-1 was graded via a semi-quantitative score: grade I:

0–25%; grade II: 26–50%; grade III: 51–75%; grade IV:

76–100% of positive microvessels.

To evaluate infiltrating leukocytes, the number of pos-

itive cells after immunohistochemical staining were coun-

ted on a whole section by a computed image system. The

cavity space of arteries, veins and bronchi with a lumen

larger than 50 lm were excluded to calculate the area.

The numbers of cells were expressed under a field of

105 lm2 for statistical analysis.

All data analysis was performed with a computer-assis-

ted software package (SPSS Version 6.0.1.). Continuous

variables are presented as mean ± standard deviation

(SD). The chi-square test and the Mann–Whitney U-test

were applied. P-values <0.05 were considered statistically

significant.

Results

Fisher rats underwent left lung allotransplantation with

grafts from Lewis rats. In control groups, rats received

syngenic grafts or were not transplanted. At 120 days

post-transplantation, animals of all groups were killed for

histological evaluation of the right native and left trans-

planted lung. Following transplantation, a low-grade

chronic airway rejection developed in long-term surviving

animals. Evidence for chronic airway rejection was

observed in 20% of allografts (Table 1). In addition, mor-

phological airway changes were accompanied by the

development of chronic vascular rejection, present in 40%

of allografts. There was no chronic rejection in native

right lungs. In the control groups, there was no evidence

for airway or vascular chronic rejection in syngenic trans-

planted left grafts and nontransplanted left lungs.

Infection of rats with RCMV on day 20 and 80 resulted

in a significant increase of chronic airway rejection in

allografts at day 120. The incidence in infected animals

was 66.7% compared with 20% (P < 0.05) in noninfected

animals (Figs 1 and 3). Chronic vascular rejection was

found in 77.8% of animals with RCMV infection, but

only in 40% (P < 0.05) of noninfected rats (Table 1). In

right lungs, syngenic transplanted and nontransplanted

left lungs, no histological signs of chronic rejection were

present following infection with RCMV.

Bacterial infection with LM (n ¼ 29) produced an

increase in chronic airway rejection at 120 days post-

transplantation (Fig. 3). As in noninfected animals, the

chronic airway rejection process (Fig. 2) was associated

with chronic vascular rejection in the majority of rats

following LM and RCMV infection. In allografts of

LM-infected animals, the incidence of chronic airway

rejection (50% vs. 20%, P < 0.05) and chronic vascular

rejection (81.3% vs. 40%, P < 0.05) was significantly

higher than that in noninfected rats (Table 1). The inci-

Table 1. Enhancement of chronic rejection in rat lung allografts with

infection.

Chronic airway

rejection

Chronic vascular

rejection

No infection (n ¼ 10) 20.0% (2/10) 40.0% (4/10)

RCMV infection (n ¼ 9) 66.7% (6/9)* 77.8% (7/9)*

LM infection (n ¼ 16) 50.0% (8/16)* 81.3% (13/16)*

At 120 days, chronic airway rejection and chronic vascular rejection

were classified according to guidelines for human lung transplants [2].

The incidence of chronic allograft rejection in rats not infected was

compared with the incidence in rats with viral (RCMV) or bacterial

(LM) infection. Significantly more chronic rejection was found in

RCMV and LM infected rats. No chronic rejection was observed in

syngenic grafts of infected and noninfected rats (data not shown).

*Statistical significance (chi-square test, P < 0.05).
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dence of chronic airway rejection in allografts following

bacterial or viral infection was comparable. In control

groups, no histological signs of chronic rejection were

present following infection with LM. On semi-quantita-

tive histological evaluation, infected allografts had not

only a significantly higher incidence of chronic rejection,

but also a more severe extent of the chronic rejection

[data not shown (n.s.)].

In long-term surviving animals, endothelial expression

of the adhesion molecule ICAM-1 was slightly higher

(n.s.) in allografts, than in syngrafts (Table 2). Infection

with RCMV or LM produced a significantly higher score

of endothelial expression of ICAM-1 in all groups of ani-

mals. Expression of ICAM-1 was found to be highest in

allografts of infected rats (Table 2). But, only in allografts,

was there a trend towards increased expression, when

compared with right native lungs.

Allografts were found to have more (n.s.) infiltrating

leukocytes (CD18, CD11a, CD44) than syngrafts and

%
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Figure 3 Increased incidence of chronic airway rejection in rat lung

allografts following infection. Chronic airway rejection in a rat lung

allografts on postoperative day 120. Incidence (in percent) without

infection, with rat cytomegalovirus (RCMV) infection, and with Listeria

monocytogenes (LM) infection.

Figure 2 Chronic airway rejection in rat lung allografts following

infection of animals with LM. Grading of rejection was performed on

HE-stained lungs according to the ‘Working Formulation of Lung

Rejection’ [2]. Obliteration is characterized by dense fibrous plaques in

the submucosa of the small airways which result in partial or

complete luminal compromise. Chronic vascular rejection includes

fibro-intimal thickening of vessels.

Table 2. Infection augments expression of ICAM-1 in lung allografts.

No

infection

LM

infection

RCMV

infection

Allogenic transplantation

Left lung (transplantation) 2.4 ± 0.4 3.1 ± 0.6* 3.3 ± 0.6*

Right lung (native) 2.0 ± 0.2 2.5 ± 0.3* 2.9 ± 0.4*

Syngenic transplantation

Left lung (transplantation) 2.0 ± 0.3 2.6 ± 0.4* 2.6 ± 0.3*

Right lung (native) 2.1 ± 0.3 2.7 ± 0.3* 2.6 ± 0.3*

No transplantation

Left lung (native) 2.2 ± 0.2 2.8 ± 0.3* 2.7 ± 0.3*

Right lung (native) 2.1 ± 0.2 2.8 ± 0.3* 2.8 ± 0.4*

Expression of ICAM-1 in lung allografts is augmented by bacterial (LM)

and viral (RCMV) infection. Semiquantitative grading of the expression

of ICAM-1 (grade I: 0–25%; grade II: 26–50%; grade III: 51–75%;

grade IV: 76–100% of positive microvessels at immunohistological

evaluation) refers to positive staining of endothelial cells. Values are

expressed as mean ± standard deviation (SD). The groups of RCMV-

and LM-infected rats were each compared with the noninfected group

by the Mann–Whitney U-test.

*Statistical significance (P < 0.05).

Figure 1 Chronic airway rejection in rat lung allografts following

infection of animals with RCMV. Grading of rejection was performed

on HE stained lungs according to the ‘Working Formulation of Lung

Rejection’ [2]. Obliteration is characterized by dense fibrous plaques in

the submucosa of the small airways which result in partial or

complete luminal compromise. Chronic vascular rejection includes

fibro-intimal thickening of vessels.
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native right lungs (Table 3). A significant increase of infil-

trating leukocytes was observed with RCMV and LM

infection (Fig. 4). Most prominent was the increase of

infiltrating CD18-positive leukocytes in allografts with

infection. Allografts of infected rats had more infiltrating

leukocytes than the right native lungs.

Infiltrating ED-1-, ED-2- and ED-3-positive monocytes

and macrophages were analyzed (Table 4). The ED-1

population, but not ED-2- and ED-3-positive cells were

significantly increased in allografts with either viral or

bacterial infection (Fig. 4). Only some infected grafts had

a focal increase of ED-2- and ED-3-positive macrophages,

detected in the submucosa around vessels and bronchi.

There were more ED-1 cells in allografts of infected ani-

mals than in right native lungs.

Discussion

To investigate the potential role of infection in the devel-

opment of OB, we developed an orthotopic rat lung

transplantation model with a low-grade chronic rejection

in long-term surviving animals. Lungs from Lewis rats

(RT1l) were transplanted into Fisher rats (F344:RT1vl1).

Lewis to Fisher is a low responder combination with a

difference only at the MHC locus Ib, a nonclassical class I

locus. In contrast, the Brown-Norway to Lewis combina-

tion is known to be highly allogenic (difference in all

major and minor MHC loci). At 120 days after Lewis to

Fisher rat lung transplantation, histological signs of chro-

nic airway rejection were present in some allografts. Viral

and bacterial infection both significantly enhanced the

incidence of chronic rejection. In syngenic grafts, how-

ever, no signs of chronic rejection were observed follow-

ing infection.

Evidence in support of an allogenic immune reaction

as the primary cause of OB is derived from a variety of

experimental models. Airway lesions with some features

of OB have been observed in murine tracheal rings trans-

planted into the subcutaneous tissue of mice. Within

30 days allogenic, but not syngenic implanted tracheas in

mice, which received no immunosuppression had signs of

Table 3. Increased interstitial infiltration of CD18-, CD11a- and

CD44-positive leukocytes with infection.

No

infection

LM

infection

RCMV

infection

CD18

Allogenic

Left lung (transplantation) 41 ± 5 68 ± 7* 72 ± 8*

Right lung (native) 36 ± 4 45 ± 6* 43 ± 6*

Syngenic

Left lung (transplantation) 38 ± 5 47 ± 5* 45 ± 6*

Right lung (native) 39 ± 7 46 ± 7* 45 ± 5*

Nontransplanted

Left lung (native) 34 ± 6 46 ± 4* 43 ± 4*

Right lung (native) 36 ± 4 48 ± 4* 45 ± 5*

CD11a

Allogenic

Left lung (transplantation) 40 ± 3 52 ± 5* 54 ± 5*

Right lung (native) 35 ± 4 37 ± 4* 42 ± 3*

Syngenic

Left lung (transplantation) 33 ± 3 36 ± 4* 44 ± 3*

Right lung (native) 34 ± 4 38 ± 3* 43 ± 4*

Nontransplanted

Left lung (native) 37 ± 4 38 ± 4* 41 ± 4*

Right lung (native) 35 ± 4 36 ± 4* 42 ± 5*

CD44

Allogenic

Left lung (transplantation) 38 ± 6 45 ± 6* 50 ± 8*

Right lung (native) 32 ± 5 35 ± 5* 39 ± 6*

Syngenic

Left lung (transplantation) 31 ± 5 36 ± 6* 40 ± 7*

Right lung (native) 32 ± 6 38 ± 5* 41 ± 5*

Nontransplanted

Left lung (native) 33 ± 5 37 ± 5* 43 ± 6*

Right lung (native) 32 ± 4 36 ± 5* 42 ± 6*

Interstitial lung infiltration of CD18-, CD11a- and CD44-positive leu-

kocytes was counted by using a computed image system. Values (pos-

itive cells per 105 lm2) are expressed as mean ± standard deviation

(SD). The groups of RCMV- and LM-infected rats were each compared

with the noninfected group by the Mann–Whitney U-test.

*Statistical significance (P < 0.05).
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Figure 4 Increased Infiltration of lung allografts from infected ani-

mals by leukocytes. Effect of viral and bacterial infection on the

migration of inflammatory host cells. CD18-positive leukocytes and

ED-1-positive macrophages were counted by using a computed image

system (positive cells per 105 lm2). Values for comparison of infected

and noninfected animals are expressed as mean ± standard deviation

(SD).
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obliterative airway disease [20]. However, this simple

heterotopic tracheal ring transplantation model has major

disadvantages compared with orthotopic lung transplanta-

tion models. Different from vascularized organs, tracheal

rings placed subcutaneously undergo profound ischemic

damage and very rapidly show obliteration of the tracheal

lumen.

In a single-lung rat transplantation model, Tazelaar

et al. [21] described histological changes similar to OB

occurring very early postoperatively in association

with acute rejection. However, in these experiments,

transplanted rats did not survive for prolonged periods.

When early acute rejection was abrogated by immunosup-

pression, chronic rejection of Brown-Norway (BN: RT1n)

to Lewis (RT1l) lung allografts was observed by Uyama

et al. [22]. The histological changes of airways at

6 months post-transplantation were most prominent in

large airways (ulceration, granulation and fibrosis).

In all these models, chronic airway rejection occurred

only in allografts, but not in syngrafts. This phenomenon

proves that obliterative airway disease following lung

transplantation depends on alloantigen-driven reactions.

But what is triggering the onset of this progressive and

often irreversible process?

There is evidence for alloantigen-independent mecha-

nisms that may cause or enhance injury to the airways

resulting in chronic airway rejection. In this study, we

demonstrated that chronic rejection in long-term survi-

ving rat allografts can be enhanced by RCMV infection.

Experimental data of Koskinen et al. [23] support an

association of CMV infection and rejection. Subcuta-

neous transplantation of rat tracheal allografts into

immunosuppressed RCMV-infected recipient rats resul-

ted in enhanced development of OB-like lesions. In a

rat single-lung transplant model, more severe acute

rejections and significantly increased expression of

human leukocyte antigen (HLA) class II antigen on

endothelial cells, pneumocytes, and interstital leukocytes

were found in RCMV-infected compared with nonin-

fected allografts 5 days after immunosuppression was

stopped [24]. The authors suggested, that CMV infec-

tion enhances chronic rejection following lung trans-

plantation by augmenting allo-immune responses.

Antiviral prophylaxis was sufficient to prevent oblitera-

tive airway alterations in heterotopic tracheal allografts

following RCMV infection [25]. There is evidence that

CMV augments chronic rejection by indirect proinflam-

matory actions. T-helper (Th)1-type cytokines, enhanced

tumor necrosis factor (TNF)-a and interleukin (IL)-6

production and reduction of IL-10 expression were

reported. RCMV infection resulted in activation and

migration of host inflammatory cells, leading to an

enhanced allo-immune response and local cytokine and

mesenchymal growth factor production. Myofibroprolif-

eration was upregulated and the airway lumen finally

obliterated.

In humans, elevated numbers of neutrophils in the air-

ways are a hallmark of OB. Activated neutrophils have a

remarkable potency to cause damage to lung tissue.

Dendritic cells and macrophages were reported to be

increased in endobronchial biopsis of patients with OB

[26]. However, there is no evidence so far, as to what

causes their recruitment [13]. This may be the process of

chronic rejection itself, or inflammation from undiscov-

ered infection or other stimuli.

We observed increased expression of ICAM-1 following

infection. These inflammatory changes of adhesion mole-

cules with infection were observed most prominently in

Table 4. Interstitial infiltration of ED-1, ED-2 and ED-3 monocytes

and macrophages.

No

infection

LM

infection

RCMV

infection

ED-1

Allogenic

Left lung (transplantation) 25 ± 4 36 ± 4* 41 ± 5*

Right lung (native) 23 ± 3 30 ± 3* 34 ± 4*

Syngenic

Left lung (transplantation) 25 ± 4 32 ± 3* 34 ± 3*

Right lung (native) 26 ± 3 31 ± 4* 36 ± 4*

Nontransplanted

Left lung (native) 24 ± 3 32 ± 4* 35 ± 3*

Right lung (native) 26 ± 4 31 ± 4* 33 ± 4*

ED-2

Allogenic

Left lung (transplantation) 15 ± 3 16 ± 4 16 ± 4

Right lung (native) 13 ± 4 17 ± 5 15 ± 5

Syngenic

Left lung (transplantation) 14 ± 4 17 ± 4 16 ± 4

Right lung (native) 14 ± 3 15 ± 3 17 ± 4

Nontransplanted

Left lung (native) 15 ± 4 16 ± 4 15 ± 4

Right lung (native) 15 ± 4 15 ± 5 17 ± 3

ED-3

Allogenic

Left lung (transplantation) 22 ± 4 23 ± 4 24 ± 5

Right lung (native) 19 ± 3 22 ± 4 21 ± 4

Syngenic

Left lung (transplantation) 20 ± 4 20 ± 5 23 ± 4

Right lung (native) 21 ± 4 19 ± 4 22 ± 4

Nontransplanted

Left lung (native) 19 ± 4 21 ± 4 21 ± 5

Right lung (native) 18 ± 3 20 ± 5 21 ± 4

Interstitial lung infiltrating ED-1-, ED-2- and ED-3-positive monocytes

and macrophages were counted by using a computed image system.

Values (positive cells per 105 lm2) are expressed as mean ± standard

deviation (SD). The groups of RCMV- and LM-infected rats were each

compared with the noninfected group by the Mann–Whitney U-test.

*Statistical significance (P < 0.05).
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allogenic transplants, but were as well present in reduced

quantities in syngenic and nontransplanted animals. The

pattern of endothelial ICAM-1 expression correlated with

the extent of lung infiltration by leukocytes. Increased

expression of ICAM-1 and increased infiltration of leuko-

cytes (CD11, CD18, CD44) were found in infected ani-

mals compared with noninfected animals. Allografts were

found to have an increased infiltration by ED-1-positive

macrophages.

In a rat model of acute lung rejection, we previously

demonstrated that acute RCMV infection augmented

expression of ICAM-1 on endothelial cells in allogenic

transplanted lungs [27]. In rat kidney allografts, increased

expression of several adhesion molecules was found to be

associated with RCMV infection [28].

The results indicate that chronic rejection of lung allo-

grafts is promoted by upregulation of inflammatory

responses including increased expression of adhesion mol-

ecules. Activated, invading leukocytes and the secretion of

cytokines are known to be major effector mechanisms.

Another allo-antigen-independent mediator of inflamma-

tion and infection that may be involved is the activation

of complement. In a heterotopic tracheal transplantation

model, inhibition of complement activation attenuated

obliterative airway alterations in allografts [29]. The

authors found that less neutrophils were attracted and the

immune response shifted to Th2 cytokines (in particular,

IL-10) which are associated with anti-proliferative proper-

ties.

The augmentation of chronic rejection by infection is

not a specific feature of CMV disease. In human lung

transplantation, respiratory virus infection predisposes to

BOS [9]. Aggravation of chronic airway damage was

documented in a rat lung transplantation model following

parainfluenza viral infection [30]. In our study, bacterial

infection (LM) was able to produce a significant increase

in the amount of chronic airway rejection in allogenic

transplanted lungs. In syngenic and nontransplanted lungs

infected with LM, no severe pulmonary pathology caused

by infection and no rejection was found. To our knowl-

egde, the impact of bacterial infection on the develop-

ment of OB in lung allografts has not been shown before

in an experimental setting. Pathomechanisms involved

may be different in viral and bacterial infections. From

the data collected in this study, we were not able to dem-

onstrate differences in the way viral and bacterial disease

promote chronic rejection. It remains for further studies

to elucidate additional mechanisms. It is likely, that not

only viral and bacterial, but potentially all pulmonary

infectious complications might promote the onset of a

chronic rejection process. Even noninfectious inflamma-

tory immune reactions might be sufficient to augment

chronic lung allograft rejection. Following single-lung

transplantation in rats with inadequate immunosuppres-

sion some bronchiolitis-like lesions were observed by Lee

et al. [31]. Intratracheal instillation of charcoal lead to

the development of severe OB-like lesions in allografts.

Lee et al. concluded that in addition to an alloantigen-

driven rejection process, nonspecific airway inflammation

may be required to initiate or augment the development

of chronic airway rejection. In clinical transplantation,

BOS of the lung allograft may be linked to postoperative

severe airway ischemia and reperfusion injury [5]. In sta-

ble human lung transplant recipients, variable degrees of

airway inflammation (increased exhalation of NO, bron-

chial epithelial iNOS and airway neutrophilia) of allo-

grafts are present [32]. Acute inflammatory events as well

as chronic upregulation of airway inflammation might

eventually trigger the development of OB.

Pulmonary allografts in immunosuppressed recipients

are more susceptible to be infected than syngrafts. This

may be due to a suppressor bystander effect interfering

with infection control. There is evidence for a compro-

mised pulmonary defense reaction in pulmonary allografts

following infection. In a rat model, Winter et al. [30]

found damage of bronchus-associated lymphoid tissue

(BALT) with reduced clearance of virus and reduced

migration of lymphocytes to the BALT. BALT was defect-

ive in three aspects studied. A reduction in size and in

lymphocyte density, and a replacement by fibrous scar tis-

sue was observed. Furthermore, allogenic transplanted

lungs failed to respond adequately against a Sendai virus

infection. The number of antibody-positive cells in the

bronchus-associated lymphoid tissue did not increase

after infection, serum antibodies were hardly detectable

and the virus was present in the airways for extended

periods of time [33].

The lack of immune defense in allo-transplanted lungs

results in decreased infection control. Indeed, infections

might cause injury to airways in allogenic transplanted

lungs resulting in chronic rejection. Winter et al. [30]

found, that OB-like lesions developed in lung allografts

with defective BALT within 2 months following infection

with Sendai virus at 6 month post transplantation. It

remains speculative, in as far infectious or inflammatory

events alone might be responsible for initating the devel-

opment of chronic airway rejection in rat allografts.

Several differences in allograft pathology have to be

considered, when results from rodent transplant models

are transferred to human lung transplantation. The fre-

quent appearance of BALT in rat lungs is not present in

the human lung and the appearance of BALT in human

allografts did not correlate with rejection in a clinical

study [34]. Although chronic changes of airways in rats

are similar to OB in humans, the patterns of chronic

rejection in rat allografts is different. Chronic airway
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changes are more frequently located in large airways,

which are not very affected in human OB. The predomin-

ant vascular precipitation of the chronic rejection process,

which is not observed in human lung transplantation, is

known to be a typical finding in certain rat strain combi-

nations [35].

In conclusion, our experiments indicate that viral

as well as bacterial infectious events after rat lung trans-

plantation promote the development of chronic airway

rejection. Currently, effective prophylactic therapeu-

tic strategies for the prevention of OB in human lung

transplantation are not available. Sufficient immunosup-

pression of allo-immune reactions seems essential. But

therapeutic efforts should not focus on immunosuppres-

sive therapy. Our experimental results suggest that in

human lung transplantation aggressive prophylactic and

therapeutic treatment strategies should be applied to

avoid and treat inflammation of airways and infections in

lung allograft recipients.
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