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STELLING EN 
behorende bij bet proefschrift 
"Pathophysiology and airway inflammation 
in Bronchiolitis Obliterans after lung transplantation" 
van Dirk-Jan Slebos, november 2003. 

I .  Voor de beoordeling van de immunologische bronchoalveolaire lavage is het tijdstip 
na transplantatie van belang voor de interpretatie van de uitslag bij patienten na 
Iongtransplantatie (dit proefschrift). 

2. Na een longtransplantatie is een hoog percentage neutrofiele granulocyten bij een 
normaal totaal celaantal in de bronchoalveolaire lavage vloeistof zeer suggestief voor de 
aanwezigheid van bronchiolitis obliterans (dit proefschrift). 

3. De aanwezigheid van elke eosinofiel in de bronchoalveolaire lavage vloeistof bij 
patienten na longtransplantatie is voorspellend voor het ontstaan van bronchiolitis 
obliterans (dit proefschrift). 

4. Vanaf een half jaar na Iongtransplantatie wegen de risico's en de belasting van het 
nemen van routine follow-up transbronchiale biopten voor een patient niet op tegen de 
zeer geringe therapeutische consequenties. 

5. Verdere ontwikkeling van de immunologische bronchoalveolaire lavage zal in de 
toekomst een meer sensitief en specifiek diagnosticum kunnen opleveren dan de huidige 
uitkomst van het nemen van transbronchiale biopten. 

6. Gezien de hoge morbiditeit en mortaliteit van patienten na een longtransplantatie en 
de zeer toxische bijwerkingen van de gebruikte immunosuppressive medicatie lijkt het 
opportuun klinische studies te initieren naar het therapeutische effect van 
haem oxygenase- I en koolstof monoxide op het voorkomen van orgaanafstoting na 
longtransplantatie. 

7. Het verplicht afsluiten van een 'mantelzorgcontract' bij opname zal niet aileen zorgen 
voor een grote kostenbesparing in de gezondheidszorg, maar zal er ook toe lei den dat de 
verantwoordelijkheid van de familie voor een patient niet ophoudt bij de ingang van het 
ziekenhuis. 

8. "Zonder donorcodicil geen orgaantransplantatie" lijkt de juiste reactie op de daling van 
het aantal geregistreerde donorcodicil houders. 

9. Het is de hoogste tijd dat de Nederlandse bevolking de bewering "De longarts leeft van 
de rook" niet meer zo letterlijk opvat. 

10. Kantelende organisaties, kantelthema's en kantelmedewerkers: De gezondheidszorg 
hoeft echt niet om te vall en! 

11. Om opnieuw een parlementaire enquete te voorkomen lijkt de meest voor de hand 
Iiggende oplossing voor de definitieve ontsluiting van het Noorden het liberaliseren van de 
maximumsnelheid op de snelwegen in de drie noordelijke provincies. 
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CHAPTER ONE 

INTRODUCTION 
Lung transplantation (LTX) is the ultimate 
treatment modality for patients with end­
stage lung- and/or pulmonary vascular 
disease due to various underlying disorders 
(table 1 )  [ 1-2]. Although the quality of life 
increases significantly after LTX, recipients 
remain in a continuous hazardous situation, 
which is best illustrated by a median sur­
vival time of 5 years (figure 1 )  [ 1 ,3]. The 
per- and post-operative mortality is high 
and already accounts for 10% of the loss of 
life in the first month after surgery. 
Causes of death in this period constitute of 
severe reperfusion damage, cardiac failure, 
primary graft failure and infectious disea­
ses [ 1 ]. But also after survival of the first 
months post LTX, serious morbidity threa­
tens the recipient. Infections, renal failure, 
diabetes mellitus, induction of malignan­
cies and chronic allograft rejection are all 
responsible for the poor survival [ 1 ,2,4]. 

CHRONIC ALLOGRAFT REJECTION 
Chronic rejection of the lung allograft is 
defined as a fibrosing process of the lung, 

which primarily affects the smaller con­
ducting airways and the pulmonary vascula­
ture. The process involving the conducting 
smaller airways is 'bronchiolitis obliterans' 
(BO), while that affecting the pulmonary 
vasculature has been named graft atheros­
clerosis [6]. 

BO is the major long-term complication 
after LTX. According to the international 
registry 50% of all LTX recipients will 
have developed BO within five years after 
LTX (figure 2) [ 1 ]. BO and its infectious 
complications are responsible for serious 
morbidity and account for 50-70% of the 
mortality after LTX [ 1 ,5,7]. Once end-stage 
BO is present, re-transplantation is the only 
therapeutic option available [5,6]. 

RISK FACTORS FOR BO 
At present, the exact pathophysiology of 
BO remains unknown. It is hypothesised 
that the development of BO involves epi­
thelial damage due to repetitive injury of 
different origin, ultimately leading to ir­
reversible airway obliteration [5,7]. This 

Groningen* International registry** 

COPD/Emphysema 
Interstitial pulmonary fibrosis 
Cystic Fibrosis 
Alpha-1 antitrypsin deficiency 
P rimary pulmonary hypertension 
Sarcoidosis 
Bronchiectasis 
Re-Iung transplantation 
Congenital heart disease 
Lymphangioleiomyomatosis 
Connective tissue disorder 
Cancer 
Other 

Total 

TABLE 1. 

45 (21.4%) 
20 (9.5%) 
44 (20.9%) 
54 (25.7%) 
12 (5.7%) 

2 (1.0%) 
7 (3.3%) 
5 (2.3%) 

10 (4.8%) 
3 (1.4%) 
7 (3.3%) 
0 
5 (2.3%) 

210 

3462 (39.4%) 
1486 (16.9%) 
1412 (16.1 %) 

815 (9.3%) 
401 (4.6%) 
232 (2.6%) 
190 (2.2%) 
156 (1.8%) 
103 (1.2%) 

95 (1.1 %) 
38 (0.4%) 
35 (0.4%) 

255 (2.9%) 

8781 

Pre- lung transplantation diagnoses and numbers of patients transplanted in *Groningen 
(1991-2002) and ** the total numbers of the international registry as collected by 
The International Society for Heart and Lung Transplantation ( 1 995-2001) {1 ]. 
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FIGURE 1. 
Cumulative sun1ival after lung transplantation given for three consecutive time periods. Numbers and figure 
extracted from the illfernational registry [ 1}. 
The best survival occurs during the most recent time period (top line 1998-2001 ) .  

epithelial damage may occur as a result of a 
number of independent risk factors known 
to be linked to BO development, such as al­
lograft reactivity (including HLA-DR mis­
match), CMV infections, acute and chronic 
bacterial infections, number of acute rejec­
tion episodes, graft ischaemic time, donor 
age, chronic aspiration and possibly also the 
maintenance immunosuppressive regime 
used (see figure 3 for detailed hypothesised 
mechanisms) [5 ,8- 10]. 

•• 
10 

•• .. .. 
Monlho 

FIGURE2. 

Cumulative fi·eedom of Bronchiolitis Obliterans Syn­
drome (BOS) after lung transplallfation. Numbers 
and figure extracted from the illfernational registry 
[1}. 
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PATHOGENESIS OF BO 
BO has two distinct histopathologically re­
cognisable phases, starting with an alloim­
mune phase with lymphocyte infiltration 
of the bronchiolar structures followed by a 
chronic fibroproliferative phase. In general, 
the current data available supports a cellu­
lar immune response in the development of 
BO, but it is still a subject of debate which 
T-lymphocyte subtype dominates BO [5,6]. 
Several reports published, using the mouse­
tracheal allograft model for the study of 
chronic allograft rejection report either the 
dominance of only a cytotoxic lymphocyte 
subtype population or both T-helper and 
cytotoxic lymphocytes [ 1 1 , 12]. Human 
studies show opposing results as well. Both 
proliferation of the CD4+ T-cell population 
and a dominance of CD8+ T-cells have been 
reported [ 1 3, 14]. Even both elevated and 
decreased CD4/CD8 ratios have been re­
ported with respect to the presence of BO 
[ 14,15]. 
Initially, these T-lymphocytes infiltrate in 
the airways in response to inflammation 
and epithelial injury, leading to epithelial 
cell necrosis (secondary to the proposed 
BO risk factors). When confluent areas of 



Lung transplant•tion 

Br.ltdi'-Hds Obllttn•t 
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HLA·mtsmatd! 

I HO·I> ROS 

FIGURE3. 
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Schematic presentation of mechanisms possibly involved in the development of bronchiolitis obliterans after lung 
transplallfation. The development of bronchiolitis obliterans ( 80) starts immediately after transplantation, when 
respiratory epithelial and endothelial cells become damaged due to cold-ischemia, ischemia-reperfusion damage 
and the hyperacute allograft response. After this first injury, infectious agents and recurrent acute rejection 
episodes continue to damage the epithelial cells. The epithelial and endothelial cell damage present results in an 
inflammatory response that leads to a more chronic phase of epithelial and endothelial cell damage. Persistent 
injury and inflammation will lead to epithelial eel/ necrosis, which will induce a chronic phase of repair. These 
activated epithelial cells are able to produce both pro-inflammatory cytokines and growth factors. The cytokines 
support an ongoing, mostly neutrophilic, inflammatory response causing a subsequent release of reactive o:�.ygen 
species ( ROS ). These ROS also support the chronic process of epithelial damage ultimately leading to 80. The 
growth factors produced by the activated epithelial cells induce epithelial cell and fibroblast proliferation and 
due to an overwhelming repair reaction 80 develops. In this response, natural genetic variability (polymor­
phisms) of various factors (e.g. TGF�) may accowzt for a lesser or stronger repair. The immunosuppressive 
regimen promotes a shift from CD4+Thl cells to proliferation of CD4+Th2 cells. These regulatory T-ee/ Is in tum 
produce both pro-fibrotic cytokines, but may also activate eosinophils. These activated eosinophils can directly 
induce an acute rejection and by the release of toxic mediators (major basic protein, eosinophil cationic proteins, 
eosinophil-derived neurotoxin) and t1yptase from activated mast cells, induce a chronic tissue damaging reaction. 
->: Arrows indicate stimulation; D indicates sites ofpotellfial inhibiting action by heme D.lygenase-1 (HO-I) 
and downstream products e.g. carbon monoxide and biliverdin; * indicates possible role for genetic factors: 
TGF-� and HO-I polymorphisms; IL: interleukin; INFy: illferferon gamma; TGF�: tissue growth factor-beta; 
IGF-1: insulin-like growtlzfactor-1 ;  EGF: epithelial growth factor; M0: alveolar macrophages. 
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necrosis develop, a fibropurulent exudate 
forms within the lumen of the airway. This 
is associated with and followed by fibro­
blast proliferation, eventually forming an 
intraluminal polypoid mass of loose fibro­
myxoid tissue. Over time this tissue may 
convert into dense eosinophilic scar tissue 
with total obliteration of the airway lumen 
[5,6] (figure 3). 
Hypothetically, also the Th 1 - Th2 shift 
paradigm may be supportive to chronic 
rejection development. It is established that 
due to the immunosuppressive medication, 
especially the calcineurin inhibitors, a shift 
from CD4+Th 1 T-cells towards CD4+Th2 
T-cells is promoted [ 16, 17]. This shift may 
prevent the production of the potent Th1 
cytokines (especially interleukin-2 and 
interferon-gamma), that induce inflam­
mation and cytotoxicity in response to the 
present allograft. As a consequence Th2 
cytokine production like interleukin-4 and 
interleukin-5 will be promoted. Subsequent 
activation of eosinophilic granulocytes may 
induce an eosinophilic acute rejection reac­
tion as has been shown in liver and kidney 
transplants [ 1 8]. But, also in chronic rejec­
tion the activated eosinophils are likely able 
to contribute to the fibrosing process due to 
the production of major basic protein and 
subsequent tryptase release from activated 
mast cells. The other consequence of the 
Th 1 - Th2 shift is the production of growth 
factors such as tissue growth factor-[3 and 
insulin-like growth factor-1 .  These growth 
factors can induce an overwhelming repair 
mechanism in response to the epithelial da­
mage that in tum will lead to a pro-fibrotic 
reaction that promotes the development of 
BO. Once BO is present, high IL-8 cytokine 
levels and neutrophilic inflammation domi­
nate the airways [ 1 6-19] (figure 3). 

DIAGNOSIS OF BO 
The development of BO after LTX is the 
most common cause of late graft failure 
but may not be histopathologically diag-

12 

nosed until it is well advanced. The role of 
transbronchial biopsies as a diagnostic tool 
for BO is controversial. This is mainly due 
to the lack of its positive predictive value 
caused by small sample sizes, sampling er­
ror, and the experience of the local histopa­
thological department [20-22]. BO can be 
accurately diagnosed by using open lung bi­
opsies, but this invasive surgical procedure 
is unsuitable for repetitive diagnostic sam­
pling [23]. Detection of BO by other diag­
nostic modalities like ventilation/perfusion 
scanning, high resolution computed tomo­
graphy, and exhaled nitric oxide is currently 
under investigation [24-26]. 
Because of the difficulty to obtain a his­
topathological diagnosis, as well as the 
lack of other reliable diagnostic strategies, 
BO is currently classified based upon lung 
function criteria. These criteria have been 
defined by The International Society of 
Heart and Lung Transplantation. When 
using these defined lung function criteria, 
BO is named the "bronchiolitis obliterans 
syndrome" (BOS). BOS is graded as 0, 
0-p (p: probable), 1 ,  2 or 3 depending on 
the severity of their current airflow limita­
tion relative to the baseline post-transplant 
FEV1 and FEF25•75 (table 2) [27]. Although 
impaired lung function may signify BOS, 
it is likely that considerable irreversible 
damage is already present in the airways 
of the lung allograft before this measurable 
reduction in lung function. Identification of 
these early changes seems important since 
early therapeutic intervention can prevent 
or slow down the natural course of the de­
veloping chronic graft failure [28]. 

BRONCHOALVEOLAR 
LAVAGE IN 80 
Local airway inflammation in patients with 
pulmonary diseases can be detected by a 
number of diagnostic modalities. Bron­
choalveolar lavage (BAL), endobronchial 
biopsies, sputum induction, exhaled breath 
condensate and exhaled air examination 
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are all often used for assessment of airway 
inflammatory characteristics [29,30]. In this 
thesis we have examined the airways in pa­
tients after LTX by using bronchoalveolar 
lavage fluid (BALF) examination (figure 4). 
BALF sampling is easily performed during 
the routine follow up bronchoscopies after 
LTX. The BALF procedure is an establis­
hed diagnostic tool for microbiological 
surveillance [3 1 ] .  Furthermore, immunolo­
gical BALF analysis is used to investigate 

local airway changes after LTX, as well as 
airway changes during acute rejection and 
BO [32-35]. Because it is thought that the 
predominant lesions in BO are located in 
the small airways, we choose to analyse 
both a bronchial fraction, which is assumed 
to represent the proximal airways, and an 
alveolar fraction, reflecting the peripheral 
airways [36] (figure 4). 
In manifest BO, BALF analysis is characte­
rised by a marked airway neutrophilia and 

BOS O 
BOS 0-p 
BOS 1 
BOS 2 
BOS 3 

FEV 1 > 90% of baseline and FEF25_75 > 75% of baseline } FEY 1 81% to 90% of baseline and/or FEF 25_75 s 7 5% of baseline 
FEY 1 66% to 80% of baseline 

BOS O 
(original 
classification[ 3]) 

FEY 1 51% to 65 % of baseline 
FEY 1 < 50% of baseline 

TABLE2. 

The in 2002 revised BOS (bronchiolitis obliterans syndrome) criteria. FEVr· forced expiratory volume in one 
second. FEF1H5 : maxima/ mid-expiratory flow rate (over the middle half of the forced vital capacity 
manoeuvre) [ /8]. 

Compound measured in BAL in BO* Reference 

Neutrophils t [19,30,35,37-41] 
Interleukin-1 [42] 
Interleukin-1 receptor antagonist t [42] 
Interleukin-8 t [19,35,37,41] 
Interleukin-1 0 = [40,41] 
Tumor necrosis factor-a = [40,41] 
Tissue growth factor-� =11 [40,41] 
lnsuline-like growth factor- I t [42] 
Monocyte chemoattractant protein- I t [37, 43] 
M yeloperoxidase t [39] 
Neutrophil elastase t [44] 
Eosinophil cationic protein t [39] 
RANTES t [37] 
Soluble intercellular cell adhesion molecule- I [37] 
Vascular cell adhesion molecule-I [37] 
Vascular endothelial growth factor � [45] 

TABLE3. 

Overview of the available literature on diverse compounds measured in BALF samples from patients 
with proven and/or future bronchiolitis obliterans. RA.NTES: 'regulated upon activation, normal T-cell expressed 
and secreted'; * 1: Indicates elevated levels of the protein measured in BALF when BO is prese/11; 
=: indicates not elevated when BO is present; � indicates lower when BO is present. 

1) 
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high IL-8 levels [ 14,1 9,30,35,37-39]. Be­
sides these consistent findings, numerous 
small studies on BALF have analysed 
proteins possibly linked to the development 
of BO (see table 3 for a detailed descrip­
tion of all measured compounds in BALF 
sampled from patients with BO after LTX) 
[ 14,19,30,35-45]. All together these studies 
support the multi-factorial pathogenesis of 
BO, but it is difficult to draw conclusions 
from each individual study with respect to 
BO development. 

A 

FIGURE 4AAND B. 

TREATMENT AND 
PREVENTION OF BO 
Current treatment modalities for BO 
implicate adjustment of maintenance im­
munosuppressive regimens e.g. changing 
cyclosporine to tacrolimus or sirolimus 
and/or changing azathioprine to mycop­
henolate mofetil [5 ,46-48]. Furthermore, 
"rescue therapy" strategies are applied 
when the adjustment of the maintenance 
immunosuppressive regimen has proven 
ineffective. These strategies involve admi-

A: Flexible bronchoscope. Schematic drawing showing the tip of the bronchoscope when held in normal working 
position. !: working channel; II: light source; Ill: camera. 8: Immunological bronclwalveolar lavage procedure 
as used in the Groningen University Hospital: 1 .  The tip of the bronchoscope is positioned in near-wedge of the 
segmental bronchus selected. 2. The bronchoscopist should face the left-hand bronchial wa/l, faci/itating suction 
(minus 10-20 em water pressure). 3. The first aliquot of pre-warmed ( 37°) 20 ml phosphate buffered saline is sent 
for microbiological examination. The second pre-warmed 20 ml portion (considered the bronchial fraction) is 
isolated before three aliquots of pre-warmed 50 ml are pooled (the acwal alveolar fraction). Both bronchial and 
all'eolarfractions are thereafter immediately placed on ice for further examination [72]. 

I+ 
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nistration of methylprednisolone, different 
types of antilymphocyte antibodies, me­
thotrexate, inhaled cyclosporine, total body 
irradiation, extracorporal photopheresis, 
and fundoplication [5,49-55]. But all have 
been shown to be limitedly effective. Yet 
these strategies are the best available, but 
the side effects, recurrent reactivation of 
BO, local availability and lack of scientific 
support (all studies performed are small and 
descriptive or uncontrolled trials with his­
torical controls) limits all these therapies to 
an experimental level. 
All these therapeutic strategies may even­
tually achieve slower progression of BO, or 
even stabilisation of the process. However, 
so far no agent is available to cure BO 
[56] . Therefore, preventive strategies with 
respect to development of BO seem to be 
the most effective in the 'treatment' of BO. 
Preventive strategies imply prevention of 
the proposed risk factors e.g. prevention of 
cold ischemia, reduction of ischemia-reper­
fusion damage, prevention of acute rejec­
tion episodes and administration of CMV 
and bacterial prophylaxis [5 , 9, 28, 57]. 

In conclusion, to date treatment of BOS is 
infrequently successful. Better understan­
ding of the pathophysiology and earlier 
recognition of BO may result in improved 
long-term patient and graft survival. 

A NOVEL IMMUNOSUPPRESSIVE 
STRATEGY AFTER 
LUNG TRANSPLANTATION: 
THE HEME OXYGENASE-I AND 
CARBON MONOXIDE SYSTEM. 
In recent years evidence on the cytoprotec­
tive role of heme oxygenase- I (H0-1 )  and 
carbon monoxide (CO) has been accumula­
ting in vitro and in vivo about. H0-1 can in­
terfere in numerous physiological processes 
and has been shown to inhibit inflammatory 
responses, to slow down apoptosis and tu­
mour growth, to protect against oxidative 
stress and to prevent allograft rejection 
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after organ transplantation. H0-1 is the 
rate-limiting enzyme in the conversion of 
heme to iron, bilirubin and CO. Upregula­
tion of H0-1 (by stimuli such as hypoxia, 
nitric oxide, lipopolysaccharides or reac­
tive oxygen species) results in all these 
protective effects. The precise mechanism 
by which H0-1 acts is poorly understood. 
Remarkably most of these protective effects 
of H0-1 remain present both in vitro and in 
vivo, when H0-1 is inhibited and only CO 
is administered at very low, non-toxic, con­
centrations. This suggests that CO is the ac­
tive key mediator (see figure 4 for a detailed 
description of the functional consequences 
of H0-1 and CO activity) [58-62] . 
To date, limited data are available on the 
role of H0- 1 and CO in LTX allograft 
rejection. Recently, an increased expres­
sion of H0-1 in alveolar macrophages was 
observed in human LTX recipients with 
allograft rejection, suggesting a potential 
role of H0-1 in LTX [63]. In animal trans­
plantation models, like a rat liver transplant 
model and in transplanted pancreatic island 
cells, allograft protection is achieved due 
to up-regulation of H0-1 [64,65]. Also in 
cardiac xeno-transplantation (mouse-to-rat) 
graft protection by both H0-1 modulation 
and/or CO administration has been shown 
[66,67] . H0-1 upregulation can further­
more induce cellular protection against 
ischemia/reperfusion (IIR) injury after re­
implantation of the organ as has been shown 
in both a guinea pig LTX model and in a rat 
liver transplantation model [68,69]. The IIR 
injury is thereby possibly prevented by sup­
pression of Th 1 cytokines and a decreased 
apoptosis after reperfusion [69] . Recently 
CO itself has been shown to inhibit apopto­
sis in I/R lung injury by modulation of p38 
MAP-kinase and caspase-3 [70] . 

Thus, knowing that the H0-1/CO system 
can inhibit allograft rejection and prevent 
IIR damage in animal models, it can be hy­
pothesised that H0-1 and CO have a poten-



Fe(II) 

() 
IRP IRP-Fe 

� 
de novo synlhms 

(+) 
p38MAPK 

/\� [ Anti·apoptosis J [ Anti-inflammation 

FIGURE 5. 

CHAPTER ONE 

NAD(PJH 8/UVERDIN REDUCTASE 

HADPll NADP' 

\__) 
[ Antiox11labon J 

• 

Bilirubin IXl1 

CYTOCHROME C OXIDASE 

H (?) NADPH OXIDASE 

GUANYLATE CYCLASE 

{\ OTP cGMP - Vasoregulanon 
NeurotranamisSIOII 

l 
p2 I - ( Anb-probferabon ) 

Schematic presentation of the Junctional consequences of heme metabolism and CO production (adapted from ref 
44). Heme o.\ygenase (HO) degrades heme to biliverdin-/Xa, carbon monoxide (CO), and iron. Biliverdin-/Xa is 
converted to bilirubin-/Xu by NAD(P)H biliverdin reductase. Both bile pigments have potent in vitro antioxidallt 
activity. Redox-active iron released from HO activity may promote oxidative damage. However, by inactivating 
iron regulatory protein (IRP) activity, iron stimulates the synthesis of ferritin, an iron-sequestration protein and 
possible cytoprotectant. CO derived from the HO reaction has possible significance in the regulation of vascular 
and neural Junctions. The stimulation of cGMP-dependent signal transduction pathways may account for the 
vasodilat01y and anti-proliferative effects. CO has potellf anti-inflammatOI)' effects, which depend on downre­
gulation of pro-inflammatory cytokine production mediated by modulation ojp38 MAPK. cGMP = guanosine 
3 ',5'-cyc/ic monophosphate; Fe( II) =ferrous iron; Fe (Ill) = ferric iron; GTP = guanosine triphosphate; NOS= 
nitric oxide symhase; p38 MAPK = p38 mitogen activated protein kinase. 

16 



CHAPTER ONE: 

tial important protective role in preserving 
allograft function both directly after LTX as 
well as on the longer run. 

AIM OF THE THESIS 
Bronchiolitis obliterans accounts for se­
rious morbidity and mortality after lung 
transplantation. Until now there is limited 
knowledge of the pathophysiology, and no 
sensitive and specific diagnostic modali­
ties are available to accurately assess BO. 
Moreover, the current available treatment 
modalities fail to prevent or even stabilise 
bronchiolitis obliterans. 

In Part I of this thesis we set out to inves­
tigate both the normal airway changes after 
lung transplantation as well as changes due 
to bronchiolitis obliterans. Until now it is 
not known which airway cellular changes 
occur after lung transplantation. There­
fore, we examined in chapter 2 the normal 
profile of bronchoalveolar lavage cell cha­
racteristics in stable patients with a good 
outcome after lung transplantation. 
In chapter 3 the bronchoalveolar lavage 
fluid characteristics in patients with acute 
and chronic allograft rejection are evaluated 
and tested for their diagnostic feasibility. 
Thereafter we examined in chapter 4 the 
airway changes in bronchiolitis obliterans 
as well as acute rejection to determine the 
predictive value of bronchoalveolar lavage 
fluid examination with respect to the deve­
lopment of bronchiolitis obliterans. Due to 
the introduction of new immunosuppres­
sive agents, with potential better treatment 
results, we examined in chapter 5 the in­
fluence of different treatment modalities on 
the airways. 
In chapter 6 we describe the clinical utility 
of the immunological bronchoalveolar la­
vage procedure in a case-report, and finally 
in chapter 7 we investigate the feasibility 
of sputum induction as a diagnostic tool to 
evaluate airway cellular and soluble com­
pounds in lung transplant recipients. 
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In part IT of this thesis, we propose a new 
concept of immunosuppression and graft 
protection, by reviewing (chapter 8) the 
potential of the heme oxygenase- I and car­
bon monoxide system with respect to lung 
transplantation. To investigate a possible 
role for heme oxygenase- I and carbon mo­
noxide in lung transplantation, we examine 
the levels of exhaled carbon monoxide with 
respect to bronchiolitis obliterans in chap­
ter 9 and the heme oxygenase- I expression 
in bronchoalveolar lavage fluid alveolar 
macrophages of lung transplant recipients 
in chapter 10. 

Finally, chapter 11 summarises this the­
sis and provides future perspectives with 
respect to further research and treatment 
options. 
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PART I - CHAPTER TWO 

Abstract 
Bronchoalveolar lavage fluid (BALF) analysis is used in patients after lung 
transplantation (LTX) to obtain more insight into pathological conditions 
such as acute and chronic allograft rejection. Information on the normal 
course of BALF cell characteristics in patients with "good outcome" 
after LTX is limited. Therefore we analyzed 1 69 BALF samples from 63 
well-defined "good outcome" patients after LTX (no acute or chronic 
transplant dysfunction, bacterial, fungal, or viral infections at the time 
of BAL). Total cell count decreased from the first months: median (range) 
234 x 103 (70-610) cells/ml to 103 x 103 ( 10-840) cells/ml during the second 
year posttransplantation (p < 0.00 1 ). Cell differential counts did not change 
during the 2-yr study period. The CD4/CD8 ratio increased significantly 
from 0.32 (0. 1 1 -0.46) just posttransplantation to 0.62 (0. 16-4.27) the second 
year after LTX. This increasing ratio was mainly due to a sharp decreasing 
CDS+ cell count. Thus, characteristics of BAL cellular patterns in patients 
with good outcomes after LTX show important changes over time. 
We have defined control values for the BALF cellular profile in patients 
without pathological airway conditions after LTX. We propose to use these 
control values as a tool for diagnosing patients with pulmonary 
complications after LTX and for the follow-up of treatment regimens. 
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INTRODUCTION 
Lung transplantation (LTX) is the ultimate 
and often last therapeutic option for several 
end-stage lung diseases. The outcome after 
LTX is mainly determined by the develop­
ment of chronic graft failure: obliterative 
bronchiolitis (OB). The latter may even 
develop during the first months posttrans­
plantation and is the main cause of death 
after the first 6 mo posttransplantation. Fur­
thermore, OB strongly limits the personally 
gained quality of life by LTX ( 1 ,  2). Early 
identification of patients "at risk" for deve­
lopment of OB is very important, because 
intervention by modulating the immuno­
suppressive regimens may prevent or slow 
down the "natural course" of the develo­
ping chronic graft failure. In contrast, once 
OB has developed only retransplantation is 
therapeutically available (3). 

Besides transbronchial biopsies and lung 
function testing, monitoring patients af­
ter LTX by bronchoalveolar lavage fluid 
(BALF) analysis is increasingly used to 
obtain more insight into the pathogenesis of 
chronic allograft dysfunction and to diagno­
se OB (4). Recently we have shown that the 
differential cell count and cytokine profile 
of BALF can identify patients "at risk" for 
developing OB without having abnormal 
lung function or histopathological findings 
at that time (6). 

To define an abnormal BALF profile, in­
formation on the "normal" BALF profile 
found in patients without further pathologi­
cal airway conditions after LTX is needed. 
BALF results from patients after LTX are 
incomparable to BALF results from healthy 
subjects possibly due to the immunological 
allograft response and the immunosuppres­
sive therapeutic regimens (9). Furthermore, 
BALF profiles are likely to undergo a dyna­
mic change the first years after LTX ( 12). 
When reviewing the literature on BALF 
analysis in "good outcome" LTX groups, 
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a large variability between studies is found 
with respect to the procedures used for 
BALF sampling, timing of the BAL proce­
dure (days after LTX), and quantified cellu­
lar characteristics of BALF. This indicates 
the difficulty in defining "normal values," 
even though all patients in the reviewed 
studies are being described as "healthy" or 
"having no complications" (Table 1) (4, 5 ,  
8, 10,  1 1 ,  1 6). 
The aim of the present study was to define 
the "normal" cellular profile of BALF of 
patients after LTX without any signs or 
symptoms of accompanying airway patho­
logy. Therefore, in a prospective cohort of 
LTX patients, we set out to assess BALF 
characteristics in a well-defined subpopu­
lation of "good outcome" LTX patients in 
whom BAL was performed at fixed inter­
vals during the first 2 yr after LTX. 

METHODS 
Patients and Study Design 
A prospective cohort study analysis was per­
formed on BALF samples from all patients 
transplanted in our center between No­
vember 1 990 and December 1 998. BALF 
samples were excluded for analysis when 
acute rejection; OB (histological and/or 
functional decline within 2 yr after the last 
BAL); bacterial respiratory tract infections 
(also clinical diagnosis of purulent bron­
chitis made by bronchoscopy); or fungal, 
cytomegalovirus (CMV), or other viral in­
fections were present at the time of the BAL 
procedure. Single, bilateral, and heart-lung 
TX were performed according to establis­
hed techniques (22). 

Diagnostic Protocol and Follow-up 
Graft function was assessed by pulmonary 
function testing and routinely performed 
transbronchial biopsies before discharge 
and every 6 mo after LTX (6). Acute allo­
graft rejection was diagnosed clinically or 
histopathologically as defined by Yousem 
and coworkers (23). Diagnosis of OB was 
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TABLE 1. BRONCHOALVEOLAR LAVAGE FLUID PROFILES IN PATIENTS WITH GOOD OUTCOME AFTER LTX: REVIEW OF THE LJT(RATURE• 

Alllh<w n' FEV, Time post-TX RecllYel)' Total Cel AM LYM PMN EO 
(¥') (pts) (96pf!d) (d) Method' (96) (X 1!1'/ml) (96) (96) (96) (96) COol/COB 
Clelland (1 6) 8 2 X 50 sal 140 88 1 0  4 

(1993) 
Magnan (17) 29 Nonn•l 5 X 50 sal 286 73 1 2.4 1 1  

(1 994) (70) (:!: 40.6) (:!: 19) (:!: 1 .3) (:!: 2.3) 
Whitehead (18) 14 3 X 60 pbs 86.7 8.9 4.0 

(1995) (:!: 7.8) (:!: 6.5) (:!: 2.0) 
Magnan (19) 6 Nonnill 5 X 50 sal 442 75.6 10.4 1 1 .7 

(1 996) (23) (:!: 1 08) (:!: 2.1) (:!: 1 .5) (:!: 3.1) DiGiovlne (4) 41 518 4 X 60 sal 89.1 4.6 5.8 0.6 
(1 996) (:!: 83) 

RUse (20) 1 2 X 80 pb> 54 300 79 6 1 2  0.2 
(1997) (58) (:!: 1 1 ) (:!: 200) (:!: 20) (:!: 6) (:!: 19) (:!: 0.5) 

Wird (10) 1 7  98.6 190 3 X 60 pb> 50 280 71 22 • 0 
(1 998) (:!: 2.9) (�1 .301) (22-62) (1 00-1,700) (20-91) (3-78) (0.4-18) (0-3) 

RUse (21) 1 3  732 2 X 60 pb> 74 22 3.8 0 
(1 998) (274-3,300) (55-96) (0.5-42) (0.5-7) (0-1 ) 

Rllse (5) 20 2 X 80 pbs 50 85.5 7.0 5.5 0.0 
(1 999) (48-64)1 (76-91)1 (4.1-1 3.1)1 (3.0-9.0)1 0.0 Elnner (ll)  100.7 485 S X 20 sal 36 1 39 94.8 1 .2 4.1 0.3 (2000) (:!: 1 .6) (:!: 77) (:!: 5.8) (:!: 44) (:!: 2.5) (:!: 1 .1)  (:!: 1 .3) (:!: 0.2) 

Zheng (8) 1 9  98.9 555 3 X 60 pbs 47 160 73 19 4.7 0.3 (2000) (:!: 1 .9) (S8-1,5S8) (:!: 6.1) (:!: 50) (:!: 8) (:!:9) (:!: 2.2) (:!: 0.2) 

Dtfln�ion of ab/Hrviorions: AM • alveolar mKrophoges; EO • eo�nophll; l TX • lung transplintatlon; LV * lymphocytes; pbs • phasphote-buffertd sa liM; PMN • neutro-phil>; sal • normal saline. 
• Values given as modian (min-max) or mean (::: 50). 
1 n = number of patients, with the number of BAl. Simples '" parentheses. 
I Method oi iiALJ'  Slmpling. 
1 1nterquartt'e range. 

Figure 1 .  Longiwdinal profile of the total cell count 
(alveolar fraction) of 19 patients 
with good outcome after LTX. 
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Figure 2 .  Cross-sectional course of the total cell 
count of the alveolar fraction of 63 patients 
with good outcome after LTX. 
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TABLE 2. RECOVERY AND CELL COUNTS OF BALF IN PATIENTS WITH GOOD OUTCOME AFTER LTX' 

Days after L TX 

< 75 76-200 201-400 400-800 

BF AF BF AF BF AF BF AF 

Number of BALF 1 7  1 9  27 34 45 47 so 69 
Recovery, % 25 (3-55) 71 (31-86) 2S (5-85) 69 (28-83) 2S (8-73) 69 (2-87) 2S (1-100) 63 (19-85) 
Total cell, X 1 05/ml 1 73 (1 0-960) 234 (70-61 OJ 1 00 (1 0-820) 151 (20-700) 100 (0-510) 1 1 6  (30-530)1 90 (0-830) 103 (1 0-840)1 
AM, % 92 (39-97) 93 (76-98) 94 (23-98) 93 (76-99) 92 (61-100) 94 (70-99) 92 (60-100) 96 (72-100) 
PMN, % 2.5 (1-57) 2 (0-1 3) 2 (0-73) 2 (0-10) 2 (0-34) 2 (0-22) 2.9 (0-38) 1 (0-24) 
LV, % 2.5 (1-10) 4 (0-23) 2 (0-33) 3 (1-22) 2.5 (0-26) 3 (0-28) 2 (0-12) 2 (0-1 6)1 
EO, % 0 (0-1 ) 0.18 (0-1) 0 (0-1) 0.16 (0-1 ) 0 (0-4) 0.18 (0-5) 0 (0-3) 0.14 (0-5) 

Dtfinillon olobbmiotionr. IE = alveolir fraction; AM � alveolar macroph�s; BAlf � bronchoalveolir lavage fluid; BF = bronchiol fraction; EO • eosinophils; L TX = lung trans­
plantation; LV • �phocytes; PMN • neutrophils. 

• V•lues aro pruented as medians (range). n • number of BAlf samples analyzed. Values given cross-secuonal in four consecutive time periods after LTX. 
1 p < O.Ol, *p < 0.001 when componng the different time periods with < 75 d after LTX. 

TABLE 3. BALF LONGITUDINAL CHARACTERiffiCS OF TOTAL CELL COUNT, CELL DIFFERENTIATION, CD3+, 

AND CD-4/CDB RATIO IN PATIENTS WITH GOOD OUTCOME AFTER LTX 

Time after l TX, d < 75 76-400 401-800 
Number of BALF samples 1 9  15 1 6  
Total cell count x 1 03/ml 234 (70-61 0) 240 (30-370)' 120 (30-470)1 
Macrophages, % 93 (76-98) 91 (76-99) 97 (90-98) 
Lymphocytes, % s (0-23) 3 (1-22) 1 .5 (1-7)* 
Neutrophils, % 2 (0-1 3) 3 (0-1 6) 1 .5 (0-4) 
Eosinophils, % 0 (0-1) 0 (0-0) 0 (0-1 ) 

Number of FACS samples 1 2  1 1  10 
CD3+, % 90 (81-98) 85.5 (59-95) 80.5 (64-97)1 
CD4/CD8 ratio 0.32 (0.11-0.63) 0.49 (0.15-1 .52)* 0.74 (0.21-4.27)' 

Ddinition ol obb<!viationr. BAlf = bronchoalveol�r lavage fluid; FACS = fluorescenco-acttvated cell sorter; L TX • lung transplantauon, 
• p < 0.01, 1 p < 0.001, 1 p < 0.05 when comporing the different time penods with < 75 d alter LTX. 

Figure 3. Longitudinal profile of the CD4/CD8 
ratio (alveolar fraction). 

Figure 4. Cross-sectional course of the CD4/CD8 
ratio (alveolar fraction). 
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based on a classification and grading by the 
ISHLT (23). Diagnosis of bacterial or fun­
gal infections was based on positive BALF 
cultures. Active CMV infection was asses­
sed by CMV serology and CMV antigene­
mia testing as described before (6, 24, 25). 

Therapeutic Protocol 
Immunosuppression included up to five 
gifts of antithymocyte globulins (rATG, 
Merieux, dosed at 3 mg/kg) in the first 
10 d after transplantation. The maintenance 
immunosuppressive regimen consisted 
of cyclosporin (aimed at serum levels of 
400 ng/ml post-LTX, tapered down in 3 wk 
to 150 ng/ml and maintained at this level 
for all time periods), azathioprine ( 1 -3 mg/ 
kg/d), and prednisolone (0. 1 -0.2 mg/kg/d). 
The newer immunosuppressive drugs tacro­
limus and mycophenolate mofetil were not 
used in the first 7 yr of our study. All pa­
tients received acyclovir and cotrimoxazole 
prophylaxis (6). 

Bronchoalveolar Lavage 
and Cell Isolation 
BAL and bronchoscopy were routinely 
performed after the first month and every 
6 mo after LTX and additionally in case of 
clinical indication. This protocol was ap­
proved by the Medical Ethics Committee. 
Two aliquots of 20 ml and three aliquots 
of 50 ml prewarmed phosphate-buffered 
saline (PBS) were instilled. The first 20 ml 
portion was investigated for viruses, bacte­
ria, and fungi, the second 20 ml portion was 
isolated as bronchial fraction (BF), and the 
three 50 ml fractions were pooled for the al­
veolar fraction (AF) (6, 26, 27). The BF and 
AF were further processed for leukocyte 
differentiation as described earlier (6) and 
FACS. The differentiation was determined 
by counting 200 cells on two slides each. 

FACS Analysis 
To quantify percentage and total number 
of lymphocyte subtypes direct immu-
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nofluorescence in the AF was performed 
with monoclonal antibodies (MAb) phy­
coerythrin and fluorescein isothiocyanate 
conjugated. The following MAbs were 
used: CD3/CD4, CD3/CD8 (IQ-Products), 
CD4/CD25, HLADRICD4, HLADRICD8 
(Beckton Dickinson), and CD45RO/CD4, 
CD45RO/CD8 (Dako, Denmark). Briefly, 
one million cells of the AF were incubated 
for 30 min at 4 o C with 10 pl of MAb follo­
wed by centrifugation at 590 x g for 5 min 
at 10° C and washing two times with 0.5% 
(wt/vol) bovine serum albumin (BSA) in 
PBS.  Labeled cells were analyzed using a 
fluorescence-activated cell sorter-Calibur 
(Beckton Dickinson). 

Statistical Analysis 
Data were analyzed using SPSS/Pc+ soft­
ware (SPSS Benelux b.v., Gorinchem, The 
Netherlands). Cell counts and lymphocyte 
subtypes were compared using the nonpara­
metric Wilcoxon signed rank test for longi­
tudinal analysis. The differences shown in 
the cross-sectional data are calculated on 
longitudinal analysis. p Values < 0.05 were 
considered as significant. All results are 
presented as median and range, unless 
otherwise stated. 

RESULTS 
Bronchoalveolar Lavage Selection 
BALF samples (50 1 )  were collected between 
1 990 and 1998. A total of 20 1 samples were 
excluded for further analysis because of the 
death of the respective individual or deve­
lopment of OB within 2 yr of the last BAL. 
Of the remaining 300 samples, 67 were 
excluded because of signs or symptoms of 
infectious complications (bacterial, viral, 
or fungal) and 64 samples were excluded 
thereafter because of acute rejection at time 
of BAL. The remaining 169 BALF samples 
were included for analysis. The BALF sam­
ples were distributed over four time periods 
(< 75, 76-200, 20 1 -400, and 40 1-800 d 
after LTX) and cross-sectionally analyzed 
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for cellular characteristics (Table 2). The 
BALF samples included in the first time 
period after LTX ( < 75 d) were also longi­
tudinally analyzed (Table 3). The longitu­
dinal samples were distributed over three 
time periods (< 75, 76-400, and 401-800 d 
after LTX). Of these 169 BALF samples, all 
alveolar fractions (AF) and 139 bronchial 
fractions (BF) were adequate to analyze. In 
30 BF samples, no recovery of the instilled 
fluid was obtained. 

Patient Characteristics 
The 169 BALF samples were obtained 
from 63 patients (32 female, 3 1  male) 
with a mean age of 43.4 yr (SD ± 10.4 yr) 
at time of transplantation. Ten of these 
patients received single LTX, 1 heart-lung 
TX, and 52 bilateral LTX. Six patients had 
lung fibrosis as pretransplant diagnosis, 
2 1  a1-antitrypsin (a,-AT) deficiency (all 
without augmentation treatment), 1 1  chro­
nic obstructive pulmonary disease (COPD), 
5 bronchiectasis, 5 primary pulmonary hy­
pertension, 5 secondary pulmonary hyper­
tension, and 10 cystic fibrosis pre-LTX. 

Recovery 
Recovery of both the bronchial and alve-

olar fraction percentages was comparable 
between all time periods, although the 
percentage recovered fluid was much larger 
in the alveolar fraction: 66% (2-87) when 
compared with the bronchial fraction: 25% 
( 1- 100) (Table 2). 

Cellular Content and Differentiation 
In the longitudinal data analysis, total 
cell count (AF) decreased from 234 x103 
(70-610 x 103) cells/ml in the first BAL 
within 75 d after LTX to 120 x103 (30-
470 x 103) cells/ml during the second year 
posttransplantation (p < 0.001 )  (Figure 1) .  
Total cell counts had the same profile in the 
cross-sectional data: a decreasing total cell 
count from 234 x 103 (70- 610 x 103) cells/ 
ml (< 75 days) to 103 x103 ( 10-840 x 103) 
cells/ml during the second year post-LTX 
(Figure 2). Overall, cell differentiation in 
the alveolar fraction was characterized by 
a predominance of alveolar macrophages: 
94% (70-100) and low numbers of lymp­
hocytes: 2% (0-24) and neutrophils: 3% (0-
28). In the longitudinal analysis (Table 3) as 
well as in the cross-sectional data (Table 2), 
a slight decrease in lymphocyte percentage 
was shown: 5% (0-23) < 75 d to 1 .5% ( 1 )  
40 1 -800 d post-LTX (p < 0.05). No diffe-

TABLE 4. CROSS-SECTIONAL LYMPHOCYTE SUBTYPE ANALYSIS (FACS) OF BALF CELLS OF 
PATIENTS WITH GOOD OUTCOME AFTER LTX• 

Time after L TX, d < 75 76-200 201 -400 401 -800 

N 1 2  24 29 45 
coJ•, % 90 (S1-9S) 91 {59-95) S7 {65-9S) S3 (51-99)' 
co4•, % 21 {9-30) 24 {7-47) 30 {1 1 -62)1 30 {1 0-79); 
cos•, '*' 65 (46-80) 59 (23-82)1 48 {1 7-82)1 44 (1 S-64)l 
c04•, 1 04/ml 2.62 (0.61 -8.62) 2.07 {0.1 3-8.99) 1 .50 {0.14-6.7S) O.S7 {0. 1 6-1 3.3)1 
cos•, 1 04/ml 7.7S {2.19-43.0) 4.71 (0.1 2-44.20)1 2.33 {0.1 9-1 9.5); 1 .55 (0.1 7-1 5.9)' 
C04/C08 0.32 {0.1 1-{).46) 0.40 {0.09-1 .23) 0.69 (0.1 5-2.1 )1 0.62 (0.1 6-4.27)' 
C04+HLAOR, % 63 {45-83) 53 (1 4-93) so (27-99)1 52 {1 8-98)1 
cos•HLAOR, % 64 (43-89) 51 (1 3-99)1 45 (1 9-99)' 45 (8-89)1 
C04•Co4s•, % 1 00 {94-1 00) 1 00  (95-100) 1 00 {96-1 00) 99 (89-100) 
cos•co4s•. '*' 93 (88-100) 88 (53-100)1 87 {63-1 00)1 89 (64-100)1 
co4•cozs•, '*' 46 {0-68) 21 {3-62)1 1 6.5 {1 -54)1 24 {2-57)1 

INfinition of abbnviot10m: BAlf - bronchoalveolar Lavage fluid; FACS = fluorescence-activated cell sorter; L TX = lung transplantatoon. 
• Values are pre5ented as medians (ringe). n = number of BALF samples analyzed. 
t p < 0.05, 1 p < 0.01, 1 p < 0.001 when comparing the time periods with < 75 d after LTX. 
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renee was found in the cell differentiation 
of the sequential BF (Table 2). 

Lymphocyte Subtype Analysis (AF Only) 
Cl23.+: 
A slight, but significant decrease in total 
CD3+ cell count and percentage CD3+ 
lymphocytes was noticed in both the lon­
gitudinal (Table 3) and the cross-sectional 
analysis (Table 4). 

CD4+LCJ28.+ 
The CD4/CD8 ratio for the longitudinal 
follow-up increased significantly from 
0.32 (0. 1 1 -0.63) just posttransplantation to 
0.74 (0.21-4.27) the second year after LTX 
(p < 0.0 1 )  (Figure 3). These data are sup­
ported by the cross-sectional data in which 
a rise from 0.32 (0. 1 1-0.46) just posttrans­
plantation to 0.62 (0. 16-4.27) the second 
year after LTX occurred (Figure 4). The 
increase in the CD4/CD8 ratio was mainly 
due to a sharp decrease in total CD8+ T cells 
from 7.78 x l 04 cells/ml (2. 19-43.0) < 75 d 
after LTX to 1 .55 x104cells/ml (0. 17-1 5.9) 
for 401 -800 d after LTX (p < 0.001 ), with 
a corresponding percentage CDS+ cells of 
65% (46-80) and 44% ( 15-64), respecti­
vely (p < 0.00 1 ). The total CD4+ cell count 
dropped from 2.62 x 104 cells/ml (0.61-
8.62) < 75 d post-LTX to 0.87 xl04cells/ 
ml (0. 16- 13.3) at 40 1-800 d post-LTX 
(p < 0.05), but the percentage increased 
from 2 1 %  (9) to 30% ( I  0-79) at these same 
time periods (p < 0.0 1 )  (Figure 5, Table 4). 

Activation markers 
Both CD4+HLADR and CD8+HLADR ex­
pression decreased in the first months after 
LTX and remained stable after the first 75 d 
(Table 4). CD4+CD45Ro remained unaffec­
ted after LTX and CD8+CD45Ro showed 
a slight decrease (Table 4). Furthermore, 
CD4+CD25+ T cells showed a significant 
decrease from 46% (0-68) < 75 d after LTX 
to 2 1 %, 1 6.5%, and 24% at the subsequent 
periods after LTX (p < 0.0 1 )  (Table 4). 

)1 

Subgroup Analysis of the 
a ,-AT-Deficient Recipients 
Because a large number (n = 2 1 )  of the 
included patients are a1-AT deficient (a 
subgroup that is showing a lower incidence 
of OB [1 ] )  we performed the same analysis 
on these patients. The results were the same 
as in the whole group. Total cell counts 
decreased from 235 x l03 (range 320) in 
the first time period ( < 75 d after LTX) 
to 100 xl03 (620) in the last time period 
(400-800 d after LTX), CD3+ from 87% 
(12) to 83% (43), CD4+ from 2 1 %  ( 15) to 
30% (50), CDS+ from 67% (17) to 37% 
(43), CD4+CD25+ from 49.5% (7) to 1 9% 
(41) ,  and finally the CD4/CD8 ratio from 
0.41 (0.23) to 0.80 (4. 1 1 ). 
This study is the first to assess the normal 
longitudinal profile of cellular BALF cha­
racteristics after LTX. These data were de­
termined in patients who can be considered 
as "normals," thus without any complica­
tions or signs or symptoms of additional 
airway pathology after LTX. We show that 
there is an important physiological post­
transplantation change of the cellular BALF 
profile. Total cell counts, CD3+, CD4+, 
CD8+, and CD4+/CD25+ lymphocyte counts 
and CD4/CD8 ratio all undergo a dynamic 
change during the first 2 yr after LTX. 

DISCUSSION 
Cellular and immunological contents of 
the bronchial fraction of BALF have been 
shown to discriminate patients at risk 
for developing OB very early after LTX. 
Therefore, we analyzed both the bronchial 
fraction, which is assumed to represent the 
proximal airways, and the alveolar frac­
tion, reflecting peripheral airways (6, 26). 
Cell differential counts were found to be 
comparable in both fractions in our "good 
outcome" patients (Table 2). Thus, there is 
no advantage of BF over AF in this respect 
or vice versa. 

Previous studies have published data on 
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cellular and immunological characteristics 
of BALF in "good outcome" LTX groups in 
relation to the pathogenesis and diagnosis 
of OB and acute rejection episodes (Table 
1 )  (4, 5, 8, 10, 1 1 , 1 6).  However, our review 
of these studies shows that there are large 
differences in the total and differential cell 
counts between these studies, even though 
the "good outcome" groups were always 

FIGURE 5. Cross-sectional absolute (A, C) and 
percentage ( 8, D) cell counts for CD4• and CDS• 
cells showing the much more pronounced decrease 
in CDS� cells after LTX. 
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defined as stable, without infection and 
rejection. Possible explanations for these 
discrepant findings may be found in the 
difference in timing in performing the BAL 
procedure after LTX, as well as different 
immunosuppressive regimens and labora­
tory protocols for BALF analysis used (Ta­
ble 1 ) .  It has been suggested that the total 
cell count remains high for years. A high 
total cell count has indeed been described 
by several authors the first weeks post-LTX 
only, as has been confirmed by our results 
(9, 12) .  Our study now shows that when a 
"good outcome" group is defined, there is 
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a definite decline in total cell count 1 yr 
post-LTX. 

We analyzed 1 69 BALF samples (Figure 
1 )  from 63 patients after LTX in whom no 
signs of OB occurred within 2 yr after the 
last BAL and no signs of acute rejection; 
acute bronchitis; or bacterial, fungal, or 
viral infections were present at the time of 
the BAL procedure. Thus, without reasona­
ble doubt, we selected and investigated the 
BALF samples that can provide as clearly 
as possible insight in the normal course of 
alveolar cell influx in LTX patients. We the­
refore propose using these data for further 
evaluation of BALF cellular profiles in 
individuals post-LTX. 

One may wonder whether the BALF cel­
lular characteristics in "good outcome" 
patients after LTX are in the normal range, 
thus comparable to BALF cellular charac­
teristics in healthy nonsmoking subjects. 
When comparing the BALF cellular profile 
in healthy nonsmoking subjects previously 
studied in our laboratory with our "good 
outcome" patients 40 1-SOO d after LTX, it 
appears that cell counts in this LTX group 
are reasonably within the normal range: 
total cell counts LTX: median 103 x 103/ 
rnl (range 10-S40) versus healthy 100-
150 x 103/ml; neutrophil counts LTX: 1 %  
(0-24) versus healthy 0-2%. The percentage 
alveolar macrophages seems to be higher in 
our subjects (S5-92% in healthy subjects) 
and the lymphocyte percentage is lower 
compared with normal subjects (7-1 2% in 
healthy subjects) (27, 2S, 29). Marked dif­
ferences are found in the lymphocyte subty­
pes in BALF between our "good outcome" 
LTX subjects (40 1-SOO d) when compared 
with reference values for nontransplanted, 
nonsmoking, healthy subjects. First, the 
percentage T cells (CD3+) is lower in the 
healthy subjects (50-73%) when com­
pared with our LTX population (median 
S3%, range 5 1 -99). Furthermore, there is 

)) 

a much lower CD4/CDS ratio in the LTX 
group: 0.62 (0. 16-4.27) in our LTX group 
the second year after transplantation versus 
1 .5-2.0 in normal subjects. Two years after 
LTX, the total CD4+ count of the "good 
outcome" LTX patients reaches the normal 
range for healthy persons, whereas the total 
CDS+ count remains high above the normal 
values: 1 .55 x104 cells/rnl (LTX) versus 
0.5 x104 cells/ml (healthy persons) (2S, 29). 
This high percentage CDS+ may indicate 
ongoing allograft response. Our findings 
are also supported by Farver and coworkers 
who recently showed a high percentage of 
CDS+ T cells in subjects with LTX rejection 
and nonrejection when compared with non­
smoking healthy subjects. The correspon­
ding percentage CD4+ cells was lower for 
the LTX patients when compared with the 
healthy subjects (30). 

A longitudinal change in the BALF cellular 
profile is to be expected after LTX because 
of the abrupt start of allograft response, 
with responding humoral and cellular host 
defense, the initiated aggressive immuno­
suppressive therapy, and the knowledge 
that approximately 3 mo after LTX the 
donor cells are replaced by recipient cells 
(9). A longitudinal course has also been 
suggested by two earlier studies performing 
serial BALF analysis after LTX in unselec­
ted patients ( 12, 1 3). Defining the normal 
course in BALF cellular characteristics 
after LTX in a longitudinal set-up has not 
been determined so far in a properly se­
lected group of patients post-LTX without 
any other pulmonary complications. Our 
results show a constantly increasing CD4/ 
CDS ratio over the first 2 yr post-LTX. This 
increasing CD4/CDS ratio is due to a mild 
decline in total CD4+ cell count and a much 
more pronounced decline of the total CDS+ 
cell count, thus providing a rising per­
centage CD4+ and decreasing percentage 
CDS+ lymphocytes. These results are not 
compatible with current available literature 
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on sequentially performed analysis of CD4/ 
CD8 ratios the first year after LTX. The 
three published studies (with 14 patients 
evaluated in total) suggest a post-LTX de­
crease in CD4/CD8 ratio ( 13 ,  14, 1 8). In 
contrast, in our well-defined population, we 
observed an increasing percentage in CD4+ 
cells resulting in a rising CD4/CD8 ratio. 
This observation is supported by the study 
of Crim and coworkers, who also noticed a 
rise in the percentage CD4+ cells and CD4/ 
CD8 ratio after LTX in 10 "good outcome" 
patients ( 15). 

The dynamic change in, for example, CD8+ 
counts after LTX has important bearings 
on the outcome of previously performed 
studies using flow cytometric data, as is il­
lustrated by the studies performed by Ward 
and Snell ( 10, 3 1). They found no diffe­
rence in flow cytometric data between OB 
and stable LTX patients, yet with a large 
difference in the time post-LTX at which 
the BAL procedures were performed: 
855 ± 212  d and 340 ± 323 d, respectively, 
that is, in our study CD8+ counts declined 
for this difference in time from 4.71 x 104 
cells/ml to 1 .55 x 104 cells/mi. If Ward and 
Snell had used "time post-LTX" matched 
groups, they probably would have found 
a difference in the flow cytometric data 
between OB and their stable LTX patients 
( 10, 3 1) .  

Our findings of a dynamic change in CD4+ 
and CD8+ cell count and thus the CD4/CD8 
ratio after LTX can be explained by the 
direct and ongoing allograft response and 
the immunosuppressive treatment given. 
The direct allograft response ensures a high 
total CDS+ cell count the first weeks after 
transplantation, and this decreases due to 
the strong immunosuppressive blockage 
of cyclosporin or tacrolimus on the CD4+ 
(Th l )  cells. The graft recipient CD4+ cells 
are directly activated due to direct recogni­
tion of cell surface markers of donor APCs. 

)+ 

The CD4+ cells are preferentially activated 
into Th l cells, which induce a delayed type 
hypersensitivity reaction resulting in acute 
allograft rejection (32, 33). 

We also investigated lymphocyte activation 
markers. We found a high percentage of 
CD4+CD25+ lymphocytes (a-chain of the 
interleukin-2 receptor) just post-LTX with 
a decreasing percentage over the following 
2 yr, both resembling the results found by 
Crim and coworkers ( 15).  The high percen­
tage just post-LTX indicates very aggres­
sive reactivity to donor cells in the early 
postoperative phase. The remaining higher 
level of CD4+CD25+ cells when compared 
with healthy non-LTX subjects probably 
reflects the ongoing allograft response 
( 10, 15,  32). The number of CD4+HLADR 
and CD8+HLADR cells started at a highly 
activated level, thereafter decreasing and 
leveling off during the first year after LTX 
to remain stable. 
Our findings 2 yr after LTX are comparable 
to HLA-DR findings of previously reported 
flow cytometric data ( 10). When comparing 
these data with HLA-DR BALF values of 
healthy non-LTX volunteers, the HLA-DR 
expression remains at a much higher level 
for LTX patients, most likely due to the 
chronic allograft response (32) . 

From our study we conclude that a decre­
ase in total cell count, lymphocytes, and 
CD3+ lymphocytes and an increase in the 
CD4/CD8 ratio after LTX represent the 
natural course of cells in BALF in patients 
without pathological airway conditions 
after LTX. We were able to define control 
values for the BALF cellular profile in 
patients with no complications after LTX. 
We suggest using these control values as a 
tool for diagnosing patients with pulmonary 
complications after LTX and for the fol­
low-up treatment regimens. It appears that 
dynamic post-LTX profiles have to be taken 
into account when research is performed or 
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clinical interpretations are made on BALF 
cellular characteristics after LTX. 
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Abstract 
To assess the value of bronchoalveolar lavage fluid in acute and chronic 
rejection after lung transplantation we analysed bronchoalveolar lavage 
fluid cellular differential characteristics, lymphocyte subtypes, 
interleukin-6 and interleukin-8 cytokine levels in patients with 
exclusively either acute rejection (n=37) or bronchiolitis obliterans (n=48). 
Both groups were compared with a control group of lung transplantation 
patients without rejection or infection, matched for the time the lavage 
was performed after lung transplantation. 
The bronchiolitis obliterans group showed a marked neutrophilia, high 
interleukin-8 and higher CD4+CD25+ and CD8+CD45+ bronchoalveolar 
lavage fluid levels when compared to their stable controls. When using a 
cut-off point of >3% neutrophils in the lavage, the sensitivity for BO is 
87 .0%, the specificity 77 .6%. The sensitivity of IL-8 for BO when using 
a cut-off point of > 7 1 .4 pg/mL is 74.5%, the specificity 83.3%. 
Bronchoalveolar lavage fluid in acute rejection was characterised by a 
marked lymphocytosis, but showed no difference with stable controls in 
any of the lymphocyte subtypes studied. When using a cut-off point of 
::5 1 %  lymphocytes in the lavage, the sensitivity for AR is 40.4%, the 
specificity 95.6%. 
The marked neutrophilia, high interleukin-8 cytokine level and more 
activated lymphocyte population in bronchiolitis obliterans may indicate 
ongoing local allograft rejection. In the present study we were not able to 
show any difference in lymphocyte subtypes between acute rejection and 
controls. 
Cellular and soluble parameters in bronchoalveolar lavage fluid serves a 
potential use for diagnosing bronchiolitis obliterans. 

)9 
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Author Method• Rec.b 

Bronchiolitis Obliterans 

Clellandll 2x50sal 

Ward14 3x60pbs 

Ward1 3x60pbs 

Reynaud15 SxSOpbs 

Acute Rejection 

Clelland13 

Whitehead 16 

Crim111 

Reynaud15 

2x50sal 

3x60pbs 

3x50sal 

SxSOpbs 

-

54 

(22-95) 

59 

(22-76) 

-

-

-

-

-

Stat.< 

median 

(range) 

median 

(range) 

median 

(range) 

mean 

(±sd) 

median 

(range) 
mean 

±sd 
mean 

±sd 
mean 

±sd 

Cell differential characteristics 

n* Cell MO LY 

(UIIml) ("/o) ("/o) 
14 150 70 8 

(24) ( 1 0-840) ( 13-100) (0-24) 

6 1 80 40 1 0  

(6) (70-1910) (6-55) (2-41)  

5 93 74 8 

(5) (55-320) (62-87) (5-13) 

1 0  717 22.2 5.9 

(27) ±175 ±3.3 ± I  

27 240 71 14 

(57) (10-1650) (23-98) (0-60) 

- - 61.8 25.7 

(6) - ±22.2 ±22.5 

1 0  - 30 -

(32) - ±4 -
14 64 1  54.6 28.7 

(58) ±8 1 ±3.2 ±2.5 

� . ""-� -� 
TABLE I. 

Lymphocyte subtypes 

NEU n* CD4+ CDS+ CD4/CD8 IL-2R+ HLADR+ 

("/o) 
27 - 14*103/ml 17*103/ml - 20% 60% 

(0-87) (5) ±21*103 ±12*103 

38 6 23% 57% 0.4 8% 45% 

(16-87) (6) (12-75) (20-71) (0.31-3.7) (4-14) (1 8-63) 

13 5 27% 55% 

(3-3 1)  (5) (21-51) (3 1-65) 

68.0 1 0  39.4% 29.2% 1.4 - 31% 

±4 (12) ±3.6% ±2.5% ±0.1 - ±8.6% 

15 3*103/ml 33*103/ml - 31% 60% 

(0-72) ( 1 1) ±3*103/ml ±43*103/ml 

7.8 - - 1 . 1  - 15% 

±4.7 (6) -

10 20% 61% - 20% 

- (32) ±2% ±4% - ±3% 

12.3 14 24% 48% 0.7 32.7% 

±2.3 (5 1) ±1 .9% ±2.7% ±0.1 - ±3.2% 

Overview of available data in the literature on bronc/walveolar lavage fluid cell differellfial characteristics and lymphocyte subtypes in patiellfs with bronchiolitis ob-
literans and acute rejection after lung transplantation. a: Method used for lavage (times x mlfluid instilled), sal=saline, pbs=phosphate buffered saline; b: Recovery 
of lavage fluid (%); c: statistics used; *n: mtmber ofpatiellfs who tmdenvellf lavage, between parenthesis the number of BAL procedures studied; - indicates data not 
presellted in paper; *indicates data extracted from figures. 
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INTRODUCTION 
Bronchoalveolar lavage fluid (BALF) ana­
lysis serves an important clinical purpose in 
the detection of microbiological and viral 
complications after lung transplantation 
(LTX), yet detection of graft failure by using 
BALF cellular and soluble characteristics is 
still under investigation [ 1 ] .  

Chronic graft failure after LTX e.g. bron­
chiolitis obliterans (BO) is preferably 
detected as early in its development as 
possible (even before functional parameters 
like FEY 1 drop) in order to delay further 
progression by a change in the immuno­
suppressive regime [2,3] .  This is important 
since an ongoing deterioration in health 
related quality of life occurs and only re­
transplantation is therapeutically available 
at the end [4,5] .  However, early detection 
of BO is difficult. Whereas the diagnosis of 
acute rejection (AR) can be made reliably 
by using transbronchial biopsies, histopa­
thological detection of early-stage BO lacks 
proper sensitivity [6,7]. BALF analysis may 
be helpful in this respect and might define 
which patients are at risk to develop BO in 
the long run [8- 10] . 

At present, the exact pathophysiology of 
BO remains unknown. Airway neutrophi­
lia seems to play an important role in the 
development of BO, and is associated with 
increased levels of interleukin-8 (IL-8), a 
neutrophil chemoattractant [ 1 1 ] .  Since BO 
may result from an imbalance between tis­
sue injury and repair leading to lung inflam­
mation and fibrosis, other pro-inflammatory 
cytokines like interleukin-6 (IL-6) may be 
involved as well [ 12]. Furthermore, present 
studies report that lymphocytes may play 
an important role both in developing and 
established BO. BALF lymphocyte flow 
cytometric data in patients with BO and 
AR give no definite conclusions so far as to 
specific and sensitive indicators of BO after 
LTX (table 1 ) .  This may be due to low num-

+1 

bers of patients under study and the fact that 
the time after LTX has not been adequately 
adjusted for. Recently we have shown the 
importance of taking into account the time 
at which the bronchoalveolar lavage (BAL) 
is performed after LTX: total cell counts, 
numbers of CD3+ cells, CD4+CD2s+ cells 
and CD4/CD8 ratio all undergo an enor­
mous change during the first two years after 
LTX [ 1 8] .  

In this study we searched for the feasibility 
of BALF analysis in detecting acute and 
chronic allograft rejection. We furthermore 
tried to obtain more insight into which 
lymphocyte population dominates AR and 
BO after LTX. BALF cellular differential 
characteristics, lymphocyte subtypes, IL-6 
and IL-8 cytokine levels, were assessed in 
lung transplant patients and compared with 
patients without rejection or infection (good 
outcome), matched for the time after LTX. 
The study took place in a prospective LTX 
cohort in BALF samples from all patients 
transplanted in our centre between Novem­
ber 1990 and January 2000. 

METHODS 
Patients and selection 
of BALF samples 
BALF-samples were assigned to AR, BO 
and two respectively matched good out­
come (GO) LTX groups (GO-I and G0-2). 
BALF samples were selected for inclusion 
in the AR group when acute rejection was 
confirmed by histopathological examina­
tion of trans bronchial biopsies taken during 
the same procedure, BAL was performed 
before any AR-treatment was given, and 
when no other disease confounding factor 
(including the absence of BOS) was present 
[ 1 9] .  BALF samples were selected for the 
BO group based on the bronchiolitis ob­
literans syndrome criteria as formulated 
by the ISHLT, and when no other disease 
confounding factor was present [20] . The 
GO-groups were selected when AR (histo-
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AR G0-1 BO G0-2 

n* 37 59 48 50 
Time after LTX, days* 92 (20-946) 95 ( 19-200) 372(92-1 1 38) 359 (216-41 1 )  
Age' 44. 1(12.3) 44.2(10.4) 43.9(12.3) 44.9(9.4) 
Gender, M!F 17/20 31/28 27/21 26/24 
FEV1, %pred ' 82.8(14.4) 100.6(15.6) 57.4(17.6) 98. 1(17.5) 
LTX type, n 

bilateral 26 45 39 42 
unilateral 10  12  9 7 
heart/lung I 2 I 

Pre LTX diagnosis, n 
COPD-AT 14 21  
COPD 5 14 
Bronchiectasis 6 6 
Cystic Fibrosis 2 6 
PPH 5 4 
Secondary PH 2 3 
PF 3 5 

TABLE 2. 
Group characteristics of the included patiellts. AR: acute rejection patient group, 80: bronchiolitis obliterans patient group; 
GO-I: 'good om come ' patient group matched for time after LTX with the AR group; G0-2: 'good outcome' patient group 
matched for time after LTX with the 80 group; COPD-AT: a/antitrypsin deficiency; PPH: primary pulmonary hypertension; 
PH: pulmonary hypertension; PF: pulmonary fibrosis; *median (range); 'mean(SD). 

AR GO-I p BO G0-2 p p(AR vs BO) 
Bronchial fraction 
(20ml PBS Instilled) 
n* 27 48 40 44 
Recovery, % 31 (5-72) 26 (3-85) ns 25 (5-64) 25 (8-73) ns 0.037 
Total cell, *1()3/ml 72 (10-1660) 157 (10-1280) ns 140 (0-1750) 100 (0-5 10) /IS 0.014 
AM, % 90 (7-96) 94 (23-98) 0.049 85 (0..96) 92 (61-100) 0.001 ns 
LY, % 5 (0-32) 2 (0-42) 0.026 3 (0-20) 2 (0-54) liS ns 
PMN, % 3 (0-89) 2 (0-73) liS 9 (0·97) 2 (0-34) <0.0001 0.019 
EO, % 0 (0-1 )  0 (0-2) liS 0 (0-1) 0 (0-4) ns /IS 
No recovery, n 10 I I  8 6 

Alveolar fraction 
(150 ml PBS instilled) 
n• 36 56 47 49 
Recovery, % 65.8 (9-94) 68 (28-83) liS 59.3 (10-90) 70 (2-78) 0.072 /IS 
Total cell, *1()3/mJ 141 ( 10-720) 225 (20-700) ns !57 ( 1 1 -1522) I 25 (30-600) ns liS 
AM, % 88 (6I-98) 94 (76-99) <0.0001 86 ( 1 ·%) 94 (50-99) <0.0001 liS 
LY, % 5 (0-37) 3 (0-22) <0.0001 2.5 (0-35) 3 (0-44) liS <0.0001 
PMN, % 1.5 (0-26) 2(0- I I )  ns 9 (0-95) 2 (0-22) <0.0001 <0.0001 
EO, % 0.17 (0..6) 0. I6(0-4) ns O.I7 (0·3) O. I7 (0-5) liS ns 
No recovery, n I 3 I I 

TABLE3. 
Total and differential cell count in the bronchial- and alveolar fraction Results in patients with acllte rejection (AR) or bron-
chiolitis obliterans ( BO) compared with a 'good outcome ' group matched for the time after LTX (respectively GO-I & G0-2). 
Values given as median (range); AM: alveolar macrophages; LY: lymphocytes; PMN: nelltrophils; EO: eosinophi/s; *n: number 
of lavages analysed; ns: not signijicallt. 
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logical or clinical suspicion) and BO (histo­
pathological examination of transbronchial 
biopsies and/or decline in FEY 1 from base­
line within two years after last BAL) were 
not present and when bacterial-, fungal-, 
CMV- or other viral infections were absent 
at the time of the BAL procedure. The time 
post-LTX at which the BAL procedure was 
performed, was divided in two periods 
(GO-I and G0-2) for matching purposes 
with the AR and BO patient groups (table 2) 
[samples included from ref. 1 8] .  All BALF 
samples used for analysis in this study for 
both the AR and BO patient group have 
not been used in previous studies. Single, 
bi-lateral and heart-LTX were performed 
according to established techniques [2 1 ] .  

Therapeutic protocol 
Immunosuppression included up to 2-5 
doses of antithymocyte globulins (rATG, 
Merieux, dosed at 3 mg/kg) the first 10 days 
post-LTX. The maintenance regimen consi­
sted of cyclosporin (serum-through-levels: 
400 f,lg/ml post-LTX, tapered in 3 weeks to 
150 f,lg/ml), azathioprine ( 1-3 mg/kg/day) 
and prednisolone (0. 1 -0.2 mg/kg/day). 
Tacrolimus (serum level: 20 jtg!L the first 
three weeks post-LTX, 15  jtg!L between 3 
weeks and 3 months and 10- 1 2  jtg!L the­
reafter) and mycophenolate mofetil ( 1000 
mg twice daily) were not used in the first 
8 years of our study. All patients received 
aciclovir and co-trimoxazole prophylaxis. 
There was no difference in the maintenance 
immunosuppressive regimen between the 
diagnostic groups. 

Bronchoalveolar 
lavage and cell isolation 
BAL was performed as described before 
[10, 1 8] .  This protocol was approved by the 
Medical Ethics Committee. The first 20ml 
portion was investigated for microbiology. 
The second 20ml portion was isolated as 
bronchial fraction (BF) and three 50ml frac­
tions were pooled for the alveolar fraction 

+) 

(AF). BF and AF were immediately placed 
on ice ( 4°C) and further processed for leu­
kocyte differentiation and flowcytometric 
analysis [ 1 8] .  

Diagnostic protocol 
Diagnosis of bacterial-, fungal- or viral 
infections was made by obtaining positive 
cultures from the first BALF sample. CMV 
infection was assessed by CMV serology 
and CMV-antigenemia as described before 
[22,23]. 

Flowcytometric analysis (FACS) 
Lymphocyte subtypes were measured using 
direct immunofluorescence with monoclo­
nal antibodies as described before [ 1 8] .  
The following antibodies were used: CD3+/ 
CD4+, CD3+/CD8+ (IQ-Products), CD4+f 
CD25+, HLADR/CD4+, HLADR/CD8+ 
(Beckton Dickinson, USA), CD45RO+f 
CD4+, CD45RO+/CD8+ (Dako, Denmark). 
Labelled cells were analysed using a FACS­
Calibur (Beckton Dickinson, USA). 

/L-6 & /L-8 measurements 
IL-6 and IL-8 were measured by a chemilu­
minescent immunoassay (Immulite IL-6 & 
Immulite IL-8, Diagnostic Products Corp., 
Los Angeles, CA) performed on the Immu­
lite system. 

Statistical Analysis 
Data were analysed using SPSS/PC+ soft­
ware (SPSS Benelux, Gorinchem, The 
Netherlands). Distributions of cell counts, 
lymphocyte subtypes and cytokine levels 
were compared between groups using the 
non-parametrical Mann-Whitney-U test. 
Receiver Operating Characteristic (ROC) 
curve analysis was used for calculation of 
predictive values. P < 0.05 was considered 
significant. Results are presented as median 
(range) unless otherwise mentioned. 
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RESULTS 
Patients 
We included 37 patients with a diagnosis of 
AR at time BAL was performed and a time 
post LTX' -control group of 59 patients (GO-
1) .  Forty-eight patients were included in the 
BO group at the time BAL was performed, 
and 50 patients were included in the ' time 
post LTX' matched control group (G0-2) 
(see table 2 for patient characteristics). The 
BO patient group consisted of 24 patients 
with BOS stage 1 ,  16  with BOS stage 2 and 
eight patients with BOS stage 3 [20] . 

Acute rejection 
Recovery. total and differential cell 
(table 3). 

count 

Similar to the BO patient group, there was 
no difference between the cellular characte-
ristics of the BF and the AF in patients with 
acute rejection. There existed no difference 
in recovery between the AR and the 'good 
outcome' control group (G0-1) .  The BF re-
suits show a higher percentage of lympho-
cytes in patients with AR compared to their 
controls (G0-1) :  5% (0-32) and 2% (0-42) 
respectively {p=0.026). The same result is 

FIGURES /A & B. 
8ALF lymphocyte and neutrophil percentage in AR and 80 
patients. 
8oxplots indicate: range, 25th, 50th and 75th percentile of 
A: lymphocyte percentage and B: newrophil percelltage in 
8ALF (alveolar fraction) of patients with acute rejection 
(AR) or bronchiolitis obliterans (80) compared with a 
'good outcome ' group matched for the time after LTX 
(respectil•ely GO-I & G0-2). Numbers below the borplots 
indicate the number of lavages analysed. 

FIGURE 2. 
8ALF /L-8 concentration in AR and 80 patiei!Ts. 
8oxplots indicate: range, 25th, 50th and 75th percentile 
of IL-8 concentration (logarithmic scale, pg!m/) in 8ALF 
(alveolar fraction) ofpatiellfs with acute rejection (AR) or 
bronchiolitis obliterans (80) compared with a 'good out­
come ' group matched for the time after LTX (respectively 
GO-I & G0-2). Numbers below the boxplots indicate the 
number of lavages analysed. 
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shown in the AF: 5% (0-37) lymphocytes 
in the AR patient group and 3% (0-22) in 
the G0-1 group (p<0.0001 )  (figure 1) .  The 
total cell count did not reach a significant 
difference, but there was a trend towards a 
lower total cell count in both fractions for 
the AR group when compared to the control 
group (G0- 1 ). 

Lymphocyte subtypes (alveolar fraction 
only. table 4) and cytokines 
There were no differences in any of the 
lymphocyte subtypes, IL-8 and IL-6 cyto­
kine levels between patients with AR and 
controls (G0-1 )  (IL-8: 30.9 pg/ml (8-504) 
for AR and 41 .9 pg/rnl (7- 1 300) for G0-1 

AR G0-1 p 
FACS, n* 29 37 
CDJ•, % 84 (42-96) 87 (67-98) /IS 
CD4•,% 23 ( 10-54) 2 1  (7-70) /IS 
cos•,% 52 (16-79) 59 (23-74) /IS 
CD4/CD8 ratio 0.44 (0. 17-2.70) 0.37 (0.09-1 .54) /IS 

CD4• HLADR•, % 59 (13-85) 55 ( 1 1 -93) ns 
CDS•HLADR+,% 60.5 (10-85) 54 ( 13-99) /IS 
CD4•CD4S•,% 100 (94-100) 100 (94-100) /IS 
cos•co4s•,% 92 (78-100) 94 (76-100) ns 
CD4•CD25•,% 29 (4-91 )  3 3  (0-86) liS 
CD19+,% I (0-8) I (0-4) ns 
NK,% 6 (0-5 1 )  4 (0-24) ns 

TABLE 4. 

(ns) (figure 2); IL-6: 8.2 pg/ml (0- 17 .2) for 
AR and 8.6 (0-84.3) for G0-1 (ns)). 

Predictive values 
The predictive values of the BAL lympho­
cyte percentage for the diagnosis of AR are 
shown in table 5. 

Bronchiolitis obliterans 
Recovery. total and differential cell count 
(table 3) 
There was no difference between the cel­
lular characteristics of the BF and the AF 
in BO patients. No difference was found in 
recovery between BO and the 'good outco­
me' control group (G0-2). BO patients had 

80 G0-2 p p(AR vs BO) 
27 32 
88 (25-97) 86 (49-98) /IS /IS 
24 (5-49) 25 (10-67) /IS /IS 
54 (I 1 -95) 48 ( 17-78) /IS ns 

0.54 (0. 1 - 1 .34) 0.57 (0. 1 5-2.15) ns ns 
58 (42-99) 50 ( 14-99) 0.062 ns 
62 (30-1 00) 45 ( 13-99) 0.054 liS 

1 00  (91 - 1 00) 100 (89-100) /IS /IS 
95.5 (74-100) 87 (53-100) 0.012 ns 
30.5 (2-66) 1 8  ( 1-54) 0.024 ns 

I (0-8) I (0- 12) ns ns 
4 (0-13) 5 (0-41 )  ns /IS 

Lymphocyte subtypes in the alveolar fraction. Results in patiems with acute rejection (AR) or bronchiolitis obliterans (80) 
compared with a 'good olltcome' group matched for the time after LTX (respectively G0-1 & G0-2). Values given as median 
(range). *n: number of lavages analysed; ns: not significam; NK: Nawral Killer cells. 

CUT-OFF POINT 
Sensitivity, % 

Acute rejection 
Lymphocytes, % s I 40.4 (26.4-55.7) 

Bronchi/iris obliterans 
Neutrophils, % > 3  87.0 (73.7-95.0) 
IL-8, pglmL > 7 1 .4 74.5 (59.6-86.0) 

TABLE S. 

Specificity, % PPV, % 

95.6 (84.8-99.3) 90.5* 

77.6 (63.4-88.2) 78.4' 
83.3 (69.8-92.5) 8 1 .4' 

NPV, % 

60.6* 

86.4' 
76.9' 

Predictive values of 8AL lymphocytes for acute rejection and 8AL neutrophils and /L-8 levels for bronchiolitis obliterans. 
Sensitivity and specificity given as percentage (95% confidence inten•al). PPV: positive predictive value; NPV: negative 
predictive value. * based upon our own study population; ' based on a 80 pre1•a/ence of 50% [37]. 
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a higher percentage of neutrophils in BF 
and AF than the G0-2 group patients: 9% 
(0-97) versus 2% (0-34) for BF (p<O.OOOl) ,  
and 9% (0-95) versus 2% (0-22) in AF 
respectively (p<O.OOO l )  (figure 1) .  Due to 
the increase in percentage of neutrophils in 
patients with BO a significant lower per­
centage of AM was found in both fractions 
as well. Total cell count was not different 
between the BO and G0-2 patient groups in 
both the BF and AF. 

Lymphocyte subtypes 
(alveolar fraction only. table 4) 
CD4+CD25+ lymphocyte percentage was hi­
gher in BO when compared to their controls 
(p<0.05). Furthermore a higher percentage 
CDS+CD45+ was shown between BO and 
controls (p<0.05). Other lymphocyte subty­
pes did not show any significant difference, 
although a tendency was shown for higher 
levels of HLA-DR expression of both CD4+ 
and CDS+ cells in patients with BO. 

Cytokines 
(alveolar fraction only) 
IL-S in BALF was significantly higher in 
BO patients (265 pg/ml (S-3S02)) than in 
their controls (G0-2: 32.5 pg/ml (5-2247), 
p<0.0001 )  (figure 2). No difference in IL-6 
levels was found between the BO and G0-2 
group, 7.7 pg/ml (0- 105) and 7.2 pg/ml (0-
2S.S) respectively. Furthermore IL-S corre­
lated significantly with the neutrophil per­
centage in both the BF (r=0.5SS, p<O.OOO l )  
and the AF (r=0.602, P<0.0001 ). 

Predictive values 
When using the ROC curve analysis, the 
most optimal cut-off point for the BAL neu­
trophil percentage was >3% with respect to 
the presence of BO. The cut-off point for 
IL-S was >7 1 .4 pg/mL. The predictive va­
lues are shown in table 5. 
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DISCUSSION 
This study aimed to assess the feasibi­
lity of BALF analysis in the detection of 
bronchiolitis obliterans and acute rejection 
taking into account a control group of LTX 
patients who had a good outcome, matched 
for the time after LTX. We showed a clear 
difference between BO patients and their 
controls, in that higher numbers of neu­
trophils and a high BALF IL-S concentra­
tion are predictive for the diagnosis of BO. 
Furthermore, there are higher CD4+CD2s+ 
and CDS+CD45+ lymphocyte percentages in 
patients with BO. The BALF analysis can 
discriminate AR patients from stable LTX 
patients by a higher lymphocyte count. 
However, analysis of lymphocyte subtypes 
in AR did not show difference, suggesting 
that all lymphocyte subtypes are similarly 
increased in number. 

The strength of the study is that our results 
are not confounded by concomitant fre­
quently occurring co-morbidities of lung 
transplant recipients. Observations were 
done in absence of any other complication 
of the airways such as bacterial, viral or 
fungal infectious disease, and in the case of 
AR no concurrent BO and vice versa. A ma­
jor methodological advantage of our study 
is that we selected two separate control 
groups for BO and AR respectively, since 
they occur at different time points after 
LTX. As shown before it is very important 
to take into account the time at which the 
BAL is performed after LTX when compa­
ring BALF cellular characteristics [ l S] .  The 
total cell count, CD3+, CD4+, CD4+CD25+ 
and especially CDS+ lymphocyte counts all 
undergo an extensive change in stable LTX 
patients during the first two years after LTX 
[ 1 S] .  

In the current study, both the alveolar and 
the bronchial fraction showed comparable 
results of BALF analyses. This contrasts 
to the observations in patients who have 
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normal FEY 1 at time of BAL, but who are 
at risk for development of BO later on. In 
this case cellular contents of the bronchial 
fraction, which is assumed to represent 
the proximal airways [24] , is superior for 
prognosis prediction to the more peripheral 
collected alveolar fraction [ 10] . 

BALF in AR 
Acute rejection is in our study characteri­
sed by a marked BALF lymphocytosis, in 
the presence of a normal total cell count. 
As has been shown before, the severity of 
the histopathological rejection grade is not 
associated with the degree of the lymphocy­
tosis found in BALF [ 13] .  Also has BALF 
lymphocytosis a low sensitivity for AR, but 
a fairly good specificity, which makes AR 
unlikely when the lymphocyte percentage is 
=::;; 1 %  (table 5). That BALF lymphocytosis 
is present during acute rejection is not sur­
prising because soon after implantation the 
lung is infiltrated by both CD4+ and CDS+ 
T-cells and during acute rejection episodes 
the infiltration into the airways of these 
cells becomes more prominent [25] .  

All lymphocyte subtypes studied in our 
analysis showed no differences at all bet­
ween patients with AR and the good-out­
come patients. This finding is supported 
by Crim and co-workers who in a more 
limited evaluation also found no difference 
between AR and stable LTX patients with 
respect to CD4+ and CD4+IL-2R+ cells in 
BALF [ 17].  The slightly more pronounced 
CDS+ percentage found in their study could 
not be confirmed by our results. Clelland 
and co-workers found in their evaluation 
of lymphocyte phenotypes in AR a higher 
CD4+ and CDS+ cell count in transbronchial 
biopsies compared to findings in stable 
LTX patients [ 13] .  When they would have 
had the ability to correct their findings for 
time after LTX at which the BAL was per­
formed, there might have been no differen­
ces at all, presuming the bronchoscopies in 
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the AR patients were performed early after 
LTX compared to the later performed bron­
choscopies in stable patients [ I S] .  

IL-6 and IL-S concentrations were similar 
in AR patients and stable LTX patients in 
our study. It has been shown that pro-in­
flammatory cytokine levels increase during 
allograft rejection, e.g. IL-l and TNF-a and 
most importantly IL-2. Furthermore it has 
been suggested that alveolar macropha­
ges (AM) produce more IL-6 in patients 
with AR than in stable patients after LTX 
[26,27]. Due to the dilutive effect of the 
BAL procedure, it is probable that BALF 
analysis is not sensitive enough to detect 
this higher IL-6 production, in contrast to 
the higher IL-6 production as measured 
after incubation of cultured cells for 24hrs 
[ 1 2,26] . 

BALF in BO 
Our results indicate, when compared to a 
properly selected control group, that BO 
is characterised at time of diagnosis by a 
marked BALF neutrophilia in the presence 
of a normal total cell count and a marked 
elevation in IL-S concentration. This fin­
ding confirms previous reports showing the 
participation of neutrophilic granulocytes 
in the process of airway fibrosis and necro­
sis leading to BO [9,2S-30]. In this study 
we also showed fairly acceptable predictive 
values for both the neutrophil percentage 
as well as the height of IL-S in the BALF 
with respect to BO (table 5). However, one 
has to be aware that these interpretations 
have been made in BALF samples without 
concurrent infectious disease or acute re­
jection. 

In a previous study [ 10], slightly favourable 
odds ratios for the BF compared to the AF 
for predicting future BO might be present. 
In the current study we were not able to de­
tect a difference between the more centrally 
sampled BF (first 20 mL) and the assumed 



PART I - CHAPTE:R THRE:E: 

alveolar sampled AF (second 150 mL). This 
may be due to the already overwhelming 
neutrophilia present in the airways as well 
as the fact that the AF is being aspirated 
after having passed the small airways (thus 
the BF site). 

Ward et al. have previously shown that 
higher numbers of CD4+ and CDS+ lympho­
cytes exist in BALF of stable LTX patients, 
when compared to data of normal healthy 
volunteers. Until now no agreement exists 
in the literature on BALF lymphocyte flow­
cytometric data in BO (table 1) .  Our results, 
with a proper choice of control group, show 
that there are no differences between BO 
and their stable LTX controls for the main 
lymphocyte subtypes CD3+, CD4+ and 
CDS+. These results are supported by pre­
vious findings in transbronchial biopsies 
and in a small population investigated with 
BALF (n=6) [ 13, 14] .  

Whereas in  stable pa��ts, the CD4+CD25+ 
percentage decreases sharply after the first 
months after LTX [ l S] ,  the current study 
shows a higher percentage of CD4+CD25+ 
lymphocytes in patients with BO compared 
to controls, possibly indicating an ongoing 
allograft response. The single previous 
study in LTX patients showed no difference 
when assessing CD25+ cells in BALF, in­
vestigated in a small group of BO patients 
(n=6) and control LTX patients who were 
not matched for time after LTX [S] . Fur­
thermore we found a slightly elevated 
CDS+CD45+ lymphocyte percentage in BO, 
with a trend observed in a higher HLA-DR+ 
of both the CD4+ and CDS+ cells. In stable 
patients after LTX we have previously 
shown that the lymphocyte activation and 
memory markers show a minor decrease 
during the first years post LTX [ 1S] .  Thus 
in general, the BALF lymphocytes in BO 
patients seem more activated when com­
pared to patients with good outcome after 
LTX [S, 1S,3 1] .  

4-8 

The high IL-S concentration in BALF we 
observed in BO patients correlates with the 
neutrophil count. In the airways, IL-S is 
mainly produced by alveolar macrophages 
and respiratory epithelial cells [32] . On­
going epithelial damage may constitute a 
possible source of the very high IL-S levels 
measured. This epithelial damage can occur 
as a result of a number of pathogenic factors 
known to be involved in BO development, 
such as allograft reactivity (including HLA­
mismatch), chronic infectious pressure 
(including CMV), acute rejection episodes, 
graft ischaemic time, and possibly also the 
maintenance immunosuppressive regime 
used [33,34] . At an early stage of BO, e.g. 
when small airway changes are present yet 
without a decline in FEV1, slightly elevated 
IL-S levels and neutrophil counts can be 
found [ 1 1 ] .  As shown by our data, once 
BO is present and ongoing tissue scarring 
occurs, airway neutrophilia, possibly medi­
ated by IL-S, dominates BO [9, 1 1 ,30] . 

Data so far published present a dynamic 
profile of cytokines in BALF of BO pa­
tients from just post-LTX until the moment 
this disease becomes clinically manifest. 
Our previous study showed that high BALF 
levels of IL-6 and MCP-1 can be found in 
the first months post-LTX, accompanied 
by normal IL-S levels in patients proven 
to later develop BO [ 10]. The current study 
extends these observations in that IL-6 
shows normal levels once BO is present. 
Thus IL-6 possibly plays an important role 
in the early stages of BO development as 
a pro-inflammatory cytokine, presumably 
released by respiratory epithelial cells and 
alveolar macrophages [ 12,33] . IL-6 has 
been shown to prolong the lifetime and acti­
vation of T-lymphocytes thereby increasing 
the alloreactivity between T-lymphocytes 
and epithelial cells. Recently we showed 
that the interaction of these alloreactive 
host-lymphocytes with airway epithelial 
cells of the donor resulted in abundant 
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cytokine production of the epithelial cells 
[35]. Once BO is present IL-8 production 
is still enhanced and this epithelial derived 
pro-inflammatory cytokine acts as a neu­
trophilic chemo-attractant as shown by the 
high number of neutrophils present in BO 
patients [33,36] . 

Our study shows a possible diagnostic role 
for cellular and soluble analysis of BALF, 
since it may detect BO and AR after LTX. 
BALF neutrophilia and an elevated IL-8 is 
very suggestive of established BO. When 
BALF analysis shows a lymphocytosis, 
one should beware of AR. BALF lympho­
cyte subtypes are already highly activated in 
stable patients after LTX, and this becomes 
even more pronounced in BO, but not in the 
case of AR. BALF analysis can thus give us 
better insight into the pathophysiological 
mechanisms underlying acute and chronic 
allograft rejection. A search for more speci­
fic BALF markers related to these patholo­
gical conditions remains needed, in order to 
detect graft failure as early and sensitively 
as possible. 
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Abstract 
In a prospective cohort study we assessed whether changes in total cell 
counts and differentiation and IL-6, IL-8 and MCP-1 levels in bronchoal­
veolar lavage fluid (BALF) are associated with a higher risk to develop 
obliterative bronchiolitis (OB). We investigated 60 lung transplant patients 
(follow up of 2 to 8 years) with either histological evidence of OB within 
one year after lung transplantation (n=l 9) or no pathology, good outcome 
(GO) for at least 24 months and well preserved lung function, i.e. FEV1 
2: 80% of baseline (n=41 ) .  Median time between lung transplantation and 
the first BAL was 42 days for the GO group and 4 1  days for the OB group 
(p>0.05). In the bronchial fraction, median total cell counts (0.06 x l03/ml 
vs 0.04 x l03/ml), lymphocyte (9 x l03/ml vs 2 x l03/ml), and eosinophilic 
granulocyte counts ( 1  x l03/ml vs 0) were significantly higher in the OB 
group than in the GO group (p<0.05). In the alveolar fraction, this was the 
case for the median value of neutrophilic granulocyte counts ( 19  x l03/ml 
vs 4 x l03/ml) respectively. Median values of IL-6 and IL-8 levels in both 
bronchial (IL-6: 23 vs 6 pg/ml, IL-8: 744 vs 102 pg/ml) and alveolar 
fractions (IL-6: 1 3  vs 3 pg/ml, IL8: l lO vs 30 pg/ml) of the BALF were 
significantly higher in the OB group than in the GO group. By means of 
logistic regression we showed that higher total cell, neutrophilic granulocyte 
and lymphocyte counts, the presence of eosinophilic granulocytes, and 
higher levels of IL-6 and IL-8 were significantly associated with an 
increased risk to develop OB. We conclude that monitoring cell counts, 
neutrophilic- and eosinophilic granulocytes, IL-6 and IL-8 in BALF within 
2 months after lung transplantation in addition to the TBB pathology will 
contribute to a better identification and management of the group of 
patients at risk for developing OB within a year. 

5? 
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INTRODUCTION 
Lung transplantation is generally accepted 
as therapy for several end-stage pulmo­
nary diseases. Long-term survival of lung 
transplant patients is limited by the deve­
lopment of chronic transplant dysfunction. 
This condition affects at least 30 to 40% of 
the patients within the first years after lung 
transplantation, is nearly always irreversi­
ble, and is the most common cause of death 
1 yr after lung transplantation ( 1 ). Clinical­
ly, chronic transplant dysfunction is associ­
ated with bronchiolitis obliterans syndrome 
(BOS). BOS is defined as a 20% or larger 
decrease in the forced expiratory volume in 
one second (FEV1) from the baseline FEV, 
of the recipient, whereas other possible cau­
ses of deterioration of graft function, such 
as infection, have to be excluded (2). His­
tologically, chronic transplant dysfunction 
is represented by obliterative bronchiolitis 
(OB) and vasculopathy in lung tissue. OB is 
characterized by submucosal scarring that 
causes partial or total obliteration of mem­
branous and respiratory bronchioles (3). 

Usually, when chronic transplant dys­
function is suspected, a bronchoscopy is 
performed to exclude other causes of the 
deterioration of graft function, such as 
infection, problems with anastomoses, or 
acute rejection. The sensitivity of trans­
bronchial lung biopsy (TBB) in detecting 
OB varies but is generally low (4). A more 
definitive diagnosis can be made by the use 
of open lung biopsy, but the drawback of 
this sensitive method is the supposed in­
creased risk of associated morbidity. Bron­
choalveolar lavage (BAL), a less invasive 
technique than TBB, is commonly accepted 
for detecting infections. Several studies 
have investigated the usefulness of BAL 
in providing specific information related 
to chronic transplant dysfunction but did 
not focus on finding early predictors for the 
development of OB. At present, the exact 
pathophysiology mechanisms of chronic 

5+ 

transplant dysfunction and the development 
of OB are unknown, and diagnostic markers 
for predicting the development of OB at an 
early timepoint are poor. Accumulating evi­
dence suggests that airway neutrophilia ob­
served in the lungs plays an important role 
in the development of OB (7). Moreover, 
the neutrophilic granulocyte is the only 
cell that correlates with OB development 
and is associated with interleukin-8 (IL-8) 
concentrations, where IL-8 seems to act as 
neutrophil chemoattractant ( 10, 1 1). Be­
cause OB may be the result of dysbalance 
between tissue injury and repair leading to 
inflammation and fibrosis of the lungs, we 
postulate that also other proinflammatory 
and profibrotic cytokines such as IL-6 and 
monocyte chemoattractant protein-1 (MCP-
1)  may be involved. IL-6 has been shown 
to possess profibrotic properties in relation 
with tumor necrosis factor-alpha (TNF-a) 
and transforming growth factor-beta (TGF­
j3) ( 12), and IL-6 production by epithelial 
cells and alveolar macrophages is one of 
the mechanisms by which local pulmonary 
inflammatory processes like acute rejection 
and infectious lung diseases are stimulated 
( 13 , 14). The CC-chemokine MCP-1 is a 
potent monocyte chemoattractant, which 
is expressed by airway epithelial cells. Ac­
celerated MCP- 1 release is seen in chronic 
inflammatory pulmonary diseases such as 
idiopathic pulmonary fibrosis (IPF) and 
sarcoidosis. Monocytes may stimulate fibri­
nogenic mediator release which enhances 
tissue remodeling. Recently, MCP-1 has 
been described as a potential inflammatory 
mediator in OB ( 15) .  

I t  may be proposed that some of the patients 
are more prone to an enhanced inflamma­
tory response after lung transplantation, 
ultimately resulting in OB. Therefore, in 
this prospective cohort study, we investi­
gated the early relation between changes 
in leukocyte and differential counts, IL-6, 
IL-8, and MCP-1 concentations in BAL 
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fluid (BALF) and the development of OB in 
60 lung transplant patients with a follow-up 
of 2 to 8 yr. 

METHODS 
Patients and Study Design 
A prospective cohort study including 60 pa­
tients who underwent lung transplantation 
between November 1990 and September 
1996 was carried out using BALF samples. 
Informed consent was obtained from the 
patients. The study group consisted of pa­
tients who had histologic evidence of OB 
within 1 yr after lung transplantation (n 
= 19). The diagnosis of OB was based on 
a classification and grading of pulmonary 
transplant dysfunction promulgated by the 
International Society for Heart and Lung 
Transplantation (3). 
Control patients with good outcome (GO) 
were patients who did not develop OB or 
other pathology for at least 24 mo ( 43 mo 
median; range: 24 to 96 mo) after lung 
transplantation and had well-preserved 
lung function, i.e., FEV1 � 80% of baseline 
value (n = 41) .  Single and bilateral lung 
transplantations were performed according 
to established techniques and criteria des­
cribed earlier ( 16).  
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FIGURE 1. 
Recovery of Bronclwalveolar lavage fluid of lung 
transplant patients wlzo developed obliterative bron­
clziolitis (OB) or not (termed good outcome, GO) 
GO = Good outcome group; OB = Obliterative 
Bronchiolitis group; Dash = median value. 

F/GURE 2. 

Total cell counts in BALF of lung transplant patiellfs 
wlzo developed obliterative bronchiolitis (OB) or not 
(termed good outcome, GO) 
GO = Good outcome group; OB = Obliterative 
Bronchiolitis group; Daslz = median value. 
* significallf difference (p<0.05) between GO and 
OB group 

Diagnostic Protocol and Follow-up 
Graft function was determined by formal 
spirometry (at least twice weekly during 
hospitalization and at every outpatient vi­
sit) and by extensive pulmonary function 
assessment (volume-flow measurements, 
diffusion capacity, pulmonary exercise tes­
ting), i .e., before discharge and every 6 mo 
after lung transplantation. In addition, daily 
spirometry with a pocket spirometer ( 17) 
was carried out at home. Acute allograft re­
jection was diagnosed clinically in case of 
deteriorating pulmonary function without 
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FIGURE 3A, 3B. 
Cytokine levels in BALF of lung transplallf patients who developed obliterative bronchiolitis (OB) or not (termed 
good outcome, GO). GO = Good outcome group; OB = Obliterative Bronchiolitis group; Dash = median value. 
* significant difference (p<0.05) between GO and OB group; f tendency toward difference (p<O.l) between GO 

and OB group 

infection and with a positive response on 
high-dose methylprednisolone. The histo­
logic diagnosis was defined according to 
Yousem and coworkers (3). Cytomegalo­
virus (CMV) infection was monitored by 
CMV serology ( 1 8) and testing for CMV 
antigenemia ( 19) as described before. Ac­
tive infection was defined as the presence 
of CMV antigenemia or when a significant 
rise of CMV-specific antibodies occurred. 

Therapeutic Protocol 
Immunosuppression induction included 
up to five gifts of antithymocyte globulins 
(ATG) in the first 10 d after transplantation. 
The maintenance immunosuppressive regi­
men consisted of cyclosporine, azathioprine 
( 1 to 3 mg/kg/d) ,  and prednisolone (0. 1 to 
0.2 mg/kg/d). Cyclosporine administration 
was aimed at a trough level of 400 ng/ml at 
the start, as determined by high-performance 
liquid chromatography, which was tapered 
in 3 wk to 150 ng/ml. Acute rejection was 
treated with a 3-d course of 500 to 1 ,000 mg 
methylprednisolone intravenously daily. In 
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case of persistent transplant dysfunction or 
when OB was diagnosed, cytolytic therapy 
with rATG was started. During this study, 
the newer immunosuppressive drugs, tacro­
limus and mycophenolate mofetil, were not 
yet available. All patients received aciclovir 
4 daily doses of 200 mg orally for herpes 
prophylaxis, and co-trimoxazole 960 mg 
orally on alternative days for Pneumocystis 
carinii prophylaxis. 

BAL and Cell Isolation 
BAL and bronchoscopy were carried out 
according to our protocol (20) at the same 
intervals as the pulmonary function measu­
rements. This protocol was approved by the 
Medical Ethical Committee. BAL and bron­
choscopy were carried out, 1 mo and every 
6 mo after lung transplantation, and in the 
event of clinical indication. A fiberoptic 
bronchoscope was placed in wedge posi­
tion in one of the segments of usually the 
right middle lobe, and 2 aliquots of 20 ml 
and 3 aliquots of 50 ml prewarmed phosp­
hate-buffered saline (PBS) were instilled. 
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The first 20-ml portion was investigated 
for viruses, bacteria, and fungi. The second 
20-ml portion (bronchial fraction) was iso­
lated and studied separately, whereas the 
other 50-ml fractions were pooled (alveolar 
fraction) (21 ,  22). Bronchial and alveolar 
fraction were immediately placed on ice 
(4° C), filtered through a nylon gauze, and 
centrifuged (Heraeus-Sepatech, Osterode, 
Germany) for 5 min at 400 g and 4° C to re­
move cells and debris. BALF was decanted 
and stored in small portions at 80° C. BAL 
cells were washed two times with PBS/ 
0. 1 %  (wt/vol) glucose (Merck, Amsterdam, 
The Netherlands). Viability was tested by 
incubation of 106 cells/ml with trypan blue 
solution ( 1 : 1 ) (vol:vol) (Gibco, Life Tech­
nology, Breda, The Netherlands) for 5 min. 
Viability was measured by determining the 
percentage of unstained cells in duplicate. 

Biopsies 
TBB (usually 5 to 10 at each procedure) 
were taken under fluoroscopic control using 
forceps No. 2 1  and/or 15c ("alligator"; 
Olympus, Tokyo, Japan). TBB were evalu­
ated histopathologically. 

Leukocyte Differentiation in BAL Cells 
Cytocentrifuge slides, precoated with PBS/ 
0.5% bovine serum albumin (BSA) (wt/vol) 
(Boseral 20T; Organon Teknika B .V. , Box­
tel, The Netherlands), were prepared using 
100 pi BAL cell suspension (0.3 x 106/rnl) 
with a cytocentrifuge (cytospin 3 ;  Shandon, 
Zeist, The Netherlands) by centrifugation 
for 5 min at 550 rpm. Slides were stained 
with May-Griinwald-Giemsa. Percentage 
of alveolar macrophages (AM), lympho­
cytes, and neutrophilic and eosinophilic 
granulocytes were determined by counting 
200 cells on two slides each. 

Extracellular Cytokines in BALF 
IL-6 (23),  IL-8 (24) and MCP- 1 were 
measured in duplicate in unconcentrated 
bronchial and alveolar fractions with an 
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enzyme-linked immunosorbent assay (IL-6 
kit [sensitivity: 1 .5 pg/ml] from CLB, Am­
sterdam, The Netherlands; IL-8 [sensiti­
vity: 30 pg/ml] and MCP-1 kits [sensitivity: 
15 ng/rnl] from R&D Systems, Minneapo­
lis, MN). Levels were not adjusted for total 
protein as dilution effects resulting from the 
BAL procedure were comparable between 
GO and OB groups (Recovery of BALF 
was not significantly different between both 
groups as shown in Figure 1 .) 

Statistical Analysis 
Data were analyzed using SPSSfPC+ soft­
ware (SPSS Benelux b.v., Gorinchem, The 
Netherlands). Demographic categorical 
data were compared with the chi-square 
test. Total cell and differential cell counts, 
IL-6, IL-8, and MCP-1 concentrations were 
compared using the nonparametric Mann­
Whitney U test. P values 0.05 were consi­
dered significant. The effect of IL-6, IL-8, 
MCP- 1 ,  leukocytes, and differentiation on 
the risk to develop OB was estimated using 
multiple logistic regression. All regressions 
were performed separately, with simultane­
ous adjustment for age, sex, time after lung 
transplantation, occurrence of CMV infec­
tion, and acute rejection at the moment of 
BAL. Eosinophilic granulocyte counts were 
transformed in dichotomous data (absence/ 
presence of eosinophilic granulocytes in the 
BALF). IL-6, IL-8, MCP-1 ,  leukocytes, dif­
ferentiation, and the dichotomous eosinop­
hilic data were compared after logarithmic 
transformation (25). 

RESULTS 
Population characteristics (Table 1 )  were 
not significantly different between the OB 
and GO groups with regard to age, sex, 
diagnosis for lung transplantation, and 
unilateral or bilateral lung transplantation. 
There were no significant differences in the 
prevalence of acute rejection and infections 
at the time of BAL between the OB and GO 
groups (Table 2). The time lag between lung 
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transplantation and the first BAL [median 
values and (ranges) of GO versus OB] was 
42 (20 to 300) d versus 4 1  (27 to 124) d. In 
the GO group 76% of the patients and in the 
OB group 90% of the patients underwent 
BAL within 2 mo after transplantation. Re­
covery of BALF (median value GO versus 
OB, 69% versus 74%) (Figure 1 )  was not 
significantly different between the OB and 
GO groups. The median time of histologic 
evidence of OB was 198 days after trans­
plantation with a range of 80 to 354 d. 

The bronchial fraction of the OB patient 
group had significantly higher numbers 
of cells/ml in BALF compared with the 
GO patient group (0.06 x 103/ml) versus 
0.04 x 103/ml)) (Figure 2). The differen­
tiation of cells in the bronchial fraction 
showed significantly higher numbers of 
lymphocytes (9 x 103/ml) versus 2 x 103/ml) 
and eosinophilic granulocytes ( 1  x 103/ml) 
versus 0) in the OB group than in the GO 
group (Table 3). Neutrophilic granulocyte 
counts tended to be higher in the OB group. 
In the alveolar fraction, the neutrophilic 
granulocyte counts were significantly hi­
gher in the OB group ( 19  x 103/ml) versus 
4 x 103/ml)) (Table 3), and the eosinophilic 
granulocyte counts tended to be higher in 
the OB group. IL-6 and IL-8 concentrations 
were significantly higher in the OB group 
than in the GO group both in bronchial 
(IL-6: 23 versus 6 pg/ml, IL-8: 744 versus 
102 pg/ml) and in alveolar fractions (IL-6: 
13 versus 3 pg/ml, IL-8: 1 10 versus 30 pg/ 
ml) (Figure 3B). This was not the case for 
MCP-1 concentrations, although there was 
a tendency of higher levels in the alveolar 
fraction of the OB group (p = 0.09). 

The association between the cellular and 
soluble cytokine markers of BALF with the 
development of OB after lung transplanta­
tion was investigated using multiple logistic 
regression analyses (Table 4). Higher num­
bers of total cell, neutrophilic granulocyte 
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and lymphocyte counts and the presence of 
eosinophilic granulocytes in the bronchial 
fraction, as well as higher IL-6 and IL-8 
concentrations, were associated with an 
increased risk to develop OB (odds ratios of 
3 . 1  to 22.0). In the alveolar fraction higher 
numbers of total cell and neutrophilic gra­
nulocyte counts and higher IL-6, IL-8, and 
MCP- 1 levels were significantly associated 
with an increased risk to develop OB (odds 
ratios of 3.8 to 20.5). When comparing IL-6 
in presence or absence of CMV infection in 
GO and OB no significant differences were 
found (GO bronchial fraction: p = 0.99; 
alveolar fraction: p = 0.24; OB bronchial 
fraction: p = 0.740; alveolar fraction: p 
= 0.57). Similar calculations for IL-8 and 
MCP- 1 also showed no differences between 
GO and OB. 

DISCUSSION 
The results reported in this prospective 
cohort study show that early leukocytosis, 
neutrophilia, presence of eosinophils, and 
higher concentrations of IL-6 and IL-8 in 
BALF are associated with the development 
of OB after lung transplantation. These pa­
rameters were studied in both bronchial and 
alveolar fraction. Differences between the 
GO and OB group were most often found 
for cell types in the bronchial fraction. This 
finding is in agreement with the fact that the 
bronchial fraction is assumed to be sampled 
from the proximal airways (2 1 )  and OB is 
a term restricted to membranous and respi­
ratory bronchioles (3, 4) that are part of the 
proximal airways. 

Leukocytosis, especially the influx of neu­
trophilic granulocytes and lymphocytes, in 
relation to OB has been reported by several 
other investigators (8, 26). DiGiovine and 
coworkers ( 10) investigated lung transplant 
patients at the time when OB was diagnosed 
and also a year before the diagnosis was set. 
In addition to cell types in the BALF they 
also evaluated the role of IL-8. They exclu-
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sively investigated the alveolar fraction of 
the lavage fluid and found a trend toward 
higher concentrations of neutrophilic gra­
nulocytes and IL-8 in the so-called "future 
OB patients" as compared with those not 
developing OB. We confirm and extend 
their findings in that we found significantly 
higher numbers of neutrophilic granulocy­
tes and concentrations of IL-6 and IL-8 in 
the alveolar fraction of the BALF of the 
"future OB patients" compared with those 
of the GO patients. The highly significant 
differences of neutrophilic granulocytes and 
IL-8 between the OB and GO groups in our 
study are probably a result of the restrictive 
inclusion of the OB group according to 
Cooper and coworkers (2) and Yousem and 
coworkers (3). Therefore, IL-8 and neutrop­
hil activity do not only seem to play a role 
in active OB, but also in developing OB, 
probably by acting as a profibrotic agent. 
DiGiovine and coworkers included patients 
without histologic evidence of OB as well 
and thereby probably found only trends 
toward the same direction. Holland and 
coworkers (27) reported increased lymp­
hocyte counts in BALF of OB patients, in 
particular CDS+ lymphocytes. In our study, 
lymphocyte counts were increased in the 
bronchial fraction, but not in the alveolar 
fraction. 

To our knowledge, eosinophilia in relation 
to OB has not yet been reported by others. 
Riise and coworkers (8) and other investi­
gators (9, 10, 26) evaluated the influx of 
leukocytes and its differentation in asso­
ciation with BOS. They found no relation 
between eosinophilic counts and BOS. It is 
important to mention that eosinophils are 
only found in some of the patients with OB 
and cannot be used as a general marker of 
OB but may reflect the severeness of the in­
flammatory response in the development of 
OB. Eosinophilic granulocytes are known 
to be able to release potent cytotoxic gra­
nule products associated with the cellular 
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damage seen in  a variety of inflammatory 
diseases. It is unclear whether eosinophilic 
granulocytes are actively involved in the de­
velopment of OB or merely present because 
of more pronouced activation of and attrac­
tion by other cells, for example, epithelial 
cells. We hypothesize that the presence of 
eosinophilic granulocytes in the bronchial 
fraction of the BAL is an early finding in 
some of the patients who develop OB. The 
specificity and association with severeness 
of OB remain to be determined. 

To our knowledge, we are the first to report 
increased IL-6 concentrations in BALF of 
"future OB patients". Magnan and cowor­
kers (28) reported data on in vitro cytokine 
production by alveolar macrophages iso­
lated from OB patients, showing that the 
production of IL-6 was not elevated in OB 
patients, in contrast with the production of 
TGF-�. They suggested that during OB tis­
sue repair dominated over tissue injury. In 
our study, patients were monitored shortly 
after their lung transplantation, with a me­
dian value of 42 and 41  d in the GO and OB 
groups respectively. None of the patients 
was at that moment classified as having 
OB. As IL-6 is associated with tissue injury, 
we hypothesize that patients with elevated 
IL-6 levels in BALF are the patients at high 
risk for developing OB and other pathology. 
Our hypothesis is supported by the finding 
that in Magnan's study IL-6 concentrations 
are elevated during acute rejection accom­
panied by low TGF-� levels. In this study 
TGF-� was first secreted when IL-6 re­
turned to normal values (28). So IL-6 seems 
to play an important role in the early stages 
of developing OB. 
Humbert and coworkers also showed ele­
vated IL-6 production in BALF of patients 
with CMV pneumonia after lung transplan­
tation and to a lesser extent in allograft 
rejection, suggesting a possible role in OB 
( 1 3). Because in our study CMV infections 
were equally divided between the GO and 
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OB groups and because no significant dif­
ference was found between GO and OB in 
IL-6 and other cytokines in the presence or 
absence of CMV infection, IL-6 seems to 
play a role in the inflammatory mechanisms 
of early development of OB. 
The elevated levels of the proinflammatory 
cytokine IL-6, IL-8, MCP- 1 ,  chemoattrac­
tants, and numbers of leukocytes, (e.g., 
lymphocytes, neutrophilic and eosinophilic 
granulocytes) in BALF of patients develo­
ping OB after lung transplantation support 
the indication that OB is caused by an 
immunologically mediated injury directed 
against epithelial cells (29). Based upon 
the study by Borger and coworkers, we hy­
pothesize that the epithelial cell itself may 
play an important role in the release of IL-6, 
IL-8, and MCP- 1 possibly in part induced 
by immunosuppressive agents commonly 
used in lung transplantation ( 14). 
The value of MCP- 1 in the pathogenesis of 
OB has yet to be determined. In our study, 
a tendency toward higher concentrations in 
OB was found, together with a significant 
odds ratio of 3.9 in the alveolar fraction, 
suggesting additional involvement in the 
early proces of tissue remodeling. This sug­
gestion is confirmed by preliminary data of 
Belperio and coworkers (30) who showed 
a direct relationship between mononuclear 
cell recruitment and elevation of MCP- 1 le­
vels together with CCR2 messenger RNA, 
which is its major receptor. 

The early recognition of the patients at 
risk to develop OB suggests the possible 
intervention of this process by anti-inflam­
matory or more specific medication such 
as mofetil, FK506, or rapamycine as an 
inhibitor of cytokine-driven lymphocyte 
proliferation. Early adjustment of the thera­
peutic regimen of patients according to their 
BALF cell count and cytokines profile may 
contribute to better prevention of OB, but 
further studies are needed to attain a better 
defined risk stratification and to gain more 
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insight into the underlying mechanisms 
contributing to the development of OB. 

We conclude that monitoring total and dif­
ferential cell counts, IL-6, IL-8, and MCP- 1 
in BALF within 2 mo after lung transplan­
tation in addition to the TBB pathology 
will contribute to a better identification and 
management of groups of patients at risk to 
develop OB within a year. 

ACKNOWLEDGMENTS 

The authors thank Minze Hamstra, 
Henk Meekers, and Mathilda Wind 

for assistance in the processing of BAL 
and determination of IL-6, IL-8, 

and MCP-1 and Andre Timmerman 
and Kristine Traanberg for assistance 

with preparing the figures. 

61 

REFERENCES 
I .  Hosenpud, J. D., L. E. Bennett, B. M. Keck, B .  
Fiol, and R.  J. Novick. 1 997. The registry of  the 
international society for heart and lung transplanta­
tion: fourteenth official report- 1997. J. Heart Lung 
Transplant. 1 6:69 1 -7 1 2. 
2. Cooper, J. D., M. E. Bi llingham, T. Egan, M. l. 
Hertz, T. L. Higenbottam, J. Lynch, J. Mauer, I .  
Paradis, G. A. Patterson, C. Smith, E. P. Trulock, C. 
Vreim, and S. Yousem. 1 993. A working formulation 
for the standardization of nomenclature and for clini­
cal staging of chronic dysfunction in lung allografts. 
J. Heart Lung Transplant. 1 2:7 1 3-7 1 6. 
3. Yousem, S. A., G. J. Berry, P. T. Cagle, D. Cham­
berlain, A. N. Husain, R. H. Hruban, A. Marchevsky, 
N. P. Ohori, J. Ritter, S. S. MRCPath, and H. D. 
Tazelaar. 1996. Revision of the 1 990 Working 
Formulation for the Classification of Pulmonary 
Allograft Rejection: Lung Rejection Study Group. J. 
Heart Lung Transplant. 1 5 : 1 - 15. 
4. Kramer, M. R., C. Stoehr, J. L. Whang, G. J. 
Berry, R. Sibley, S. E. Marshall, G. M. Patterson, V. 
A. Starnes, and J. Theodore. 1 993. The diagnosis of 
obliterative bronchiolitis after heart-lung and lung 
transplantation: low yield of transbronchial lung 
biopsy. J. Heart Lung Transplant. 12:675-68 1 .  
5. Guilinger, R. A., I. L. Paradis, J .  H. Dauber, S. 
A. Yousem, P. A. Williams, R. J. Keenan, and B. P. 
Griffith. 1 995. The importance of bronchoscopy with 
transbronchial biopsy and bronchoalveolar lavage in 
the management of lung transplant recipients. Am. J. 
Respir. Crit. Care Med. 1 52:2037-2043. 
6. Yousem, S. A., I. Paradis, and B. P. Griffith. 1 994. 
Can transbronchial biopsy aid in the diagnosis of 
bronchiolitis obliterans in lung transplant recipients? 
Transplantation 57: 1 5 1 - 1 52. 
7.  Shennib, H., A. G. L. Lee, C. Serrick, and A. 
Giaid. 1 996. Altered nonspecific lymphocyte cyto­
toxicity in bronchoalveolar lavage of lung transplant 
recipients. Can it be useful in monitoring rejection or 
infection? Transplantation 62: 1 262-1 267. 
8. Riise, G. C., A. Williams, C. Kjellstrom, H. 
Schersten, B. A. Andersson, and F. J. Kelly. 1 998. 
Bronchiolitis obliterans syndrome in lung transplant 
recipients is associated with increased neutrophil 
activity and decreased anti-oxidant status in the lung. 
Eur. Respir. J. 1 2:82-88. 
9. Ward, C., G. I.  Snell, L. Zheng, B. Orsida, H. 
Whitford, T. J. Williams, and E.  H.  Walthers. 1998. 
Endobronchial biopsy and bronchoalveolar lavage in 
stable lung transplant recipients and chronic rejec­
tion. Am. J. Respir. Crit. Care Med. 158:84-9 1 .  
1 0. DiGiovine, B.,  J. P. Lynch, F. J. Martinez, A. 
Flint, R. I. Whyte, M. D. Ianettoni, D. A. Arenberg, 
M. D. Burdick, M. C. Glass, C. A. Wilke, S. B. Mor­
ris, S. L. Kunkel, and R. M. Strieter. 1 996. Bron­
choalveolar lavage neutrophilia is associated with 



PART I - CHAPTER FOUR 

obliterative bronchiolitis after lung transplantation. 
Role of iL-8. J. Immunol. 1 57:41 94-4202. 
1 1 . Zheng, L., E. H. Walters, C. Ward, N. Wang, B. 
Orsida, H. Whitford, T. J. Williams, T. Kotsimbos, 
and G. I. Snell. 2000. Airway neutrophilia in stable 
and bronchiolitis obliterans syndrome patients fol­
lowing lung transplantation. Thorax 55:53-59. 
1 2.Tiroke , A. H., B. Bewig, and A. Haverich. 1 999. 
Bronchoalveolar lavage in lung transplantation. State 
of the Art. Clin. Transplantation 1 3 : 1 3 1 - 1 57. 
1 3. Humbert, M., R. M. Delattre, S. Fattal, B.  Rain, 
J. Cerrrina, P. Dartevelle, G. Simonneau, P. Duroux, 
P. Galanaud, and D. Emilie. 1 993. Situ produc-
tion of interleukin-6 within human lung allografts 
displaying rejection or cytomegalovirus pneumonia. 
Transplantation 56:623-627. 
1 4. Borger P, Kaufman HF Timmerman JA Scholma 
J van den Berg JW Koeter GH. 2000. Cyclosporine, 
FK506, mycophenolate mofetil, and prednisolone 
differentially modulate cytokine gene expression in 
human airway-derived epithelial cells. Transplanta­
tion 69(7) : 1 408- 1 4 1 3  
15 .  Car, B .  D., F. Meloni, M. Luisetti, G .  Semenzato, 
G. Gialdroni-Grassi, and A. Walz. 1 994. Elevated 
IL-8 and MCP-1 in the bronchoalveolar lavage fluid 
of patients with idiopathic pulmonary fibrosis and 
pulmonary sarcoidosis. Am. J. Respir. Crit. Care 
Med. 1 49:655-659. 
1 6. Cooper, J. D. 1 990. The evolution of techniques 
and indications for lung transplantation. Ann. Surg. 
2 1 2:249-255. 
1 7. Otulana, B. A., T. Higenbottam, L. Ferrari, J. 
Scott, G. lgboaka, and J. Wallwork. 1 990. The use 
of home spirometry in detecting acute lung rejection 
and infection following heart-lung transplantation. 
Chest 97:353-357. 
1 8. Van der Giessen, M., A. P. Van den Berg, W. 
Van der Bij, S. Postma, W. J. Van Son, and T. H. 
The. 1 990. Quantitative measurement of CMV-spe­
cific lgG- and IgM-antibodies in relation to CMV 
antigenemia and disease activity in kidney recipients 
with an active CMV infection. Clin. Exp. Immunol. 
80:56-6 1 .  
19.  Van der Bij ,  W. ,  R. Torensma, W. J. Van Son, J. 
Anema, J. Schirm, A. M. Tegzess, and T. H. The. 
1 988. Rapid immunodiagnosis of active cytomega­
lovirus infection by monoclonal antibody staining of 
blood leucocytes. J. Med. Virol. 25 : 1 79- 1 88. 
20. Oosterhoff, Y., H.  C. Hoogsteden, B.  Rutgers, 
H. F. Kauffman, and D. S. Postma. 1 995. Lympho­
cyte and macrophage activation in bronchoalveolar 
lavage fluid in nocturnal asthma. Am. J. Respir. Crit. 
Care Med. 15 1 :75-8 1 .  
2 1 .  Kelly, C. A., C. J. Kotre, C. Ward, D .  J. Hen­
drick, and E. H. Walthers. 1 987. Anatomical distri­
bution of bronchoalveolar lavage fluid as assessed 
by digital subtraction radiography. Thorax 42: 

62 

624-628. 
22. Rutgers, S. R., W. Timens, H. F. Kauffman, T. W. 
van der Mark, G. H. Koeter, and D. S .  Postma. 2000. 
Comparison of induced sputum with bronchial wash, 
bronchoalveolar lavage and bronchial biopsies in 
COPD. Eur. Respir. J. 1 5 : 1 09- 1 1 5. 
23. Pharo, S.  M. H., Y. Yoshida, R. Aeba, B. G. 
Hattler, Y. lwaki, A. Zeevi, R. L. Hardesty, and B. P. 
Griffith. 1 992. Interleukin-6, a marker of preserva­
tion injury in clinical lung transplantation. J. Heart 
Lung Transplant. 1 1 : 1 0 1 7  - I  024. 
24. Smith, J. A., S. Stewart, M. Roberts, K. McNeil, 
P. M. Schofield, T. W. Higenbottam, S. A. M. 
Nashef, S. R. Large, F. C. Wells, and J. Wallwork. 
1 995. Significance of graft coronary artery disease 
in heart-lung transplant recipients. Transplant. Proc. 
27:20 1 9-2020. 
25. Altman, D. G. 1 99 1 .  Relation between several 
variables. In D. G. Altman, editor Practical statistics 
for medical research, I ed. Chapman & Hall/CRC, 
New York. 35 1-358. 
26. Clelland, C., T. Higenbottam, S. Steward, B. 
Otulana, T. Wreghitt, J. Gray, J. Scott, and J. Wal­
lwork. 1 993. Bronchoalveolar lavage and trans­
brochial lung biopsy during acute rejection and 
infection in heart-lung transplant patients. Studies of 
cell counts, lymphocyte phenotypes, and expression 
of HLA-DR and Interleukin-2 receptor. Am. Rev. 
Respir. Dis. 147: 1 3 86- 1 392. 
27. Holland. V. A., P. T. Cagle, P. T. Windsor, G. P. 
Noon, S . D. Greenberg, and E. C. Lawrence. 1 990. 
Lymphocyte subset populations in bronchiolitis 
obliterans after heart-lung transplantation. Trans­
plantation 50:955-959. 
28. Magnan, A., J.-L. Mege, J.-C. Escallier, J. 
Brisse, C. Capo, M. Reynaud, P. Thomas, B.  Merle, 
L. Garbe, M. Badier, L. Viard, P. Bongrand, R. Gi­
udicelli, D. Metras, P. Fuentes, D. Vervloet, and M. 
Noirclerc. 1 996. Balance between alveolar macro­
phage IL-6 and TGF-b in lung-transplant recipients. 
Am. J. Respir. Crit. Care Med. 153 : 143 1 - 1 436. 
29. Paradis, I. 1 998. Bronchiolitis Obliterans: patho­
genesis, prevention and management. The American 
Journal of the Medical Sciences 3 1 5 : 1 6 1 - 1 78. 
30. Belperio, J. A., Keane, M. P, Burdick, M. D., 
Xue, Y. Y., Berlin, A. A.,  Charo, I.  R., Kunkel, S.  L., 
and Strieter, R.  M. 2000. Elevated levels of MCP- 1 
are associated with chronic allograft rejection: Ame­
rican Thoracic Society International Conference, 
May 2000, Toronto (abstract). Am. J. Respir. Crit. 
Care Med. 1 6 1 :A508 



6) 



PART I - CHAPTE:R FIVE: 

Airway cel lu lar response to two 
di-l+erent i':lmunosuppressive regit;lens 

In lung transplant recipients 

6+ 

Dirk-Jan Slebos 
Gerard H. Koeter 

Henk F. Kauffman 
Erik A.M. Verschuuren 

Wim van der Bij 
Dirkje S. Postma 



PART I - CHAPTE:R FIVE: 

Abstract 
Background: 
Numerous, potentially more effective, immunosuppressive drugs have 
recently been introduced into transplantation medicine. We investigated 
the effects of two different immunosuppressive protocols on broncho­
alveolar lavage fluid cellular characteristics in 34 lung transplant 
recipients who were treated with anti-thymocyte globulin induction 
therapy, cyclosporine, azathioprine and prednisolone ("Regimen-!"), 
compared to 17 recipients receiving basiliximab induction, tacrolimus, 
azathioprine and prednisolone ("Regimen-II").  
Methods: 
Bronchoalveolar lavages were performed between 15  and 40 days 
post-transplantation, in a stable clinical condition and absence of 
acute rejection, cytomegalovirus and/or respiratory tract infection. 
Results: 
Regimen-II treatment was associated with a significantly lower 
percentage lavage fluid lymphocytes than with Regimen-! . 
The CD4/CD8 ratio was significantly higher with Regimen-II than 
with Regimen-!: 1 .56 (range 0.41 -2. 16) and 0.33 (0.04-0.95) 
respectively; p<0.001 ,  mainly due to a lower percentage CDS+ cells 
with Regimen-IT: 25% (range 1 2-5 1 )  vs. Regimen-!: 60% (34-77); 
p<O.OO l .  The percentage CD4+CD25+ cells appeared lower with 
Regimen-II: 2 1 %  (range 10-88) vs. Regimen-!: 50% (range 0-87); 
p=0.04. 
Conclusions: 
Airway lymphocyte subtypes are affected by the immunosuppressive 
protocol used. The observed cellular differences may explain the 
better graft- and overall survival, which are attributed to these new 
immunosuppressive agents. 
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INTRODUCTION 
Immunosuppressive treatment modalities 
after lung transplantation (LTX) have 
changed over the past years. Initially, im­
munosuppressive regimens mainly con­
sisted of induction therapy with ATG 
(anti-thymocyte globulin) and maintenance 
therapy with cyclosporine (CsA), azathi­
oprine (AZA) and prednisolone. Newer 
immunosuppressive drugs like OKT3, da­
clizumab, basiliximab, tacrolimus (Tac), si­
rolimus and mycophenolate mofetil (MMF) 
have recently become available [ 1 -7]. Their 
introduction in the management of LTX has 
been supported by positive effects in inci­
dental cases when applied as rescue therapy 
for allograft rejection, and in small trials 
showing a favourable outcome with respect 
to graft function [8- 1 1 ] .  

The established and the novel immunosup­
pressive strategies have a widespread varie­
ty in routes of action to prevent allograft re­
jection, and therefore they might differently 
affect the airway inflammatory cell popula­
tion. Especially lymphocyte subtypes have 
been shown to change considerably after 
LTX, predominantly as a consequence of 
immunosuppressive therapy [ 1 2] .  The ef­
fect of the new regimens on cellular popu­
lations in the airways of the lung allograft 
is not known. Evaluation of these cells by 
using bronchoalveolar lavage fluid (BALF) 
is feasible, and used to gain more insight 
into the 'normal' airway changes after LTX 
as well as into airway changes occurring 
during both acute and chronic allograft 
rejection [ 1 2- 17] . Therefore we set out to 
study the BALF differential cell population 
and lymphocyte subtypes in two different 
immunosuppressive regimens used in our 
hospital after LTX. 

METHODS 
Design and subjects 

We retrospectively studied the BALF cel­
lular compounds in LTX patients using two 
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different immunosuppressive regimens. 
Regimen-! was used between 1990-2001 in 
our LTX-program. Regimen-II from 200 1 
and onwards (see table 1 for the detailed 
constituents of the regimens). We included 
all LTX patients in whom a BAL was per­
formed within the first 40 days after LTX. 
Exclusion criteria were an acute rejection 
(AR) episode at time of BAL (as proven by 
histopathological examination of transbron­
chial biopsies taken during the same pro­
cedure, according to the ISHLT guidelines 
[ 1 8]) and/or a systemic or respiratory tract 
infection (including active cytomegalovirus 
(CMV) infection) at time of BAL. LTX 
procedures were performed according to 
established techniques [ 19] .  

Bronchoalveo/ar lavage and cell isolation 
BAL was performed as described previ­
ously [20]. The Medical Ethics Commit­
tee approved this protocol. The first 20ml 
portion was investigated for microbiology. 
The second 20ml was isolated as bronchial 
fraction (BF) and three 50ml fractions were 
pooled for the alveolar fraction (AF). BF 
and AF were immediately placed on ice 
(4°C) and further processed for leukocyte 
differentiation and flowcytometric analysis 
[ 1 2] .  

Diagnostic protocol 
Obtaining positive cultures from the first 
BALF sample provided a diagnosis of fun­
gal-, viral or bacterial infection. CMV in­
fection was assessed by CMV-antigenemia 
and CMV serology, as described previously 
[2 1 ,22] . Diagnosis of bronchiolitis obli­
terans syndrome (BOS) was based on the 
classification and grading as formulated by 
the International Society of Heart and Lung 
Transplantation [23] .  Follow up of flow­
volume measurements were performed ac­
cording to established techniques and at a 
regular basis as described previously [24] . 
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Regimen I Regimen II I'·· 

Methylprednisolone, 500mg before Methylprednisolone, 500mg before 
reperfusion of each lung and 3x125mg in reperfusion of each lung and 3x125mg 
the first 24hrs post-LTX in the first 24hrs post-LTX 

rATG (anti-thymocyte globulin, Basiliximab (Simulect®), 20 mg on 
Merieux) three doses of 3 mg/kg the first day 0 and 4 post LTX. 
ten days post LTX 

Cyclosporine (Neoral®) (serum trough Tacrolimus (Prograft®) (serum 
levels: 400 mg/L post-LTX, tapered in 3 trough levels: 20 mg/L the first three 
weeks to 1 50 mg!L) weeks post-LTX, 15  mg/L between 3 

weeks and 3 months and 10- 1 2  mg/L 
thereafter) 

Azathioprine (2 mg/kg/day) Azathioprine (2 mg/kg/day) 

Prednisolone (0. 1 -0.2 mg/kg/day) Prednisolone (0. 1 -0.2 mg/kg/day) 

Co-trimoxazole 980mg on alternate days Co-trimoxazole 980mg on alternate days 
and Ganciclovir 3x1000mg/day (the first 
3 months post-LTX) 

TABLE 1. 
Description of the immunosuppressive protocol used for both groups. 

Flowcytometric analysis 
Lymphocyte subtypes were measured using 
direct immunofluorescence with mono­
clonal antibodies as described previously 
[ 12]. The following antibodies were used: 
CD3+fCD4+, CD3+/CD8+ (IQ-Products, 
The Netherlands), CD4+fCD25+ (Beckton 
Dickinson, USA). Labelled cells were 
analysed using a FACS-Calibur (Beckton 
Dickinson, USA). 

Statistical Analysis 
Data were analysed using SPSS/Pc+ soft­
ware (SPSS Benelux, Gorinchem, The 
Netherlands). Distributions of cell counts, 
lymphocyte subtypes and cytokine levels 
were compared between groups using the 
non-parametrical Mann-Whitney-U test. 

Chi-square testing was used for calcula­
ting differences between in- and excluded 
patients in the two regimens, between pre­
LTX diagnosis, type of LTX and gender. P< 
0.05 was considered significant. Results are 
presented as median (range) unless men­
tioned otherwise. 

RESULTS 
Patients 
We recruited 78 LTX recipients in the Re­
gimen-! group and 25 in the Regimen-II 
group. In the Regimen-! group 30 patients 
were excluded because of acute rejection 
(AR) at time of BAL, and 14 because of 
a concurrent respiratory tract infection. Of 
the Regimen-11 recipients, 7 patients with 
AR were excluded (no significant diffe-
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Regimen-I Regimen-II 

, 34 1 7  
Age, Years* 43. 1 (9.3) 45. 1  ( 1 1 . 1 )  n.s. 
Gender, F/M 1 6/ 1 8  8/9 n.s.# 
Pre-LTX diagnosis 

COPD-AT 1 2  4 

} 
COPD 6 5 
CF 6 5 n.s.# 
PF 6 2 
P/SPH 3 1 
re-LTX 1 0 

LTX-type 

} 
Bi-lateral 28 10 
Right-lung 4 4 n.s.# 
Left-lung 1 3 
Heart-Lung 1 0 

Time after LTX, days* 27 (6.9) 25 (7. 1 )  n.s. 
Serum trough levels 

Cyclosporine, mg/L * 243.6 (60.4) 
Tacrolimus, mg/L * 1 7.3 (4.0) 

TABLE 2. 
Patient characteristics. COPD-AT: a1-antitl)'psin deficiency; COPD: chronic obstructive pulmonary disease; 
CF: cystic fibrosis; PF: pulmonm)' fibrosis; P/SPH: primary or secondary pulmonary hypertension; *mean (SD ); 
# Pearson chi-square; n.s.: not significantly different between both groups. 

Regimen I Regimen II 

BF AF BF AF 
Recovery, % 35 (3-7 1 )  66 (3 1 -93) 49 ( 15-64) 60 (8-80) 
Total cell, x l04 1 9  (2-642) 2 1  (5-64) 22 ( 1 -353) 1 7  (0-63) 
Macrophages, % 92 (66-98) 94 (74-99) 96 (32-99) 96 (86-99) 
Neutrophils, % 2 ( 1-30) 2 (0- 1 2) 2 ( 1 -66) 3 (0-9) 
Lymphocytes, % 3 ( 1 -9) 4 (0-22) 2 (0-66) 2 (0-7)* 
Eosinophils, % 0 (0-7) 0 (0- 1 )  0 (0-7) 1 (0-4) 

TABLE 3. 
Bronchoalveolar lavage fluid total and differential cell characteristics for both regimen groups. BF: bronchial 
fraction; AF: alveolar fraction (see methods section for explanation). *p=0.034 for Regimen-/ compared to 
Regimen-11. 

renee in prevalence when compared to the 
number of excluded patients in Regimen-I) 
and 1 patient with a respiratory tract infec­
tion (p<0.05 when compared to the number 
of excluded patients of Regimen-1). In total, 
34 out of 78 patients in Regimen-! (44%) 
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and 17 out of 25 patients in Regimen-11 
(68%) were included for further analysis in 
this study. Patient characteristics showed no 
significant differences in age, gender, pre­
LTX diagnosis, type of LTX and the time 
after LTX at which the BAL was performed 
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(see table 2 for detailed patient characteris­
tics). 

Total and differential cell count 
There was a significantly lower lymphocyte 
percentage in the BAL alveolar fraction 
(AF, see methods section for explanation) in 
the Regimen-ll group than in the Regimen-I 
group (2% (0-7) vs. 4% (0-22); p=0.034). 
The total and other differential cell counts 
for both the BF and AF showed no differen­
ces between both regimens (table 3). 

Lymphocyte subtypes 
(alveolar fraction only) 
All evaluated lymphocyte subtypes differed 
significantly between the two regimens 
(figure 1 ) .  CD3+ T-cells were significantly 
lower with Regimen-ll than Regimen-! 
(79% (47-SS) vs. 90% (63-9S); p=0.009). 
CD4+ cells were significantly higher (34% 
( lS-54) vs. 2 1 %  (3-41) ;  p=0.001 )  and CDS+ 
cells significantly lower (25% ( 12-5 1 )  vs. 
60% (34-77) ;  p<O.OO l )  with Regimen-ll 
than Regimen-!, resulting in a much higher 
CD4/CDS ratio for regimen ll when com­
pared to Regimen-! ( 1 .56 (0.41-2. 16) vs. 
0.33 (0.04-0.95) p<0.001) .  Finally, also the 
percentage of CD4+CD2s+ cells was signi­
ficantly lower for Regimen-ll (2 1 %  ( 10-SS) 
VS. 50% (0-S7) ;  p=0.04). 

DISCUSSION 
Two different immunosuppressive proto­
cols used in patients with LTX were compa­
red in order to obtain more insight into the 
local airway cell types present early after 
LTX. We show that there exist remarkable 
differences in the lymphocyte population 
of the airways between a regimen consi­
sting of ATG/CsN AZNprednisolone and 
basiliximab/Tac/ AZNprednisolone. 

The change of our protocol in 2001 from 
ATG/CsNAZNprednisolone ('Regimen­
!')  to basiliximab/Tac/ AZNprednisolone 
('Regimen-ll') was based upon new in-

sights in immunosuppressive therapies 
that have become available for solid organ 
transplant recipients. By changing the pro­
tocol we eventually tried to achieve a better 
outcome with respect to overall survival, 
graft function (freedom of BOS), infectious 
complications, renal function and post LTX 
malignancies [ 1 - 1 1 ] .  

We used the BAL procedure to evaluate 
the cellular population of the airways in 
our patients. BALF examination after LTX 
is an established diagnostic tool used for 
microbiological surveillance [25].  BALF 
is also used to get insight into the "normal" 
airways changes after LTX, as well as air­
way changes during AR and bronchiolitis 
obliterans (BO) [ 1 2- 1 7]. We analysed both 
the bronchial fraction (BF), which is assu­
med to represent the proximal airways, and 
the alveolar fraction (AF), reflecting the pe­
ripheral airways [ 19,26] . Total and differen­
tial cell counts were found to be comparable 
in both fractions between the two regimens, 
suggesting that both the proximal and more 
peripheral airways are affected in a similar 
way (table 3). 

Intriguingly, the "new" induction the­
rapy using basiliximab (the chimeric in­
terleukin-2 receptor monoclonal antibody) 
instead of ATG, and a maintenance regimen 
containing Tac instead of CsA besides AZA 
and prednisolone, results in a totally dif­
ferent pattern of lymphocyte subtypes in 
the airways with a much lower percentage 
of CDS+ and CD4+CD2s+ lymphocytes as 
major outcome. 

It is questionable which component of the 
regimen used changed the BALF lympho­
cyte profile. Both CsA and Tac seem to be 
possible candidates. Both drugs bind to pro­
teins in the cytoplasm to form complexes 
(CsA binds to cyclophilin and Tac binds to 
FK-binding proteins), which in tum inhibit 
the phosphatase activity of calcineurin. 
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FIGURE 1. 
Bronchoalveolar lavage fluid lymphocyte subtype analysis collected within the first 40 days after LTX for 
Regimen-/ (o n=23* ): anti-thymocyte globulin induction therapy, maintenance therapy with cyclosporine/ 
azathioprine/prednisolone and Regimen-11 (• n=ll* ): basiliximab induction, maintenance therapy with 
tacrolimus/azathioprine/prednisolone. *: number of bronchoalveolar lavage samples suitable for flowcytome­
tric analysis (some could not be performed due to low numbers of lymphocytes obtained and hence inaccurate 
counts). 

The latter is an important limiting step in 
the activation of T-cells. By this mode of 
action inhibition of interleukin-2 (IL-2) 
production is achieved, resulting in a de­
creased CD8+ cell population [27-3 1 ] .  IL-2 
is the main cytokine produced by activated 
CD4+ lymphocytes and is responsible for 
the growth and proliferation of activated 
T-cells, thereby playing a vital role in the 
immune system's rejection response to 
transplanted organs [32] . 

Only a few studies have assessed whether 
differences in lymphocyte subtypes exist 
between treatment with CsA or Tac after 
solid organ transplantation. In peripheral 
blood samples of renal transplant recipients, 
a regimen consisting of CsNMMF vs. Tac/ 
MMF only showed small, yet significant dif­
ferences for CD3+, CD8+ and CD3+CD25+ 
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lymphocytes [33] .  In a rat-heart transplant 
model, heart tissue ftowcytometric analysis 
showed identical CD4+ and CD8+ levels 
with both the CsA and Tac regimen [34] . 
Thus based upon this limited data available 
and the mode of action of both drugs, the 
marked differences observed in our BALF 
lymphocyte subtypes cannot be solely ex­
plained by the use of either CsA or Tac. 

Another difference between the two regi­
mens is the induction therapy used. ATG 
reduces the total number of effector T­
lymphocytes and blocks their function by 
direct antigen/antibody interactions [35], 
whereas basiliximab specifically binds the 
alpha subunit of the IL-2 receptor of acti­
vated T-lymphocytes [6] . By this way of 
action, basiliximab is potentially capable of 
reducing the relative number of circulating 
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CDS+ T-cells. Through competitive anta­
gonism of IL-2, approximately 90% of the 
available IL-2 receptors on T-lymphocytes 
have been shown to be complexed and in­
activated by basiliximab [6,36] . 
After induction therapy with basiliximab in 
renal transplant patients, no CD25+ T-cells 
were detectable in peripheral blood for 6 1  
days (range 25-93 days). Thus, a lower 
number of CD4+CD25+ cells observed in 
BALF may be explained by the absence of 
CD4+CD25+ in peripheral blood by the ac­
tion of basiliximab [37] . The fact that there 
still is a low number of CD4+CD25+ cells in 
the BALF, can be attributed to donor lymp­
hocytes still present early after LTX. These 
donor cells are thought to be replaced within 
a few months post LTX by recipient cells 
[3S-39] . The exact role of the CD4+CD25+ 
T-cells still remains speculative. There 
has recently been renewed interest in the 
CD4+CD2s+ T-cell population as potent 
regulatory T cells. It has been shown that a 
subset of the CD4+CD25+ T-cell population, 
the CD4+CD25high lymphocytes, plays a cri­
tical role in the induction of graft tolerance 
an acceptance after the first months after 
LTX [40-43]. Unfortunately, the still low 
numbers of lymphocytes did not allow us 
to assess whether this specific lymphocyte 
subset was changed with the new regimen. 
This requires further study. 

Despite remaining controversies with res­
pect to the use of induction therapy after 
solid organ transplantation [5] ,  we choose 
to use a protocol containing an induction 
agent. While ATG, used as induction thera­
py, has been proven to reduce the number of 
AR episodes after LTX [35], clinical trails 
with basiliximab after LTX have yet not 
been published. However, similar reduction 
in AR episodes after LTX have recently 
been published by using either daclizumab 
(a monoclonal antibody to the a-subunit of 
the IL-2 receptor on T-cells, with a compa­
rable mode of action as basiliximab), ATG 
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or OKT3 [5] .  It also has been reported that 
basiliximab effectively reduced the number 
of AR episodes shown in renal transplant 
recipients [6,37]. 

As suggested in the literature, the utilisation 
of the "newer" immunosuppressive drugs 
will possibly result in a better graft- and 
overall survival after LTX. However, this 
has yet not been proven in a randomized 
trial with sufficient follow up [4,5,S- l l ] .  
The BALF lymphocyte profile of Regimen­
I suggests the presence of an aggressive 
allograft response (high CDS+ and high 
CD4+CD25+ T-cell population) in the early 
postoperative phase [ 16] .  The high percen­
tage CDS+ T-cells, when using ATG, has 
been described previously [44-45] .  But the 
mode of action remains unclear. ATG redu­
ces the total number of CD3+ cells in the 
peripheral blood after administration. But 
after ATG therapy, the CDS+ T-cells already 
have the ability to regenerate despite still 
depleted CD4+ cells. This may occur due 
to the loss of control by the depleted CD4+ 
T-cells and subsequent proliferation of the 
cytotoxic CDS+ cell population [ 44-46] . In 
contrast, with a more specific inhibition by 
using basiliximab, the controlling CD4+ T­
cells cells remain present and thus are able 
to keep control over the cytotoxic CDS+ 
T-cells. The Regimen-IT lymphocyte popu­
lation supports this theory, by the presence 
of a lower lymphocyte percentage, a high 
CD4/CDS ratio and a lower CD4+CD25+ 
percentage, which likely reflects improved 
local airway conditions for graft survival. 
Of importance, the Regimen-IT BALF 
lymphocyte population is nearly identical 
to BALF characteristics of healthy subjects 
[47-49] . 
The Regimen-IT patient group did not suffer 
from over-immunosuppression, as shown 
by a similar rate of AR episodes at the time 
of BAL and a lower number of patients 
with a respiratory tract infection at the time 
of BAL. A randomised trial with sufficient 
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long term follow up of complications 
(AR, BO, respiratory tract infections, post 
transplant lymphoproliferative disease, and 
mortality) after LTX seems necessary to 
show if the observed local cellular impro­
vement in the airways will be reflected in a 
better clinical outcome. 

In conclusion, we were able to show a 
marked difference in the airway lymp­
hocyte population between two different 
immunosuppressive protocols used in the 
management of LTX patients. The protocol 
containing basiliximabffac/ AZA showed a 
favourable lymphocyte subset with respect 
to immunocompetence, as is best shown by 
higher percentage of CD4+ and a lower per­
centage of CD8+ lymphocytes (resulting in 
a much higher CD4/CD8 ratio) and a much 
lower CD4+CD25+ percentage early post­
LTX. The observed cellular differences 
may explain the better graft- and overall 
survival, which are attributed to these new 
immunosuppressive agents. 
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Abstract 
End-stage pulmonary disease due to sarcoidosis rarely leads to lung 
transplantation. Once a patient has undergone lung transplantation, 
sarcoidosis has been shown to often recur in the lung allograft. 
In this case report we show, for the first time, the utility of 
bronchoalveolar lavage fluid in diagnosing recurrence of the 
sarcoidosis in the transplanted allograft. 
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INTRODUCTION 
Lung transplantation (LTX) is the ultimate 
therapeutic solution in end-stage lung di­
sease due to various underlying diseases. 
Besides COPD and idiopathic pulmo­
nary fibrosis, which are limited to the lungs 
itself, systemic diseases like a1-antitrypsin 
deficiency and cystic fibrosis constitute a 
major indication for LTX [ 1 ] .  Sarcoidosis 
is also a systemic disease that may lead 
to end-stage lung disease but, opposite to 
other systemic diseases rarely necessitates 
LTX [2] . However, sarcoidosis is the di­
sease most frequently recurring in the lung 
allograft after LTX [3-8] despite aggressive 
immunosuppressive therapy. We here de­
monstrate for the first time the usefulness 
of bronchoalveolar lavage fluid (BALF) 
in diagnosing recurrence of the original 
sarcoidosis. 

CASE 
A 44-year-old woman had end-stage lung 
disease due to sarcoidosis and concurrent 
secondary pulmonary hypertension for 
which she was treated with prostacyclin. 
She underwent an uncomplicated bilateral 
LTX in June 200 1 .  Eight days post-LTX 
she was treated once for an acute allograft 
rejection with 1000 mg methylprednisolone 
for 3 consecutive days. Nineteen days after 
LTX she was discharged from the hospital 
and remained clinically stable. Her immu­
nosuppression included: induction therapy 
with basiliximab (the chimeric interleukin-
2 receptor monoclonal antibody) 20 mg 
intravenously on days 0 and 4 post LTX. 
The maintenance regimen consisted of ta­
crolimus (aimed serum through levels of 20 
pg/L during the first three weeks post-LTX, 
15 pg/L between 3 weeks and 3 months and 
10- 12  pg/L thereafter), azathioprine (2 mg/ 
kg/day) and prednisolone (0.2 mg/kg/day). 
She also received aciclovir and co-trimoxa­
zole prophylaxis. Lung function (both FEV1 
and diffusion capacity) remained perfectly 
stable during 554 days post-LTX (BOS 
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stage 0; figure 1) .  Broncho-alveolar lavage 
(BAL) was performed at regular follow-up 
visits according to our protocol (i.e. at 3-
4 weeks post LTX, and every six months 
after LTX). BAL was always uneventful. 
One year after LTX, however, the cellular 
characteristics of the BALF surprisingly 
showed an increasing lymphocyte count 
and elevated CD4/CD8 ratio, suggestive 
of recurrence of sarcoidosis (table 1) .  Bi­
opsies taken during the same procedure 
could not confirm this diagnosis. At the fol­
low-up bronchoscopy performed 490 days 
post-LTX, the BALF cellular profile was 
even more characteristic for sarcoidosis 
(table 1 ) ,  which on this occasion could be 
confirmed by the finding of numerous non­
caseating granulomas in the transbronchial 
biopsies (TBB),with negative TBB staining 
for mycobacteria, and negative BALF cul­
tures and PCR for tuberculosis (figure 2). 
Until now, at day 554 post LTX, the patient 
still reached her personal best FEV 1 and 
no acceleration of the immunosuppressive 
therapy has been administered. The patient 
still has no signs of sarcoidosis as shown by 
lung function and clinic. 

DISCUSSION 
In this case report we have described the 
usefulness of BALF in detecting recurrence 
of sarcoidosis after LTX. 

Routinely performed BAL procedures after 
LTX are useful for microbiological assess­
ment of the allograft [9] and its usefulness 
for assessment of graft failure is currently 
under investigation [ 10, 1 1 ] .  So far no re­
ports are available on using BALF in diag­
nosing recurrence of diseases like sarcoido­
sis after LTX. It is now widely accepted that 
a CD4+ lymphocytosis accompanied by an 
elevated CD4/CD8 ratio and TBB showing 
noncaseating granulomas, strongly supports 
the diagnosis of sarcoidosis in the absence 
of infectious disease, even though it is not 
100% diagnostic [ 1 2, 1 3] .  We show in this 
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Days post LTX 17  2 13  388 490 
Broncho-a/veo/ar lavage* 
Recovery, % 77 65 77 75 

Total cell count, x 10'/mL 2.16 2.44 1 .87 2.50 
Macrophages, % 88 96 79 72 
Lymphocytes, % 7 4 20 26 
Neutrophils, % 5 0 I 2 
Eosinophils, % 0 0 0 0 
CD4' cells, xl03/mL NP NP 3.80 3.81 
cos• cells, x103/mL NP NP 0.75 0.5 1 
CD4/CD8 ratio NP NP 5.06 7.45 
Lavage microbiology neg. neg. neg. neg. 

ARJBO on biopsies neg. neg. neg. neg. 

Serum 
ACE, UIL 1 3  9 15  1 4  
CRP, mg/L 5 <3 <3 <3 

TABLE 1. 

Longitudinal Bronclwalveolar lavage (BAL) and serum 
characteristics. *BAL is performed by using 3x50 
mL pre-warmed phosphate buffered saline as descri-
bed previously { 11 ]. NP== not performed due to low 
numbers of lymphocytes obtained and hence inaccurate 
cowlts. neg. = negative; AR == acute rejection; OB = 
bronchiolitis obliterans; ACE = angiotensin converting 
enzyme; CRP = C-reactive protein. 
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case, that also the recurrence of sarcoidosis 
after LTX can be determined in this way. 
Only 1 -2% of the LTX recipients reported 
in the literature have been transplanted 
because of end-stage lung disease due to 
sarcoidosis [2,3]. Until now there are only 
a few series available reporting the recur­
rence of sarcoidosis in the lung allograft 
[3-5] .  A recent study assessing the preva­
lence of radiological findings compatible 
with recurrent underlying disease in general 
in 1 394 LTX recipients showed an overall 
disease recurrence rate of 1 %. In this group, 
sarcoidosis was the main cause of recurrent 
disease (nine out of 26 transplants) [3] . 
It is suggested that acute rejection episo­
des and bronchiolitis obliterans may occur 

FIGURE 1. 

Post lung transplantation lung-functional characte­
ristics. Solid line represents FEV1; dotted line IVC 
(inspiratory vital capacity) (both plotted on the left 
Y-axis) .  The bars (plotted against the right Y-axis) 
represent the diffusion capacity as given in percen­
tage of predicted TLCOc/VA (mmol/min/kPa/L). 
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more frequently in patients with sarcoidosis 
when compared to non-sarcoidosis LTX 
recipients [4,7,8] . However, the number of 
patients (7 in total) studied in these groups 
is too small to draw firm conclusions. A 
more recent report (including 12  sarcoido­
sis patients as recipients) could not confirm 
this previous suggestion of accelerated al­
lograft failures and also found no difference 
in survival with respect to sarcoidosis as 
the underlying disease for LTX [5] .  Howe­
ver, as shown in the international registry 
[ 1 ] ,  the better outcome of patients with 
organ-limited lung diseases as COPD and 
a1-antitrypsin deficiency suggests that an 
underlying systemic disease may indeed 
influence overall outcome after LTX. We 
only report one patient, yet she had just one 

FIGURE 2. 

Transbronchial biopsy showing noncaseating gra­
nulomas in tlze lung allograft. ( hemato.\)1lin & eosin 
staining; magnifications: total biopsy 20x, magnified 
granuloma JOOx) 
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post-LTX episode of acute rejection, with a 
100% preserved graft function and normal 
thoracic X-ray up to day 554 post-LTX, 
despite the numerous granulomas found on 
histopathological examination. 
Despite the aggressive immunosuppressive 
regimen after LTX, sarcoidosis appears to 
recur in our patient. This has been previous­
ly reported with a prevalence of 25-80% 
[3-8] . Aggravation of pulmonary sarcoido­
sis has also been reported to occur in renal­
and liver transplant recipients [ 14, 15] .  
Thus, despite aggressive inhibition of the 
T-cell response, sarcoidosis develops in the 
allograft. In our patient, the cellular profile 
of the BALF matching with sarcoidosis, is 
rather unaffected by the immunosuppres­
sive regimen when compared to normal 
values of BALF cellular characteristics 
after LTX, where the number of lymphocy­
tes is normally 2-4% instead of the 20-26% 
found in our patient [ 1 1 ] .  This suggests that 
besides the ability to develop granulomas, 
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also the CD4+ lymphocytic alveolitis is 
unaffected by the immunosuppression. It is 
hard to understand the fact that despite the 
immunosuppressive treatment, sarcoidosis 
returns. This suggests that sarcoidosis is not 
driven by deficiencies in the T-cell reactivi­
ty, but may be due to tissue-driven defects. 
This is also illustrated by a clinical report 
on the lack of effect of cyclosporine in the 
treatment of pulmonary sarcoidosis [ 16] . 

Because of excellent graft function as re­
flected by near normal lung function values 
and the absence of clinical signs of sarcoi­
dosis, we did not change the immunosup­
pressive regimen in our patient. When 
indications for treating the sarcoidosis will 
present e.g. progressive graft failure due to 
the sarcoidosis, the first step in treatment 
seems to raise the dose of prednisolone up 
to 0.5 mg/kg/day [ 1 3] .  Besides this opinion 
based treatment, there is no current opinion 
on how to treat these patients who are 
already on a very aggressive immunosup­
pressive regimen. Future possibilities may 
imply novel strategies like anti-TNFa. or 
thalidomide treatment. Because the number 
of LTX patients with sarcoidosis remains 
small, and additive therapy is rarely war­
ranted, attempts with these agents will have 
to be made based upon non-LTX experien­
ces [ 17 , 18] .  

In conclusion, end-stage pulmonary disease 
due to sarcoidosis rarely leads to lung trans­
plantation. Once transplanted, and despite 
aggressive immunosuppressive treatment, 
sarcoidosis is the disease most often recur­
ring in the lung allograft. This recurrence 
seems, however, to have no impact on 
survival. In this case report we show for the 
first time, the utility of BALF examination 
in diagnosing the recurrence of sarcoido­
sis in the lung-allograft. Remarkably, the 
BALF cellular profile in this recurrent sar­
coidosis seems unaffected by the aggressive 
immunosuppressive regimen used. 
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Abstract 
Sputum induction (SI) is nowadays applied as a non-invasive and safe 
method to investigate airway inflammation in pulmonary diseases. 
We investigated the feasibility of SI after lung transplantation (LTX), and 
compared sputum and bronchoalveolar lavage (BAL) cellular 
characteristics and interleukin-8 (IL-8) levels. Results were also 
compared to 1 1  healthy subjects. 
SI as performed between 26 and 1947 days after LTX in 19 recipients, 
was successful in 1 6  out of 22 attempts (73% ). Six patients failed to 
produce sputum after induction, mostly just post-LTX and with having a 
lower FEV1 •  The success rate in clinically stable patients after the first 
month post-LTX was 93%. Side effects were absent. Sputum recovery, 
viability and squamous cell contamination were comparable between 
LTX patients and healthy subjects. In the LTX group total cell counts, 
neutrophil percentages and IL-8 levels were much higher in SI than BAL 
( 1 .6 x 106/ml, 65.5% and 54.2 ng/rnl versus 0. 1 x l06/rnl, 3 .0% and 
O.Ol ng/ml p<0.00 1) .  Although LTX-neutrophil percentages in SI and 
BAL correlated properly (rho=0.72, p=0.04), both techniques are not 
exchangeable. 
We conclude that sputum induction is feasible, well tolerated, and 
without major side-effects in stable patients after the first month 
post LTX. Induced sputum may be a useful tool to study inflammatory 
changes of the airways after LTX, and because of the large quantity of 
neutrophils sampled, especially for further studies on the pathogenesis 
of bronchiolitis obliterans. 
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INTRODUCTION 
Chronic pulmonary allograft rejection, or 
bronchiolitis obliterans (BO), has emerged 
as the major long-term complication after 
lung transplantation (LTX) and is associa­
ted with increased morbidity and mortality 
[ 1 ,2] . In affected patients, medical therapy 
results at best in stabilisation of lung func­
tion, but has been largely ineffective in 
restoring lung function [3,4]. Because of 
this lack of effective therapy, much emp­
hasis is put on identifying early markers of 
BO in order to elucidate the pathophysio­
logy of the disease and to prevent it from 
progressing to a full-blown syndrome of 
severe airway obstruction [5] . To this aim 
the 'bronchiolitis obliterans syndrome' has 
been introduced, a classification based upon 
deterioration in the forced expiratory vo­
lume in 1 second (FEV1) from its baseline 
value [6]. But airway pathological changes 
are already manifest even before decline in 
FEV1 develops [5]. More invasive procedu­
res like transbronchial biopsies (TBB) are 
often used in follow-up of LTX patients, 
and even open lung biopsies are sometimes 
performed to detect graft failure. However, 
they all show a low sensitivity to diagnose 
BO [7-9] . 

Bronchoalveolar lavage fluid (BALF) ana­
lysis serves an important clinical purpose in 
the detection of microbiological and viral 
complications after LTX, and is being used 
to try to assess graft failure, i.e. bronchi­
olitis obliterans (BO) and acute rejection 
(AR) [ 10-14] .  It thus has been shown that 
analysis of BALF compounds reveals some 
prognostic implications [ 5, 15] .  However, 
the invasiveness and high costs of bron­
choscopy make repeated analysis of BALF 
less suitable for frequent follow-up studies 
to monitor LTX patients. Sputum induction 
(SI) is a less invasive and save technique 
in other diseases [ 1 6- 18] and might consti­
tute an adequate technique in LTX, since 
small airways disease corresponding with 
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BO may be associated with or preceded 
by chronic inflammation of larger airways 
[ 19-22] . 

In the present study, we tested the feasibi­
lity of sputum induction in LTX recipients, 
and compared its cellular composition and 
level of IL-8 with values in BALF. Finally, 
we compared results of SI and BALF with 
values obtained in healthy volunteers. 

METHODS 
Design & Subjects 
Between October 1998 and June 1999, re­
cipients of bilateral lung transplants who 
were scheduled for a bronchoscopy with 
BAL were asked to participate in the present 
study. The bronchoscopies were scheduled 
for routine surveillance reasons (follow-up 
after LTX: detection of graft failure), or 
clinical indication (suspicion of infectious 
disease or acute rejection). SI took place 
between 48 and 2 hours prior to the BAL. 
Eleven healthy non-smoking volunteers (8 
males and 3 females) participated as control 
subjects (age 58 ± 8 years). They did not 
have a history of pulmonary disease, and 
had a normal lung function (FEV1 104% 
of predicted ±1 1 %). All research methods 
were approved by the Medical Ethics Com­
mittee, and written informed consent was 
given. 

Therapeutic regimen 
Immunosuppression included 2-5 doses of 
antithymocyte globulins (rATG, Merieux, 
3 mg/kg) the first 10 days post-LTX. The 
maintenance regimen consisted of cyclos­
porin (serum levels: 400 ng/ml post-LTX, 
tapered in 3 weeks to 150 ng/ml), azathi­
oprine ( 1 -3 mg/kg/day) and prednisolone 
(0. 1 -0.2 mg/kg/day). One patient received 
mycophenolate mofetil ( 1000 mg twice 
daily) in conjunction with cyclosporin and 
prednisolone. All patients received aciclo­
vir and co-trimoxazole prophylaxis. 
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Sputum induction 
SI was performed via inhalation of nebuli­
zed concentrations hypertonic saline of 3%, 
4% and 5% during 7 min each, generated 
by an ultrasonic nebulizer (Ultraneb 2000, 
DeVilbiss, Somerset, Pennsylvania, USA) 
as described before [23] .  The nebulizer 
was calibrated at an output of 1 .5 rnl/min 
and produced particles with a diameter of 
4.5 �-tm. After each concentration of saline, 
and after thoroughly cleaning of the upper 
airways, they expectorated the sputum into 
a sterile container, which was kept on ice 
and processed within 15  min after induc­
tion. The procedure was terminated after 
the three periods of 7 min or if a drop in 
FEY 1 of 20% or more from baseline would 
occur, which did not happen in our study. A 
SI failure was defined as having produced 
no sputum. 

Sputum processing 
In this study the 'whole sample technique' 
was used [23]. The weight of the sample was 
determined, and a volume equal to weight 
of dithiothreitol 0. 1 %  (Sputolysin; Calbio­
chem, La Jolla, CA, USA) was added. The 
samples were vortexed, and homogenized 
in a shaking water bath at 37° C for 15  min. 
The samples were then vortexed, and filte­
red through a 48 �-tm nylon gauze. Total cell 
count (including squamous cells) was per­
formed in the filtered sample, and viability 
was checked by trypan blue exclusion. The 
sample was then centrifuged at 450 x g at 
4° C for 10 min. The supernatant was as­
pirated and stored at -80° C. The cell pellet 
was resuspended in Bovine Serum Albumin 
(BSA) buffer (0.5% BSA in Phosphate Buf­
fered Saline (PBS)) to a concentration of 
0.3 x 106 cells/rnl for cytospinning (100 �-tl 
of the cell suspension) Two cytospins were 
stained with May-Griinwald-Giemsa for 
cell differentials, counting 300 nonsqua­
mous cells in each cytospin. Total cell count 
was calculated by multiplying the cell per­
centage with the total (nonsquamous) cell 
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number in sputum, divided by the volume 
of the sputum sample. 

Bronchoscopy and BALF processing 
BAL was performed as described before 
[5]. A flexible bronchoscope (Olympus B 1 
ITIO, Olympus Optical, Tokyo, Japan) was 
introduced orally or nasally and wedged 
in a subsegmental bronchus of the middle 
lobe. BAL was performed by using PBS. 
A first 20 ml portion was investigated for 
viruses, bacteria and fungi, a second 20 ml 
portion was isolated as bronchial fraction 
(these results were not further analysed for 
this study) and three 50 ml aliquots were 
pooled and labelled BAL. Each aliquot 
was immediately recovered using a nega­
tive pressure < 20 mm Hg. The BALF was 
placed on ice and processed within 10 min 
after recovery. It was filtered through a 200 
�-tm nylon gauze and recovery and aspect 
were assessed. The lavage was centrifuged 
at 400xg at 4° C for 5 min, and supernatants 
were decanted and stored in Eppendorf 
cups at -80° C. The cell pellet was resuspen­
ded in PBS containing 0. 1 %  Glucose, and 
once again centrifuged. The supernatant of 
the second centrifugation was aspirated and 
the cell pellet was resuspended in PBS con­
taining 0. 1 %  Glucose for total cell count, 
viability assessment and cytospin spinning. 
Total cell counts, differentials and IL-8 
measurements were performed in a manner 
identical to SI. 

BIOCHEMICAL ASSAY 
Interleukin-8 (IL-8) was measured using 
(h)IL-8 ELISA, detection limit 1 pg/ml 
(Amersham, Little Chalfont, GB). 

STATISTICS 
Cell characteristics are presented as medi­
ans (range). Comparison between differen­
tial cell counts (percentage of nonsquamous 
cells) in sputum and in BAL and between 
differential cell counts in transplant reci­
pients and healthy volunteers was made 
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with the Kruskall-Wallis test and the Mann­
Whitney U test. Cell variable correlations 
were analysed using the Spearman's rank 

TABLE 1. 
Patient characteristics. 
*: p<0.05 for successful induction vs unsuccessful 
induction (values expressed as median (min-ma:r)). 
#: Indication for bronchoscopy, 'P ' indicates a 
routine follow-up bronchoscopy, 'C' means a bron­
clwscopy on clinical indication. f: BOS%: current 
FEY/personal best FEV 1 * /00%, between parenthe­
sis the complimentary BOS stage (ISHLT guidelines 
[6}). Abbreviations: M= male, F=female; AT-DEF= 
a(antitrypsin deficiency, CF= Cystic Fibrosis, PF= 
pulmonary fibrosis, SPH= secondary pulmonary 
hypertension, BR= bronchiectasis, COPD= chronic 
obstructive pulmonary disease, LAM= lymphangio­
leiomyomatosis, AR= acme rejection. 

Patient Primary Days post L TX 
No Age MIF diagnosis 

SuccessfNI induction 
52 M AT-DEF 26 

33 M AT-DEF 223 

28 F CF 577 

4 48 M PF 1 947 

26 M SPH 745 

6 46 F AT-DEF 197 

46 F AT-DEF 365 

55 M AT-DEF 41  

9 28 F CF 95 

10  28 F CF 191 

I I  29 F BR 1245 

1 2  5 1  M AT-DEF 564 

13 24 F SPH 755 

14 44 M AT-DEF 376 

15 21  M CF 60 
16  2 1  M CF 193 

36 2(±12 I) 294• (26-1947) 

Unsuccessful induction 
17 50 F SPit 1643 

1 8  5 1  F COPD 572 

1 9  43 M AT-DEF 2 1  

20 5 1  F COPD 23 

21  40 F LAM 33 

22 53 F AT-DEF 21  

48 0 (±5.2) 28 (21-1643) 

correlation coefficient. The Bland and 
Altman comparison method for assessing 
agreement between two methods of clinical 
measurement was used to compare SI and 
BAL [24]. A p-value <0.05 was considered 
significant. 

RESULTS 
Patients, Sputum induction 
and BAL (table 1 .) 
Nineteen LTX-recipients participated (see 
table 1 for patient characteristics). In three 
patients SI was performed twice, thus 22 
SI were evaluated. SI was performed at a 
median of 294 days after transplantation 
(range 26-1947 days). SI was 16  times suc­
cessfully induced (73%), whereas this was 

FEV1(L) BOS%,(stage) Indication' Findings on broarbosropy 

2.71 95.1 (0) p S.Aureus, CMV 
3.14 87.2 (0) p 
3.00 93.8 (0) p 
2.63 78.0 (I) c ARgrnde I 
3.18 75.0 ( 1 )  p 
3.54 100.0 (0) p 
3.69 92.3 (0) p 
3.36 100.0 (0) p P.Aerugznosa 

3 . 18  86.7 (0) p P Aerugznosa 

3.27 89.1 (0) p 
2 8 1  65.4 ( 1 )  c 
3 02 65.7 (1) p 
2 37 98.8 (0) p 
4.05 95.5 (0) p 
1 .38 81 .2 (0) p P.Aeruguwsa 

1 .23 72 4 (1) p P Aerugznosa 

1.10• (1.13-4.05) 86 0 (62 4-100) 

2.62 77.0 ( 1 )  c 
2.45 92.3 (0) p 

2.24 100 (0) p 
1 67 100 (0) p 
1.37 91 (0) p 
2.70 100 (0) p 

1.35 (1.37-2.70) 93.4 (77-100) 
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100% in the healthy subjects (p<0.05). Sl 
could be performed both early and late 
after transplantation, but the failure rate 
in our group of patients was higher just 
post LTX (p<0.05). When evaluating all Sl 
procedures performed after the first month 
post-LTX the success rate was 15/17: 88%. 
When only performing Sl in clinically stable 
patients after the first month post-LTX, the 
success rate was 14115:  93%. The patients 
who failed to produce sputum had a signifi­
cantly lower FEV 1 compared to those who 
succeeded (median FEV1 2.35 versus 3 .10 
L, respectively, p<0.05). No differences in 
age and gender could be found between the 

Sl 

LTX n= 1 6 

TCC, * 106/ml 1 .6, (0.6-13.4) 

macrophages, % 3 1 .01 (7-98) 

neutrophils, % 65.51 (1 8-92) 

lymphocytes, % 2 (0-7) 

eosinophils, % 0 (0-1 6) 

IL-8, nglml 54.231 ( 1 .4-1 16) 

Healthy n=l l  

TCC, * 1 06/ml 1 .2 (0.8-3.2) 

macrophages, % 57 (34-78) 

neutrophils, % 36 ( 1 8-60) 

lymphocytes, % 3.5 (1 -8) 

eosinophils, % 0 (0-3) 

IL-8, ng/ml 4.6 (3 . 1 -7.7) 
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groups with successful and unsuccessful 
procedures. All participants tolerated the 
procedure well, although many reported the 
salty taste to be unpleasant. All but three 
bronchoscopies (and BAL) were performed 
for routine surveillance; in one patient, who 

TABLE 2. 
Cellular characteristics and fL-8 concentration in 
induced sputum and BALF of LTX. recipients and 
healthy subjects. Values are expressed as medians 
(min-max). Sf: sputum induction. BALF: broncho­
alveolar lavage fluid. TCC: total cell count. 
f: p<0.005 between LTX. and healthy subjects; 
*: difference between results from Sf and BALF 
within each group. 

BALF Sl versus 
BAL 

n=l 5 p value* 

0.1, (0.0 1-0.42) <0.001 

9 1 (56-97) <0.001 

3.0, (1 -42) <0. 001 

3.0, ( 1 -4 1 )  ns 

0 (0-7) ns 

0.01, (0.003-0.56) <0.001 

n=1 1 

0. 1 (0.03-0.2) 0. 003 

92 (70-93) 0.003 

(0-3) 0. 003 

7 (2-26) 0.01 

0 (0-1 )  ns 

0.008 (0-0.06) 0. 003 
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underwent SI twice, BAL yielded no reco­
very. 

Sputum data 
Median sputum recovery was 3.0 ml (range 
0.7- 16.9 ml) in the LTX patient group and 
5.7 ml in the healthy control subjects (3.9-
16.3 ml). Median sputum weight was 3.8 g 
( 1 .0-2 1 .8 g) and mean viability was 77% 
(±15) in the LTX group. The amount of 
squamous epithelial cells was 6% (0-4 1%) 
in the LTX group and 6% (3-14%) in the 
healthy control subjects. 

LTX and Healthy subjects 
within group analysis 
Total cell counts, percentages of neutrop­
hils and levels of iL-8 were significantly hi­
gher in SI than in BALF of the LTX patient 
group (all p<0.001) .  Similar results were 
found when comparing SI and BAL in the 
healthy volunteers, with the exception of 
the percentage of lymphocytes, which was 
significantly higher in BAL (7% (2-26)) 
than in SI (3.5% ( 1-8)) (p=0.0 1 ;  table 2). 
The neutrophil percentage in BAL and SI in 
the LTX patients were positively correlated 
(rho=0.72, p=0.04; figure 1 ) .  The Bland and 
Altman comparison between SI and BAL 
showed, with an exception for the lymp­
hocyte percentage, a constant proportional 
error between both methods for neutrophils, 
IL-8 levels and total cell counts (figure 2 A­
D) [24]. 

LTX vs. Healthy subjects 
Total cell counts, neutrophil percentages 
and IL-8 levels were significantly elevated 
in SI of the LTX patient group when com­
pared to healthy volunteers (all p<0.005),  
whereas the percentage of macrophages 
was lower for the LTX group (table 2). Total 
cell counts, percentages of neutrophils, and 
levels of IL-8 were higher in BAL of LTX 
recipients, whereas lymphocyte percenta­
ges were lower than in the BAL of healthy 
subjects (all p<0.005). 
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DISCUSSION 
The present study shows that sputum induc­
tion after lung transplantation is feasible, 
well tolerated and without major side ef­
fects in stable patients after the first month 
post-LTX. SI was performed successfully 
from as early as 26 days to 1947 days after 
LTX with an overall success rate of 73%. 

The success rate of SI appears to depend 
both on the time post LTX and the level of 
FEY 1 •  SI was not tried in our patient group 
before 20 days after LTX and unsuccessful 
SI procedures were most times noted in 
patients investigated during the first month 
after LTX and with lower FEY 1 •  At that 
time impaired coughing and general weak­
ness, due to the recent thoracic surgery, 
impaired the patients to produce sputum. 
Low FEY 1 values shortly after LTX do not 
signify disease, i.e. rejection or BOS, but 
reflect rather a normal recovery of lung 
function after transplantation. Lung func­
tion generally continues to improve during 
at least the first 90 days after LTX [25] .  
Of importance is that SI was almost every 
time successful when performed in stable 
patients after the first month post LTX, 
encompassing a substantial range of FEY 1 
values, 

FIGURE I. 
Correlation (Spearman 's rho) of neutrophil percen­
tage between sputum induction (Sf) and bronc/to 
alveolar lavage (BAL). 
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SI was performed before the BAL proce­
dure. It is known that SI can induce neu­
trophilia in case of repeated SI procedures 
[26-27] .  However, no studies are available 
regarding the effect of SI on BAL. Theo­
retically this might have influenced our re­
sults. Since different sites of the airways are 
examined by the two methods, the HAL­
neutrophil percentages in the LTX patient 
group resemble our own LTX-BAL referen­
ce values, and we did not notice a difference 
in neutrophil percentages in BALF that was 
collected on the different days after SI, this 
effect seems limited [ 14, 23]. 

FIGURE 2 (A-D). 

We have included patients with bilateral 
LTX only in our study. Thus we cannot 
comment whether it is to be advised to ap­
ply SI in single LTX patients as well. Beech 
et al showed that SI was similarly tolerated 
in case of bilateral and single LTX [28]. 
We did not include single LTX patients as 
to exclude possible cellular contamination 
from the underlying diseases present in the 
acceptor lung. Furthermore Beech et al did 
even not compare cellular profile between 
single and bilateral LTX patients in their 
study, and properly observed that the under­
lying disease forcing the choice for single 

Bland and Alhnan comparisons for assessing agreement between two methods of clinical measurement for A) neu­
trophil %, B) lymphocyte %, C) /L-8 levels and D) total cell cowlfs between sputllm induction (Sl) and broncho 
alveolar lavage (BAL) [24]. Values on the X-aJ:is show the mean of both methods, whereas the Y-atis shows the 
difference between Sl and BAL. Mean (±1.96SD) is given for the difference between SI and BAL. Figures A,C and 
D show a constallf proportional error between both methods. 
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or bilateral LTX may affect the outcome of 
SI as well (i.e. emphysema or pulmonary fi­
brosis). Thus only studies comparing single 
and bilateral LTX patients with the same 
type of disease may shed light as to the 
question whether SI can be used in single 
LTX patients as well. 
SI ha a success rate of 93% in stable patients 
after the first month post LTX, comparable 
to reported success rates in the literature in 
patients with stable asthma or COPD (90% 
to 100%) [29-3 1 ] .  When SI is performed on 
clinical indications, for example for pneu­
mocystis carinii diagnosis in HIV patients, 
success rates range from 57%-79%, which 
resembles our overall outcome [32] . 

There occurred no sudden fall in FEV1after 
SI in our LTX-patient group, including the 
studied patients with a low FEV1 • Beech 
et al also showed that no patients suffe­
red from a severe fall in FEV1 • Even five 
patients with an FEV 1 (% pred) between 
25%-38% were exposed to SI without side­
effects or safety problems [28].  Recently 
it has been reported that about 50% of the 
patients after LTX respond with a drop in 
FEV 1 to a methacholine challenge, which 
was suggested to be predictive of early BO 
development [33] .  This observed fall in 
FEV 1 after bronchial hyperresponiveness 
testing was not induced by SI in any patient 
in both the study by Beech et al as well as 
our study [28]. This possibly indicates a po­
tential safe window for SI after LTX. 

The numbers of total cells and neutrophil 
percentages were markedly elevated in SI 
when compared to BAL, and the percen­
tage of neutrophils correlated fairly well 
in these two sampled compartments (figure 
1) .  But as described in many other publi­
cations on the comparison of SI and BAL, 
also in our study a constantly proportional 
error was present between SI and BAL, 
indicating that the two methods are not 
interchangeable (figure 2) [24] . This appa-
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rent discrepancy between cell differentials 
in SI and BAL may be due to the different 
sites of the airways examined by the two 
methods [ 17 , 18 ,30,3 1 ] .  A study in stable 
LTX patients comparing endobronchial 
biopsies, transbronchial biopsies, and BAL 
also suggested the existence of different, 
compartmentalised population of cells 
[2 1 ] .  The higher total cell count in SI, when 
compared to BAL, has been found in many 
other pulmonary conditions, like sarcoido­
sis, asthma, COPD and, as shown by our 
results, even in healthy subjects [23,34,35]. 

The high percentage neutrophils obtained by 
SI is an important observation, because the 
neutrophilic granulocyte and its mediators 
may play a key role in the development of 
BO after LTX. Recent studies have shown 
the presence of a marked neutrophilia and 
high IL-8 levels in BAL when BO is present 
[ 13 , 1 8,36,37] . Furthermore, a persistently 
increased percentage of neutrophils is an 
independent predictor of mortality follo­
wing LTX [ 15] .  A recent report on induced 
sputum in LTX showed a good correlation 
between the presence of neutrophils and 
FEV1 % predicted [28]. Therefore SI seems 
a useful tool for studying the mechanisms 
involved in the recruitment and subsequent 
activation of neutrophils in LTX recipients 
and their role in the development of BO. 

In conclusion, SI was feasible in the majo­
rity of the LTX patients tested. SI was well 
tolerated and no major side-effects were 
noted. When performing SI in clinically 
stable patients after the 5th week post-LTX 
the success rate seems to be comparable to 
other indications for SI. Both techniques 
seem to reflect different sites of the air­
ways, where the total number of cells, the 
percentage of neutrophils and IL-8 levels 
are markedly elevated in induced sputum 
of the LTX recipients compared to BALF, 
and compared to induced sputum of healthy 
subjects. These characteristics make SI 
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very well suited and an easy tool for further 
studies into the pathogenesis of BO after 
LTX. 
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Abstract 
Heme oxygenase- I (H0-1) ,  an inducible stress protein, confers 
cytoprotection against oxidative stress in vitro and in vivo. 
In addition to its physiological role in heme degradation, H0- 1 may 
influence a number of cellular processes, including growth, inflammation, 
and apoptosis. By virtue of anti-inflammatory effects, HO-l limits tissue 
damage in response to pro-inflammatory stimuli, and prevents allograft 
rejection after transplantation. The transcriptional upregulation of H0-1 
responds to many agents such as hypoxia, bacterial lipopolysaccharide, 
and reactive oxygen/nitrogen species. H0- 1 ,  and its constitutively 
expressed isozyme heme oxygenase-2, catalyze the rate-limiting step 
in the conversion of heme to its metabolites, bilirubin-IXa, ferrous iron, 
and carbon monoxide (CO). 
The mechanisms by which H0-1 provides protection 
likely involve its enzymatic reaction products. Remarkably, administration 
of CO at low concentrations can substitute for H0-1 with respect to 
anti-inflammatory and anti-apoptotic effects, suggesting a role for CO 
as a key mediator of H0-1 function. Chronic low level exogenous 
exposure to CO from cigarette smoking contributes to the importance 
of CO in pulmonary medicine. 
The implications of the H0-1/CO system in pulmonary diseases will be 
discussed in this review, with an emphasis on inflammatory states. 
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INTRODUCTION 

ABBREVIATIONS 

The heme oxygenase-1/carbon monoxide 
(H0-1/CO) system has recently seen an ex­
plosion of research interest due to its newly 
discovered physiological effects. This me­
tabolic pathway, first characterized by Ten­
hunen et al. [ 1 ,2], has only recently revea­
led its surprising cytoprotective properties 
[3 ,4] . Research in H0-1/CO now embraces 
the entire field of medicine where reactive 
oxygen/nitrogen species, inflammation, 
growth control , and apoptosis represent 
important pathophysiological mechanisms 
[3-6] . Indeed, the number of publications in 
recent years concerning H0-1 has increased 
exponentially, while the list of diseases and 
physiological responses associated with 
changes in H0- 1 continues to expand [5] . 

AP-1 

BALF 

CF 

cGMP 

co 

COPD 

E-CO 

GSH 

Hb-CO 

H0-1 

IL 

kb 

MAPK 

NF-KB 

NO 
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cystic fibrosis 
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nuclear factor KB 

nitric oxide 

obliterative bronchiolitis 

38 kilodalton protein 
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soluble guanylate cyclase 

tumor necrosis factor-a 
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Until now, relatively few studies have ad­
dressed the role of H0-1/CO in pulmonary 
medicine. Several investigators have focu­
sed on the diagnostic application of the H0-
1/CO system, by measuring exhaled CO 
(E-CO) in various pathological pulmonary 
conditions, such as asthma or chronic ob­
structive pulmonary disease (COPD) [7] .  In 
another experimental approach, investiga­
tors have examined the expression of H0-
1 in lung tissue from healthy or diseased 
subjects [8,9] . This review will highlight 
the actions of H0-1/CO in the context of 
pulmonary diseases (Fig. 1) ,  emphasizing 
potential protective effects against inflam­
mation, allergic reactions, oxidative stress, 
endotoxin shock, apoptosis, and tumor/cell 
growth [ 10- 17] .  

HEME OXYGENASE-I 
Heme oxygenase (HO, EC 1 . 14.99.3) cata­
lyzes the first and rate-limiting step in heme 
degradation. In the HO reaction, the oxida­
tion of heme generates equimolar ferrous 
iron, biliverdin IXa, and CO. NAD(P)H: 
biliverdin reductase subsequently converts 
bilverdin IXa into bilirubin IXa [ 1 ] .  The 
bile pigments generated during heme degra-
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dation have antioxidant properties [ 18 , 19] .  
The liberated heme iron undergoes detoxi­
fication either by extracellular efflux or by 
sequestration into ferritin, an intracellular 
iron-storage molecule with potential cy­
toprotective function [20-23]. Of the three 
known isoforms of HO (H0-1 ,  H0-2, and 
H0-3), only H0-1 responds to xenobiotic 
induction [24-27] .  Constitutively expressed 
in many tissues, H0-2 occurs at high levels 
in nervous and vascular tissues, and may 
respond to regulation by glucocorticoids 
[25,28,29] . HO- l and H0-2 differ in gene­
tic origin, in primary structure, in molecular 
weight, and in their substrate and kinetic 
parameters [25,26]. H0-3 displays a high 
sequence homology with H0-2 but has lit­
tle enzymatic activity [27]. This review will 
focus on the inducible, H0-1 ,  form. 

In addition to the physiological substrate 
heme, H0-1 responds to induction by a 
wide variety of stimuli associated with oxi­
dative stress. Such inducing agents include 
hypoxia, hyperoxia, cytokines, nitric oxide 
(NO), heavy metals, ultraviolet-A (320-380 
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nm) radiation, heat shock, shear stress, hy­
drogen peroxide, and thiol ( -SH)-reactive 
substances [3] . The multiplicity of toxic 
inducers suggest that H0-1 may function 

FIGURE I. 

Role of HO and CO in lung diseases. 
Heme oxygenase (HO) generates biliverdin-IXa, fer­
rous iron, and carbon monoxide (CO)jrom the oxi­
dation of heme. Exhaled CO ( E-CO) reflects active 
heme metabolism. Inflammation, oxidative stress, 
and apoptosis represent an axis of disease, against 
which both endogenous HO activity and exogenous 
CO exert protective effects. CO may inhibit both 
inflammation and apoptosis. The toxicological pro­
perties of CO imply increased pro-oxidant activity, 
however, the pro-land anti-oxidant consequences of 
CO in the physiological range remain unclear. The 
bile pigments bi/iverdin-IXa and bilirubin-!X a have 
demonstrated anti-oxidant properties, though their 
prospective roles in modulation of inflammation and 
apoptosis are currently under investigation. Iron 
(Fe) released from HO activity refilms to a transient 
chelatable pool, where it may potentially promote 
oxidative stress and apoptosis. Induction of ferritin 
synthesis, and sequestration of the released iron into 
ferritin may represent one possible detoxification 
pathway that limits the potential of iron in pro-apop­
totic and pro-oxidative processes. 

._. Tissue Injury 

BiliverdlniXa - BillrubiniXa 

Blllvordln Reductase 

101 



PART II - CHAPTER EIGHT 

as a critical cytoprotective molecule [3,4] . 
Many studies have suggested that H0-1 
acts as an inducible defense against oxi­
dative stress, in models of inflammation, 

FIGURE 2. 
Possible mechanism(s) of CO action. 
Endogenous CO arises principally as a product of 
heme metabolism, from the action of heme oxy­
genase enzymes, although a portion may arise from 
environmental sources such as pharmacological ad­
ministration or accidental exposure, or other endo­
genous processes such as drug and lipid metabolism. 
The vasoregulatory properties of CO, including its 
effects on cellular proliferation, platelet aggrega­
tion, and vasodilation have been largely ascribed 
to the stimulation of guanylate cyclase by direct 
heme binding, leading to the generation of cyclic 
GMP. The anti-inflammatory properties of CO are 
associated with the downregulation of pro-inflamma­
tory cytokine production, dependent on the selective 
modulation of MAPK activities. In addition to these 
two mechanisms, CO may potentially interact with 
any hemoprotein target, though the Junctional conse­
quences of these interactions with respect to cellular 
signaling remain poorly understood. 

ischernia-reperfusion, hypoxia, and hyper­
oxia-mediated injury (reviewed in [3]). The 
mechanisms by which HO-I can mediate 
cytoprotection are still poorly understood. 
All three products of the HO reaction po­
tentially participate in cellular defense, of 
which the gaseous molecule CO has recent­
ly received the most attention [30,3 1 ] .  The 
administration of CO at low concentrations 
can compensate for the protective effects of 
H0-1 in the presence of competitive inhibi­
tors of H0-1 activity [32-34]. While H0-1 
gene transfer confers protection against oxi­
dative stress in a number of systems, clearly 
not all studies support a beneficial role for 
H0-1 expression. Cell-culture studies have 
suggested that the protective effects of 
H0-1 overexpression fall within a critical 
range, such that the excess production of 
H0-1  or H0-2 may be counterprotective 
due to a transient excess of reactive iron 
generated during active heme metabolism 
[35,36] . Thus, an important caveat of com­
parative studies on the therapeutic effects 
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of CO administration versus H0-1 gene 
delivery arises from the fact that the latter 
approach, in addition to producing CO, may 
have profound effects on intracellular iron 
metabolism. 

H0-1 expression is primarily regulated at 
the transcriptional level. Genetic analyses 
have revealed two enhancer sequences (E1 ,  
E2) in the murine HO-I gene located at -4 
kb (El )  and -10 kbp (E2) of the transcrip­
tional start site [37 ,38] . These enhancers 
mediate the induction of H0-1 by many 
agents, including heavy metals, phorbol 
esters, endotoxin, oxidants, and heme. E l  
and E2 contain repeated stress-responsive 
elements, which consist of overlapping 
binding sites for transcription factors in­
cluding activator protein- ! (AP- 1) ,  v-Maf 
oncoprotein, and the cap'n'collar/basic-leu­
cine zipper family of proteins (CNC-bZIP), 
of which Nrf2 (NF-E2-related factor) may 
play a critical role in HO-I transcription 
[39] . The promoter region of H0-1 also 
contains potential binding sites for nuclear 
factor KB (NF-KB), though the functional 
significance of these are not clear [40] . 
Both NF-KB and AP-1 have been identified 
as regulatory elements responsive to oxi­
dative cellular stress [40,41 ] .  In response 
to hyperoxic stress, AP-1 factors mediated 
the induction of H0- 1 in cooperation with 
signal-transducer and activator of transcrip­
tion (STAT) proteins [4 1 ] .  Furthermore, a 
distinct hypoxia-response element (HRE), 
which mediates the H0-1 response to hypo­
xia, represents a binding site for the hypo­
xia-inducible factor- 1 (HIF-1 )  [42]. 

CARBON MONOXIDE 
The toxic properties of CO are well known 
in the field of pulmonary medicine. This 
invisible, odorless gas still claims many 
victims each year by accidental exposure. 
CO evolves from the combustion of organic 
materials and is present in smoke and auto­
mobile exhaust. The toxic actions of CO re-
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late to its high affinity for hemoglobin (240-
fold greater than that of 02). CO replaces 
02 rapidly from hemoglobin, causing tissue 
hypoxia [43-45] .  At high concentrations, 
other mechanisms of CO-induced toxicity 
may include apoptosis, lipid peroxidation, 
and inhibition of drug metabolism and res­
piratory enzyme functions [44] . 

Only recently has it become known that, at 
very low concentrations, CO participates in 
many physiological reactions. Where a CO 
exposure of 10,000 parts per million (ppm) 
( I %  by volume CO in air) is toxic, 100-250 
ppm (one hundredth to one fortieth as much) 
will stimulate the physiological effects wit­
hout apparent toxicity [4] . The majority of 
endogenous CO production originates from 
active heme metabolism (>86% ), though a 
portion may be produced in lipid peroxida­
tion and drug metabolism reactions [ 46]. 
Cigarette smoking, stiii practiced by many 
lung patients, represents a major source of 
chronic low-level exposure to CO. Inhaled 
CO initially targets alveolar macrophages 
and respiratory epithelial cells. 

The exact mechanisms by which CO acts 
at the molecular level remain incompletely 
understood. CO potentially exerts its physi­
ological effects by influencing at least three 
known pathways (Fig. 2). By complexation 
with the heme moiety of the enzyme, CO ac­
tivates soluble guanylate cyclase (sGC), sti­
mulating the production of cyclic 3' :5 '  -gu­
anosine monophosphate ( cGMP) [ 4 7] . The 
sGC/cGMP pathway mediates the effects of 
CO on vascular relaxation, smooth muscle 
cell relaxation, bronchodilation, neuro­
transmission, and the inhibition of platelet 
aggregation, coagulation, and smooth mus­
cle proliferation [48-5 1 ] .  Furthermore, CO 
may cause vascular relaxation by directly 
activating calcium-dependent potassium 
channels [52-54) . CO potentially influen­
ces other intracellular signal transduction 
pathways. The mitogen-activated protein 
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kinase (MAPK) pathways, which transduce 
oxidative stress and inflammatory signaling 
(i.e. response to lipopolysaccharide), may 
represent an important target of CO action 
[32,34,55,56] . An anti-apoptotic effect of 
CO and its relation to MAPK has recently 
been described. The overexpression of H0-
1 or the exogenous administration of CO 
prevented tumor necrosis factor a (TNF­
a)-induced apoptosis in murine fibroblasts 
[57]. In endothelial cells, the anti-apoptotic 
effect of CO depended on the modulation of 
the p38 (38 kilodalton protein) MAPK pa­
thway [34]. The role of the remaining heme 
metabolites, (i.e. Fe and biliverdin IXa) in 
the modulation of apoptosis is currently 
being investigated and is beyond the scope 
of this review. Recent studies have reported 
a potent anti-inflammatory effect of CO, 
involving the inhibition of pro inflammatory 
cytokine production after endotoxin stimu­
lation, dependent on the modulation of p38 
MAPK [32] . The clinical relevance of p38 
MAPK lies in the possibility of modulating 
this pathway in various clinical conditions 
to downregulate the inflammatory response 
[58]. 

INVOLVEMENT OF H0-1 AND CO 
IN LUNG DISEASE 
Oxidative stress arising from an imbalance 
between oxidants and antioxidants plays a 
central role in the pathogenesis of airway 
disease [59] . In lung tissue, H0-1 expressi­
on may occur in respiratory epithelial cells, 
fibroblasts, endothelial cells, and to a large 
extent in alveolar macrophages [41 ,60,61 ] .  
H0-1 induction in  these tissues, in vitro 
and in vivo, responds to common causes of 
oxidative stress to the airways, including 
hyperoxia, hypoxia, endotoxemia, heavy 
metal exposure, bleomycin, diesel exhaust 
particles, and allergen exposure [4,4 1 ,61 ] .  
Induction of H0-1 or  administration of 
CO can protect cells from these stressful 
stimuli [ 10,41 ] .  In one of the experiments 
that best illustrate the protective role of 
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CO in vivo, rats were exposed to hyperoxia 
(>98% 02) in the absence or presence of 
CO at low concentration (250 ppm). The 
CO-treated rats showed increased survival 
and a diminished inflammatory response to 
the hyperoxia [ 1 1 ] .  As demonstrated in a 
model of endotoxin-induced inflammation, 
the protection afforded by CO most likely 
resulted from the downregulated synthesis 
of proinflammatory cytokines (i.e. TNF-a, 
IL- l f3) and the upregulation of the anti-in­
flammatory cytokine interleukin- 10 (IL-l 0) 
[32] . Furthermore, increases in exhaled CO 
(E-CO) have been reported in a number of 
pathological pulmonary conditions, such 
as unstable asthma, COPD, and infectious 
lung disease; these increases may reflect in­
creased endogenous H0-1 activity [7] . Ele­
vated carboxyhemoglobin (Hb-CO) levels 
have also been reported in these same disea­
ses in nonsmoking subjects, where both the 
E-CO and Hb-CO levels decrease to normal 
levels in response to therapy [62] . 

E-CO in humans originates primarily from 
both systemic heme metabolism, which 
produces CO in various tissues, and loca­
lized (lung) heme metabolism, as a result 
of the combined action of inducible H0- 1 
and constitutive H0-2 enzymatic activity. 
Endogenously produced or inspired CO is 
eliminated exclusively by respiration [63]. 
Elevation of E-CO may also reflect an in­
crease in exogenous sources such as smo­
king or air pollution. In addition to changes 
in environmental factors, elevations of E­
CO in lung diseases may reflect an increase 
in blood Hb-CO levels in response to syste­
mic inflammation, as well as an increase in 
pulmonary H0-1 expression in response to 
local inflammation [9,62,64]. 

The diagnostic value of measuring E-CO re­
mains controversial due to many conflicting 
reports (i.e. some reports indicate differen­
ces in E-CO measurements between disease 
activity and controls, and some reports do 
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not). The possible explanations for these 
discrepancies include large differences in 
patient populations and in the methods used 
for measuring E-CO, and undefined correc­
tions for background levels of CO. Further­
more, remarkable differences arise between 
studies in the magnitude of the E-CO levels 
in the control groups as well as in treated 
or untreated asthma patients. When active 
or passive smoking occurs, or in the pre­
sence of high background levels of CO, the 
measurement of E-CO is not particularly 
useful for monitoring airway inflammation. 
In patients who smoke, E-CO can be used 
only to confirm the smoking habit [65,66] . 
Comparable to the beginning era of measu­
rements of exhaled NO, a standardization in 
techniques and agreement on background 
correction should be reached for E-CO 
measurements, to allow proper conclusions 
to be drawn in this area of investigation. 

ASTHMA AND ALLERGY 
Asthma, a form of allergic lung disease, 
features an accumulation of inflammatory 
cells and mucus in the airways, associated 
with bronchoconstriction and a generalized 
airflow limitation. Inflammation, a key 
component of asthma, involves multiple 
cells and mediators where an imbalance 
in oxidants/antioxidants contributes to cell 
damage. Several pathways associated with 
oxidative stress may participate in asthma. 
For example, the redox-sensitive transcrip­
tion factors NF-KB and AP- 1 control the 
expression of proinflammatory mediators 
[59,67-69] . 

In light of the potential protective effects 
of H0- 1/CO on inflammatory processes, 
the study of H0-1 in asthma has gained 
popularity. In a mouse model of asthma, 
H0-1 expression increased in lung tissue 
in response to ovalbumin aerosol challenge, 
indicating a role for H0-1 in asthma [70] . 
In a similar model of aeroallergen-indu­
ced asthma in ovalbumin-sensitized mice, 
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exposure to a CO atmosphere resulted in a 
marked attenuation of eosinophil content in 
bronchoalveolar lavage fluid (BALF) and 
downregulation of the proinflammatory cy­
tokine IL-5 [ 10]. This experiment showed 
that exogenous CO can inhibit asthmatic 
responses to allergens in mice. 

Recent human studies have revealed higher 
H0- 1 expression in the alveolar macropha­
ges and higher E-CO in untreated asthmatic 
patients than in healthy nonsmoking con­
trols [7 1 ,72] . Patients with exacerbations of 
asthma and patients who were withdrawn 
from inhaled steroids showed higher E-CO 
levels than steroid-treated asthmatics or he­
althy controls [73] .  Higher levels of E-CO 
may also occur in children with persistent 
asthma than in healthy controls [74] . E-CO 
levels may correlate with functional para­
meters such as peak expiratory flow rate. A 
low rate in asthma exacerbations correlated 
with high E-CO, whereas normalization of 
the rate with oral glucocorticoid treatment 
resulted in a reduction of E-CO [75]. Fur­
thermore, increased E-CO was associated 
with greater expression of H0-1 in airway 
alveolar macrophages obtained by induced 
sputum in untreated asthmatic patients than 
in controls. These asthma patients also sho­
wed higher bilirubin levels in the induced 
sputum, indicating higher HO activity [7 1 ] .  
Furthermore, patients with asthma show an 
increased Hb-CO level at the time of exa­
cerbation, with values decreasing to control 
levels after oral glucocorticoid treatment 
[62] . In human asthmatics, E-CO and airway 
eosinophil counts decreased in response to 
a one-month treatment with inhaled corti­
costeroids [73] .  In direct contrast to such 
studies promoting E-CO as a useful non­
invasive tool for monitoring airway inflam­
mation, other studies reported no difference 
in E-CO levels of asthma patients versus 
healthy controls, or between patients with 
stable and unstable asthma. In one such re­
port, no further change in E-CO occurred in 
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asthma patients after a one-month treatment 
of inhaled corticosteroids, despite observed 
decreases in airway eosinophil content and 
bronchial responsiveness to metacholine 
[76]. A recent study accentuates this finding 
in asthma excerbations, where no decrease 
in E-CO of children with asthma could be 
detected after oral prednisolone treatment 
[77]. In human allergic responses, results 
on elevation of E-CO are also inconclusive. 
A clear elevation of E-CO after allergen 
exposure occurred in patients with asthma 
during the late response, and during the 
early response immediately after the inhala­
tion [78]. However, another report showed 
that no elevation of E-CO occurred in aller­
gen-induced asthma within 48 hours after 
allergen challenge [79] . Finally, increases 
in E-CO were measured in allergic rhinitis, 
correlating with seasonal changes in expo­
sure to allergen (pollen) [80]. 

CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE 
Airway inflammation plays an important 
role in the development of COPD, charac­
terized by the presence of macrophages, 
neutrophils, and inflammatory mediators 
such as proteinases, oxidants, and cy­
tokines. Furthermore, the inflammatory 
consequences of chronic microbiological 
infections may contribute to the progres­
sion of the disease. The current paradigm 
for the pathogenesis of COPD involves 
imbalances in protease/antiprotease activi­
ties and antioxidant/pro-oxidant status. Pro­
teases with tissue-degrading capacity, (i.e. 
elastases and matrix metalloproteinases), 
when insufficiently inhibited by antiprote­
ases, can induce tissue damage leading to 
emphysema. Oxidants that supersede cel­
lular antioxidant defenses can furthermore 
inactivate antiproteases, cause direct injury 
to lung tissue, and interfere with the repair 
of the extracellular matrix. Smoking plays 
an important role in both hypotheses. Ciga­
rette smoke will act primarily on alveolar 
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macrophages and epithelial cells, which 
react to this oxidative stress by producing 
proinflammatory cytokines and chemokines 
and releasing growth factors. Nevertheless, 
smoking cannot be the only factor in the de­
velopment of COPD, since only 15-20% of 
smokers develop the disease [8 1 ,82] . 

Exposure to reactive oxygen species (from 
cigarette smoke or chronic infections) and 
an imbalance in oxidant/antioxidant status 
are the main risk factors for the develop­
ment of COPD. To defend against oxidative 
stress, cells and tissues contain endogenous 
antioxidant defense systems, which include 
millimolar concentrations of the tripeptide 
glutathione (GSH). A close relation exists 
between GSH concentration and H0-1 ,  
whereby depletion of GSH augments the 
transcriptional regulation of H0- 1 by oxi­
dants, suggesting that the H0-1/CO system 
acts as a secondary defense against oxida­
tive stress [83-86] . Accumulating clinical 
evidence suggests that H0-1/CO may also 
play an important part in COPD. Alveo­
lar macrophages, which produce a strong 
H0- 1 response to stimuli, may represent 
the main source of CO production in the 
airways [60,64] . Patients with COPD have 
displayed higher E-CO than healthy non­
smoking controls [87] . Furthermore, much 
higher levels of H0-1 have been observed 
in the airways of smokers than in nonsmo­
kers [64] . Among subjects who formerly 
smoked, patients with COPD have lower 
H0- 1 expression in alveolar macrophages 
than healthy subjects [88] . A microsatellite 
polymorphism that is linked with the deve­
lopment of COPD may occur in the pro­
moter region of H0- 1 ,  resulting in a lower 
production of H0-1 in people who have the 
polymorphism. Thus, a genetically depen­
dent downregulation of H0- 1 expression 
may arise in subpopulations, possibly lin­
ked to increased susceptibility to oxidative 
stress [89-91 ] .  Future studies on both gene­
tic predisposition and possible therapeutic 
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modalities will reveal the involvement of 
the H0- 1/CO system in COPD. 

CYSTIC FIBROSIS 
Cystic fibrosis (CF) involves a deposition 
of hyperviscous mucus in the airways as­
sociated with pulmonary dysfunction and 
pancreatic insufficiency, which may be 
accompanied by chronic microbiological 
infections. E-CO readings were higher in 
untreated versus oral-steroid-treated CF 
patients [92]. Furthermore, E-CO increased 
in patients during exacerbations of CF, 
correlating to deterioration of the forced 
expiratory volume in one second (FEV 1) , 

with normalization of the E-CO levels after 
treatment [93] .  E-CO levels may correlate 
with exhaled ethane, a product of lipid per­
oxidation that serves as an indirect marker 
of oxidative stress. Both E-CO and exhaled 
ethane were higher in steroid-treated and 
untreated CF patients than in healthy con­
trols [94] . E-CO was higher in children with 
CF than in control patients. In addition to 
the inflammatory and oxidative stress res­
ponses to continuous infectious pressure in 
these patients, E-CO may possibly respond 
to hypoxia. E-CO increased further in CF 
children following an exercise test, and cor­
related with the degree of oxyhemoglobin 
desaturation, a finding suggestive of an 
increased H0-1 expression in CF patients 
during hypoxic states induced by exercise 
[95] .  

INFECTIOUS LUNG DISEASE 
In patients with pneumonia, higher Hb­
CO levels can be measured at the onset of 
illness, with values decreasing to control 
levels after antibiotic treatment [62] . E-CO 
levels were reported to be higher in lower­
respiratory-tract infections and bronchiec­
tasis, with normalization after antibiotic tre­
atment [96,97]. Furthermore, E-CO levels 
in upper-respiratory-tract infections were 
higher than in healthy controls [74,80] . 
The relationship between higher measured 
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E-CO in these infectious states and higher 
Hb-CO levels cannot be concluded from 
these studies. 

INTERSTITIAL LUNG DISEASE 
The role of H0-1 in the development of 
interstitial lung disease remains undeter­
mined. Comparative immunohistochemical 
analysis has revealed that lung tissue of 
control subjects, patients with sarcoidosis, 
usual interstitial pneumonia, and desqua­
mative interstitial pneumonia, all showed 
a high expression of H0-1 in the alveolar 
macrophages but a weak expression in the 
fibrotic areas [98].  The antiproliferative 
properties of H0-1 suggest a possible bene­
ficial role in limiting fibrosis ; however, this 
hypothesis is complicated by a newly dis­
covered relation between IL- IO  and H0- 1 .  
IL- 10 produced by bronchial epithelial cells 
promotes the growth and proliferation of 
lung fibroblasts [99]. H0-1 expression and 
CO treatment have been shown to increase 
the production of IL- IO  in macrophages 
following proinflammatory stimuli [32]. 
Conversely, IL- 10 induces HO- I produc­
tion, which is apparently required for the 
anti-inflammatory action of iL- IO  [ 100] . 

A recent report clearly shows the suppres­
sion of bleomycin-induced pulmonary fi­
brosis by adenovirus-mediated H0-1 gene 
transfer and overexpression in C57BL/6 
mice, involving the inhibition of apoptotic 
cell death [ 10 I ] .  Overall, more research is 
needed to elucidate the mechanisms of HO­
I in interstitial lung disease and its possible 
therapeutic implications. 

LUNG CANCER 
H0- 1 action may be of great importance in 
solid tumors, an environment that fosters 
hypoxia, oxidative stress, and neovascula­
rization. H0- 1 may have both pro- and an­
tagonistic effects on tumor growth and sur­
vival. H0-1 and CO cause growth arrest in 
cell-culture systems and thus may represent 
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a potential therapeutic modality in modula­
ting tumor growth [ 16] .  The overexpression 
of H0- 1 or administration of CO in meso­
thelioma and adenocarcinoma mouse mo­
dels resulted in improved survival (>90%) 
as well as reduction in tumor size (>50%) 
[ I7] .  Furthermore, HO- I expression in oral 
squamous cell carcinomas can be useful in 
identifying patients at low risk of lymph 
node metastasis. High expression of HO-I 
was detected in groups without lymph node 
metastasis in this report [ 102] . In contrast 
to growth arrest, H0-1 may protect solid 
tumors from oxidative stress and hypoxia, 
possibly by promoting neovascularization. 
In one study, zinc protoporphyrin, a com­
petitive inhibitor of H0-1 enzyme activity, 
suppressed tumor growth [ 103] . 

PULMONARY VASCULAR DISEASE 
CO may represent a critical mediator of 
the body's adaptive response to hypoxia, 
a common feature in pulmonary vascular 
disease [ 104] . Since CO can modulate 
vascular tone by inducing cGMP and large, 
calcium-dependent potassium channels, 
HO- I and CO probably play important 
roles in pulmonary vascular diseases [54] . 
A NO-mediated HO- I induction occurred 
in the hepatopulmonary syndrome during 
cirrhosis, associated with enhancement of 
vascular relaxation [ 105] .  In portopulmo­
nary hypertension, elevated levels of cGMP 
and inducible nitric oxide synthase (iNOS) 
expression in the vascular endothelium, 
and H0-1 expression in macrophages and 
bronchial epithelium have been described 
[ 1 06] . In transgenic mice models, ho- 1 -
/-and ho- 1 +I+ mice did not differ in their 
development of pulmonary hypertension 
following chronic hypoxia treatment, des­
pite the development of right ventricular 
dilation and right myocardial infarction 
in ho- 1-/- mice [ 1  07] . The preinduction 
of H0- 1 protein with chemical inducers, 
however, prevented the development of 
pulmonary hypertension in the rat lung as a 
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consequence of chronic hypoxia treatment 
[ 108] .  Transgenic mice overexpressing 
H0- 1 in the lung were resistant to hypo­
xia-induced inflammation and hypertension 
[109] . Further research is needed to eluci­
date the potential role of HO- I and CO in 
primary human lung vascular diseases such 
as primary pulmonary hypertension. 

HYPEROXIC LUNG INJURY AND 
ACUTE RESPIRATORY DISTRESS 
SYNDROME 
Supplemental oxygen therapy is often used 
clinically in the treatment of respiratory 
failure. Exposure to high oxygen tension 
(hyperoxia) may cause acute and chronic 
lung injury, by inducing an extensive in­
flammatory response in the lung that degra­
des the alveolar-capillary barrier, leading 
to impaired gas exchange and pulmonary 
edema [ 1 10,1 1 1 ] .  Hyperoxia-induced lung 
injury causes symptoms in rodents that 
resemble human acute respiratory distress 
syndrome [ 1 12] .  

Hyperoxia induced HO- I expression in 
adult rats but apparently not in neonatal 
rats, in which the expression and activities 
of H0-1 and H0-2 are developmentally 
upregulated during the prenatal and early 
postnatal period [ 1 1 3] .  

Both H0-1 and H0-2 potentially influence 
pulmonary adaptation to high 0, levels. In 
one example, the adenoviral-mediated gene 
transfer of H0- 1 into rat lungs protected 
against the development of lung apoptosis 
and inflammation during hyperoxia [ I 14] .  In 
vitro studies showed that the overexpression 
of H0-1 in lung epithelial cells or rat fetal 
lung cells caused growth arrest and confer­
red resistance against hyperoxia-induced 
cell death [ 15 , 16] .  An oxygen-tolerant vari­
ant of hamster fibroblasts that moderately 
overexpressed H0-1 in comparison with 
the parent line resisted oxygen toxicity in 
vitro. The treatment of this oxygen-tolerant 
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strain with H0-1 antisense oligonucleoti­
des reduced the resistance to hyperoxia. In 
contrast, additional, vector-mediated, H0-1 
expression did not further increase oxygen 
tolerance in this model [ 1 15] .  

In vivo studies with gene-deleted mouse 
strains have provided much information 
on the roles of H0-1 and H0-2 in oxygen 
tolerance. Dennery et al. demonstrated that 
heme oxygenase-2 knockout mice (ho-2-/-) 
were more sensitive to the lethal effects of 
hyperoxia than wild-type mice [ 1 16].  In ad­
dition to the absence of H0-2 expression, 
however, the mice displayed a compensa­
tory increase in H0-1 protein expression, 
and higher total lung HO activity. Thus, 
in this model, the combination of H0-2 
deletion and H0-1 overexpression resulted 
in a hyperoxia-sensitive phenotype. Recent 
studies of Dennery et al. have shown that 
H0-1 - deleted (ho- 1 -/-) mice were more 
resistant to the lethal effects of hyperoxia 
than the corresponding wild type [ 1 17]. 
The hyperoxia resistance observed in the 
ho-1 -/- strain could be reversed by the rein­
troduction of H0-1 by adenoviral-mediated 
gene transfer [ 1 17] .  In contrast, mouse em­
bryo fibroblasts derived from ho- 1 -/- mice 
showed increased sensitivity to the toxic 
effects of hemin and H202 and generated 
more intracellular reactive oxygen species 
in response to these agents [ 1 18] .  Both 
ho- 1 -/- and ho-2-/- strains were anemic, 
yet displayed abnormal accumulations of 
tissue iron. Specifically, ho- 1 -/- accumula­
ted nonheme iron in the kidney and liver 
and had decreased total iron content in the 
lung, while ho-2-/- mice accumulated total 
lung iron in the absence of a compensatory 
increase in ferritin levels [ 1 16, 1 19] .  The 
mechanism(s) by which H0-1 or H0-2 de­
letions result in accumulation of tissue iron 
remain unclear. These studies, taken toge­
ther, have indicated that animals deficient 
in either H0-1 and H0-2 display altered 
sensitivity to oxidative stress conditions. 
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Aberrations in the distribution of intra- and 
extra-cellular iron, may underlie in part, the 
differential sensitivity observed [ 1 1 6, 1 1 7] .  

Otterbein et al. have shown that exogenous 
CO, through anti-inflammatory action, may 
protect the lung in a rat model of hyper­
oxia-induced lung injury. The presence of 
CO (250 ppm) prolonged the survival of 
rats in a hyperoxic (>95% 02) environment, 
and inhibited the appearance of markers of 
hyperoxia-induced lung injury (i.e. hemor­
rhage, fibrin deposition, edema, airway 
protein accumulation, and BALF neutrop­
hil influx) [ 1 1 ] .  Furthermore, in a mouse 
model, CO inhibited the expression of 
proinflammatory cytokines (TNF-a, IL-l �. 
and IL-6) in mice induced by the hyperoxia 
treatment. Using gene-deleted mice, Otter­
bein and colleagues also observed that the 
protection afforded by CO in this model, 
similar to a lipopolysaccharide-induced 
model of lung injury, depended on the p38 
MAPK pathway (Otterbein et al. ,  unpublis­
hed observation, as reviewed in [3]). 

In direct contrast to these studies, the group 
of Piantadosi and colleagues reported no 
significant difference in the hyperoxia to­
lerance of rats at CO doses between 50 and 
500 ppm [ 120] . In their model, CO did not 
alter the accumulation of fluid in the airway. 
Furthermore, CO, when applied in combi­
nation with hyperoxia, increased the activi­
ty of myeloperoxidase, a marker of airway 
neutrophil influx. This study also suggested 
that inhalation of CO (50-500 ppm) did not 
alter the expression of H0-1 or other anti­
oxidant enzymes such as Manganese super­
oxide dismutase (MnSOD) in vivo [ 120] . 
Furthermore, Piantadosi and colleagues 
were able to induce oxygen tolerance in rats 
and H0-1 expression with hemoglobin tre­
atment, but this tolerance also occurred in 
the presence of HO inhibitors, thereby not 
supporting a role for HO activity in oxygen 
tolerance [ 12 1 ] .  Although no consensus 
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has been reached as to the protective role 
of CO inhalation and/or HO-I induction in 
hyperoxic lung injury, human studies will 
be required to show if CO will supersede 
NO in providing a significant therapeutic 
benefit in the context of severe lung disea­
ses [ 122] . While antioxidant therapies have 
been examined, until now no human studies 
exist on the role of HO-I and CO in acute 
respiratory distress syndrome (ARDS) and 
bronchopulmonary dysplasia [ 123]. 

LUNG TRANSPLANTATION 
Lung transplantation is the ultimate and of­
ten last therapeutic option for several end­
stage lung diseases. After lung transplanta­
tion, there remains an ongoing hazardous 
situation in which both acute and chronic 
graft failure, as well as complications of the 
toxic immunosuppressive regimen used (i.e. 
severe bacterial, fungal, and viral infections; 
renal failure; and Epstein-Barr-virus-related 
lymphomas), determine the outcome [ 124] . 
The development of chronic graft failure, 
obliterative bronchiolitis (OB), determines 
the overall outcome after lung transplantati­
on. OB, which may develop during the first 
months after transplantation, is the main 
cause of morbidity and death following the 
first half-year after transplantation, despite 
therapeutic intervention. Once OB has de­
veloped, retransplantation remains the only 
therapeutic option available [ I 24, 125] . Lit­
tle is known about the pathophysiological 
background of OB. The possible determi­
nants of developing OB include ongoing 
immunological allograft response, HLADR 
mismatch, cytomegalovirus infection, 
acute rejection episodes, organ-ischemia 
time, and recipient age [ 125] .  OB patients 
displayed elevated neutrophil counts in the 
BALF, and evidence of increased oxidant 
activity, such as increased methionine oxi­
dation in BALF protein and decreases in 
the ratio of GSH to oxidized glutathione in 
epithelial lining fluid [ I 26, 127]. 
So far, only very limited research data are 
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available on the possible role for H0- 1 
in allograft rejection after lung transplan­
tation. Higher H0- 1 expression has been 
detected in alveolar macrophages from lung 
tissue in lung transplant recipients with 
either acute or chronic graft failure than in 
stable recipients [ 128]. The protective role 
of H0-1 against allograft rejection has been 
shown in other transplantation models, in 
which solid organ transplantation typically 
benefits from H0-1 modulation. A higher 
expression of protective genes such as H0-
1 has been observed in episodes of acute 
renal allograft rejection [ I29] . Furthermore, 
the induction of HO- I alleviates graft-ver­
sus-host disease [ 1 30] . Adenoviral-H0-1 
gene therapy resulted in remarkable protec­
tion against rejection in rat liver transplants 
[ 13 1 ] .  The upregulation of HO- I protected 
pancreatic islet cells from Pas-mediated 
apoptosis in a dose-dependent fashion, sup­
porting an anti-apoptotic function of HO-I 
[ 132, I33]. H0-1 may confer protection 
in the early phase after transplantation by 
inducing Th2-dependent cytokines such as 
IL-4 and IL- 10, while suppressing interfe­
ron-y and IL-2 production, as demonstrated 
in a rat liver allograft model [ 134] . 

Beneficial effects of H0-1 modulation have 
also been described in xenotransplantation 
models, in which H0- 1 gene expression 
appears functionally associated with xe­
nograft survival [ 1 35] . In a mouse-to-rat 
heart transplant model, the effects of HO­
I upregulation could be mimicked by CO 
administration, suggesting that HO-derived 
CO suppressed the graft rejection [ 136] . 
The authors proposed that CO suppressed 
graft rejection by inhibition of platelet ag­
gregation, a process that facilitates vascular 
thrombosis and myocardial infarction. 

HO-I may also contribute to ischemic pre­
conditioning, a process of acquired cellular 
protection against ischemia/reperfusion in­
jury, as observed in guinea pig transplanted 
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lungs [ 137] . H0-1 overexpression provided 
potent protection against cold ischemia/ 
reperfusion injury in a rat model through 
an anti-apoptotic pathway [ 138, 1 39]. The 
induction of H0-1 in rats undergoing liver 
transplantation with cobalt-protoporphyrin 
or adenoviral-H0-1 gene therapy resulted 
in protection against ischemia/reperfusion 
injury and improved survival after trans­
plantation, possibly by suppression of Th1 -
cytokine production and decreased apopto­
sis after reperfusion [ 140, 141 ] .  Until now, 
no reports have addressed E-CO measure­
ments in lung transplantation, where it is 
possible that differences in E-CO will be 
found in patients with acute and chronic 
allograft rejection. 

CONCLUSION AND FUTURE 
IMPLICATIONS 
The evolution of CO in exhaled breath may 
serve as a general marker and diagnostic in­
dicator of inflammatory disease states of the 
lung, though more research will be required 
to verify its reliability. Increases in exhaled 
CO presumably reflect changes in systemic 
and airway heme metabolic activity from 
the action of HO enzymes. Evidence from 
numerous in vitro and animal studies indi­
cates that H0-1 provides a protective func­
tion in many, if not all, diseases that involve 
inflammation and oxidative stress. Thus, 
the exploitation of H0-1 for therapeutic 
gain could be achieved through the modula­
tion of H0-1 enzyme activity or its up- and 
downstream regulatory factors, either by 
gene transfer, pharmacological inducers, or 
direct application of CO by gas administra­
tion or chemical delivery [ 142-145] .  The 
CO-releasing molecules (transition metal 
carbonyls) developed by Motterlini et al. 
[ 144] show promise in the pharmacological 
delivery of CO for therapeutic applications 
in vascular and immune regulation. The 
CO-releasing molecules have been shown 
to limit hypertension in vivo and promote 
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vasorelaxation in isolated heart and aortic 
rings [ 144]. 

Ultimately, the challenge remains in ap­
plying the therapeutic potentials of H0-1 
to the treatment of human diseases. In 
vivo models of transplantation have shown 
that H0-1 gene therapy protects against 
allograft rejection [ 129, 1 34] . Given the 
toxic therapy that every transplant patient 
receives, especially after lung transplanta­
tion, the field of transplantation medicine 
may bring the first frontier for human appli­
cations of H0-1 gene therapy or exogenous 
CO administration. The potential use of in­
halation CO as a clinical therapeutic in in­
flammatory lung diseases has also appeared 
on the horizon. In one promising study, an 
inhalation dose of 1500 ppm CO at the rate 
of 20 times per day for a week produced no 
cardiovascular side effects [ 146] . Cigarette 
smoking and CO inhalation at identical 
intervals produced comparable Hb-CO 
levels of approximately 5%. The question 
of whether or not CO can be used as an 
inhalation therapy will soon be replaced 
by questions of "how much, how long, and 
how often?" The fear of administering CO 
must be weighed against the severe toxicity 
of the immunosuppressive agents in current 
use, and the often negative outcome of solid 
organ transplantation. 
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Abstract 
Background: 
Bronchiolitis obliterans (BO) is  the most important long-term complication after 
lung transplantation (LTX), and is characterised by airway inflammation both in 
early and advanced stages. Exhaled carbon monoxide (eCO) and nitric oxide 
(eNO) have both been postulated as non-invasive markers of airway inflammation, 
Since they may thus be helpful in the detection of BO, we evaluated their potential 
role as markers in BO. 
Methods: 
In a prospective cross-sectional design we simultaneously performed single 
breath eCO and eNO measurements in 97 LTX-recipients and compared these 
measurements to those of 14 healthy volunteers. Based upon their present 
bronchiolitis obliterans syndrome (BOS) stage 50 recipients were assigned to 
BOS 0, 23 to BOS 0-p and 24 to established BOS (stages 1 -3). 
Results: 
LTX recipients had a significantly lower eCO level than healthy controls: median 
(range) 1 .0 (0-3.3) ppm vs. 2.0 (0-3) ppm; p = 0.0 19. There existed no significant 
difference in eCO levels between absence and presence of BOS. eNO levels were 
similar between LTX recipients and controls:  15 .5 (3 .7-40.9) ppb and 13 .8  
(7.0-42. 1 )  ppb respectively, but eNO levels were significantly higher in  recipients 
with BOS when compared to BOS 0-p: 17.7 (4.0-33.4) ppb vs. 14. 1 (8 . 1 -30.6) 
ppb; p= 0.03. 
Conclusions: 
We were not able to show a relationship between eCO levels and the presence of 
BOS. eNO levels are significantly higher in patients with established BOS, but 
were not discriminative for the BOS 0-p stage. Longitudinal monitoring of both 
exhaled gases in individual patients will have to show if measuring these gases is 
useful in earlier detection of BO after lung transplantation than with the currently 
used lung function criteria. 
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INTRODUCTION 
Lung transplantation (LTX) is an establis­
hed treatment modality for patients with 
end-stage lung disease. The development 
of bronchiolitis obliterans (BO) after LTX 
is the commonest cause of late graft failure 
but may not be pathologically diagnosed 
until BO is in an advanced stage [ 1 -2]. Air­
way inflammation in BO is characterised 
initially by epithelial cell injury, peribron­
chial inflammation, and proliferation of 
connective tissue causing airway occlusion. 
Once BO has reached its final stage, no 
therapeutic options are available besides 
re-transplantation [ 1 ] .  

BO is currently classified based upon the 
International Society of Heart and Lung 
Transplantation (ISHLT) criteria for the 
bronchiolitis obliterans syndrome (BOS). 
It is graded accordingly as 0, 0-p (p: proba­
ble), 1 ,  2 or 3 depending on the severity of 
the airflow limitation present relative to the 
baseline post-transplant FEV1 and FEF25•75 
(table 1 )  [3-5] .  Although impaired lung 
function signifies BOS, it is likely that the 
development of bronchiolitis obliterans in 
the lung allograft takes already place before 
FEV1 and FEF25_75 decline and thus before a 
measurable reduction in lung function [6] .  

Non-invasive evaluation of airway inflam­
mation has become feasible by measuring 
exhaled carbon monoxide (eCO) and exha­
led nitric oxide (eNO). In asthma, COPD, 

and cystic fibrosis, higher eCO levels are 
associated with airway inflammation [7-
10] . CO, a downstream product of heme 
degradation, is both systemically produced 
by heme metabolism and by local induc­
tion, in response to airway inflammation of 
heme oxygenase- ! (H0- 1) present in lung 
alveolar macrophages and epithelial cells 
[7, 1 1 , 1 2] .  It is yet unknown whether CO 
levels are increased or decreased in lung 
transplant recipients. In contrast to eCO, 
eNO has been studied previously with 
respect to lung allograft rejection [ 1 3- 1 6] .  
eNO is probably locally produced in  the 
airways by inducible nitric oxide synthase 
(iNOS) in response to neutrophilic inflam­
mation. High eNO levels have been repor­
ted previously to reflect airway neutrophilia 
in stable and BOS recipients [ 14- 15] .  

In this study we set out to measure eCO and 
eNO levels in lung allograft recipients and 
to compare them to values in healthy volun­
teers in order to investigate whether it has a 
potential for use in the detection of BO. 

METHODS 
Subjects 
In a prospective cross-sectional design, 
LTX-recipients who visited the outpatient 
clinic of the University Hospital of Gronin­
gen were recruited in the period between 
October 2002 and January 2003. Subjects 
gave signed informed consent. Exclusion 
criteria included active or passive smoking 

BOS O 
BOS 0-p 
BOS l 
BOS 2 
BOS 3 

FEY 1 > 90% of baseline and FEF 25_75 > 75% of baseline } FEY 1 8 1 %  to 90% of baseline and/or FEF 25_75 s 75% of baseline 
FEY 1 66% to 80% of baseline 

BOS O 
(original 
classification[ 3}) 

FEY 1 5 1 %  to 65 % of baseline 
FEY 1 < 50% of baseline 

TABLE 1. 

The revised classification of bronchiolitis obliterans syndrome (BOS), according to the definition 
of the !llternational Society for Heart and Lung Transplantation [4} 
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(assessed by  questionnaire), ambient nitric 
oxide level > 50 ppb [ 17] ;  or an episode 
of acute rejection or a respiratory tract in­
fection (both diagnosed between 3 weeks 
before or 3 weeks after eCO and eNO 
measurements). The control group consi­
sted of 14 healthy, currently non-smoking 
volunteers (3F/1 1 M) with a mean age of 5 1  
years (range: 39-7 1 ), a mean FEY1% pre­
dicted of 1 1 8% ( 101 - 137), and an FEYJYC 
of 79% (68-87). 

Diagnostic Criteria 
The LTX recipients were assigned to either 
BOS 0, BOS 0-p or established BOS (i.e. 
BOS 1 -3) according to their present BOS 
stage, based on the ISHLT guidelines (table 
1 )  [3 ,4] . FEY, and FEF25_75 were measured 
according to standardised guidelines [ 1 8] .  

FIGURE 1.  

Boxplots (indicating: range, 25th, 50th (i.e. median: 
bold lines) and 75th percentile) showing single 
breath exhaled carbon monoxide ( eCO) and nitric 
oxide ( eNO) levels in lung transplant recipients and 
healthy controls. ppm = parts per million; ppb = 
part per billion. Numbers inside the boxplots indi­
cate the number of patients evaluated. 
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Patients did not use bronchodilators within 
12  hours before the pulmonary function 
tests. 

Exhaled NO and exhaled 
CO measurements 
eNO was measured according to published 
guidelines [ 19] with the single-breath me­
thod using a chemiluminescence analyser 
(CLD 700 AL; Eco Physics, Basel, Swit­
zerland). The lower NO detection limit of 
the analyser was 1 ppb, with a resolution of 
± 1 ppb. The sampling flow rate was 600 
rnl/min. Patients exhaled slowly from total 
lung capacity with a constant flow of 0. 10 
Lis against a resistance of 2 mm in diame­
ter. Expiratory flow rate was targeted using 
a visual feedback display, thereby aiming at 
a constant flow rate of 5-6 Llminute. Three 

FIGURE 2. 

Boxplots (indicating: range, 25th, 50th (i.e. median: 
bold lines) and 75th percentile) showing single 
breath exhaled carbon monoxide (eCO) and nitric 
oxide ( eNO) levels in lung transplallf recipients rela­
ted to bronchiolitis obliterans syndrome ( BOS) stage 
0, Op and 1 -3. ppm = parts per million; ppb = part 
per billion. Numbers inside the boxplots indicate the 
number of patiellfs evaluated. 
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Age, yrs* 
Gender, F/M 
Pre-LTX diagnosis 

COPD-AT 
COPD 
Bronchiectasis 
CF 
PF 
PPH 
SPH 
LAM 
re-lung transplantation 

LTX-type 
Bi-lateral 
Right-lung 
Left-lung 
Heart-Lung 

Days post LTX* 

47.4 ( 1 2.0) 
59/38 

2 1  
23 

6 
1 5  
1 8  
5 
5 
3 
I 

57 
20 
1 6  
4 

1 224 (23-3964) 
BOS-stage [number of patients] 

0 50 
23 
1 3  

0-p 
I 
2 
3 

Cyclosporine', pg/L* 
[number of patients] 

Tacrolimus', Jtg!L * 
[number of patients] 

Prednisolone dosage, mg/day* 

TABLE 2. 

4 
7 

[n=29] 
1 52.7 (65.5) 

[n=68] 
1 2.0 (4.2) 

8.9 (3.3) 

Patient characteristics. COPD-AT: a1-allfitrypsin 
deficiency; COPD: chronic obstructive pulmoJWI)' 
disease; CF: cystic fibrosis; PF: pulmonmy fibrosis; 
PPH: primmy pulmonary hypertension; SPH: 
secondmy pulmonmy hypertension; LAM: lymphan­
gioleiomyomatosis; *mean (±SD); 'mean (range); 
'serum trough levels. 

consecutive measurements were obtained 
with a time interval of 2 minutes between 
each eCO and eNO measurement. During 
the same manoeuvre eCO was measured 
simultaneously by using a non-dispersive 
infrared (NDIR UNOR 6N Analyser, Mai­
hak, Germany) analyser sensitive to 1-500 
ppm, with a resolution of ± 1 ppm. eCO 
levels were corrected for ambient CO le­
vels. Validation of the eCO measurements 
as performed in 8 healthy non-smoking 
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volunteers showed a good reproducibi­
lity for consecutive eCO measurements, i.e. 
measurements of eCO at three different time 
points during one day and measurements 
in-between days during one week (limits of 
agreement all p<0.05 as tested by one-way 
ANOVA). Validation of the simultaneously 
performed eCO and eNO measurements 
revealed reproducible eNO levels with or 
without performing eCO measurements 
at the same time, as well as reproducible 
eCO levels with or without measuring eNO 
at the same time (limits of agreement all 
p<0.05 as tested by one-way ANOVA). The 
mean of three consecutive measurements 
of both eCO and eNO was used for further 
statistical analysis. The technicians who 
performed the exhaled gas measurements 
were blinded to diagnostic endpoints. 

Therapeutic protocol 
Single, bi-lateral and heart-LTX were per­
formed according to established techniques 
[20]. Immunosuppression after LTX inclu­
ded 3 doses of anti-thymocyte globulins 
(rATG, Merieux, dosed at 3 mg/kg) the first 
10 days post-LTX. Since 200 1 ,  Basiliximab 
(Simulect®) 20mg on day 0 and 4 post 
LTX was administered as induction therapy 
instead of rATG. The maintenance regimen 
consisted of either cyclosporine (serum 
trough levels 400mg/L post-LTX, tapered 
in 3 weeks to 150 mg/L), azathioprine ( 1 -3 
mg/kg/day) and prednisolone (0. 1 -0.2 mg/ 
kg/day),  or tacrolimus (serum trough levels 
20 mg/L the first three weeks post-LTX, 
15 mg/L between 3 weeks and 3 months 
and 10- 12  }tg!L thereafter) combined with 
azathioprine and prednisolone. All patients 
received ganciclovir (from 2001 onwards 
only during the first 3 months post LTX) 
and co-trimoxazole prophylaxis. 

Statistical analysis 
Data were analysed using SPSS/PC+ soft­
ware (SPSS Benelux, Gorinchem, The 
Netherlands). Results are reported as me-
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dian (range) unless otherwise mentioned. 
Non-parametric analyses were performed 
with Mann-Whitney U test between groups. 
Correlations were performed with Spear­
man's rho test. Multivariate testing was 
performed on eCO and eNO levels, using 
a multivariate regression analysis with 
gender, age, LTX-type, days after LTX 
the measurements took place and the le­
vels (cyclosporine, tacrolimus) or dosages 
(prednisolone) of the immunosuppressive 
therapy used as independent variable vari­
ables. A p-value of < 0.05 was considered 
statistically significant. 

RESULTS 
Clinical Characteristics 
1 15 LTX-recipients approved to participate 
in the study. Two patients were excluded 
because of age < 1 8  years, two because of 
active and/or passive smoking, two because 
of a current acute rejection episode and 
twelve patients were excluded because of 
a respiratory tract infection. Thus a total 
of 97 LTX-recipients could be included for 
further analysis, of which we had to exclude 
eight patients for the statistical analysis of 
eNO due to high ambient NO levels [ 17]. 
The characteristics of the study population 
are summarised in table 2. 

Lung transplant recipients vs. controls 
LTX-recipients had a significantly lower 
eCO level compared to the healthy controls: 
1 .0 ppm (0-3.3) vs. 2.0 ppm (0-3); p = 0.019  
(figure 1 ) .  eNO levels were comparable bet­
ween both groups: 15.5 ppb (3.7-40.9) vs. 
13 .8 ppb (7.0-42 . 1 )  respectively (figure 1) .  

BOS 
eCO levels were not significantly different 
between stable LTX recipients (BOS 0), 
patients with BOS 0-p stage and established 
BOS (BOS stages 1 -3) (figure 2). In con­
trast to eCO, eNO levels were significantly 
higher in patients with BOS 1-3 than with 
BOS 0-p, i.e. 17.7 ppb (4.0-33.4) and 14. 1 

12) 

ppb (8. 1-30.6) respectively (figure 2). There 
existed no significant correlations between 
either eCO or eNO and the ratio of the pre­
sent FEVJbaseline FEV1 (figure 3). 

Factors influencing eCO and eNO levels 
Monovariate analyses 
The underlying disease did not contribute 
to the levels of both eCO and eNO. Only 
LTX recipients transplanted for secondary 
pulmonary hypertension had higher eNO 
levels, when compared to all other LTX 
indications: 17.5 ppb ( 14.7-40.9) vs. 15 .4 
(3 .4-40); p = 0.044. 

Multivariate analysis 
Multivariate analysis on eCO and eNO 
levels showed that patients who were trans­
planted unilaterally had a lower eCO (p= 
0.02). Cyclosporine serum trough levels 
(n=29), tacrolimus serum trough levels 
(n=63) and prednisolone dosages did not 
significantly contribute to the levels of eCO 
and eNO. 

DISCUSSION 
This study is the first one performed to as­
sess exhaled carbon monoxide (eCO) levels 
after LTX. We showed that LTX-recipients 
had significantly lower eCO levels than he­
althy controls. However, we did not find a 
significant relationship between eCO levels 
and the presence of BOS. Furthermore, we 
confirmed previously reported data on hi­
gher eNO levels in patients with BOS than 
in stable LTX recipients [ 13 , 16] .  
We investigated the potential use of non­
invasive measurements of both eCO and 
eNO levels in order to detect BO after LTX. 
We choose to study these exhaled gases in 
BO because they both are known to reflect 
inflammatory airway disease activity [7-
10, 14, 15] .  We have shown previously that 
high interleukin-6, interleukin-8 levels and 
high numbers of neutrophils and eosinop­
hils are present in bronchoalveolar lavage 
fluid in stable LTX-recipients who were 
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FIGURE 3. 
Correlations of the ratio of the currellf FEV/ 
personal best post-LTX FEV1 and single breath 
exhaled carbon monoxide (eCO) and nitric oxide 
(eNO) levels in lung transplant recipients. 

shown to develop BO within one year after 
the bronchoalveolar lavage procedure [6] . 
Once established, BO is a fibrotic, inflam­
matory disease of the small airways charac­
terised by neutrophilia and high IL-8 levels 
[2 1 -23] .  Thus we anticipated that both eCO 
and eNO would be increased in BOS pa­
tients . However, eCO levels were compara-
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ble between patients with and without BOS, 
whereas eNO levels were significantly hi­
gher in patients with BOS. 

Exhaled CO 
High eCO levels have been reported pre­
viously in patients with COPD and CF, 
diseases associated with a predominant 
neutrophilic airway inflammation. Howe­
ver, despite the association of bronchiolitis 
obliterans with neutrophilia, we did not find 
higher eCO levels in our patients having 
BOS [9, 10]. It is possible that the airway 
inflammation necessary to produce suf­
ficient amounts of CO to detect increases 
in our patients with BO was too low. On 
the other hand, we did measure minimal, 
but significantly elevated eNO levels in our 
BOS patient group. These elevated eNO le­
vels, as reported by Gabbay et al. ,  correlate 
to the airway neutrophilia present in BO, in­
dicating that also in our BOS patients there 
might be indeed exist neutrophilic inflam­
mation [ 16] .  As previously mentioned, a 
slower heme metabolism due to the immu­
nosuppressive medication used, resulting in 
a lower systemic CO production (and thus a 
lower eCO) might dilute the small amount 
of extra CO produced in the airways [24] . 
The supposedly higher CO production in 
the airways of patients with allograft rejec­
tion is supported by a recent study of Lu et 
al. who reported a higher H0-1 expression 
in the airways of LTX recipients with al­
lograft rejection [25].  However, whereas a 
positive correlation exists between H0-1 
expression and eCO levels, this correlation 
has until now not been demonstrated in pa­
tients after LTX [7] . 
We showed that the eCO levels were slight­
ly lower in LTX recipients when compared 
to healthy controls. Our healthy control 
values (median eCO level 2 ppm) match 
numerous control group values reported in 
the literature (median values 1 -3 ppm), thus 
these eCO levels measured seem realistic 
[7- 10]. It can be hypothesised that the im-
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munosuppressive therapy used slows down 
the heme metabolism, resulting in a lower 
systemic CO production and thus a lower 
eCO [25] .  Furthermore it has been recently 
reported that eCO levels are lower in non­
transplanted patients with a1-antitrypsin 
deficiency when compared to both COPD 
and healthy controls [26] . This may contri­
bute to the lower eCO levels, yet we were 
not able to show a relation between the 
pre-LTX diagnosis and the levels of eCO. 
Finally, the bronchial hyperresponsiveness 
present in many LTX recipients may ac­
count for the lower eCO levels as well, as is 
supported by a preliminary report showing 
reduced eCO levels in asthmatics after me­
thacholine challenge [27-29] . 
Multivariate testing revealed that the im­
munosuppressive therapy used did not 
contribute to the levels of eCO and eNO. 
Furthermore we observed lower eCO 
levels in unilateral LTX recipients. This 
may either be an spurious finding due to 
multiple testing or as a result of the total 
amount of CO produced in the lungs, po­
tentially contributing more extensively to 
the actually measured eCO levels in double 
LTX recipients. This clearly needs further 
investigation. 

Exhaled NO 
We were able to reproduce previous studies 
on higher levels of eNO present in BOS 
patients [ 13- 16] .  It also has been reported 
that the height of the exhaled NO reflects 
the neutrophilia present in BOS [15 , 16] .  
We therefore hypothesised that eNO levels 
would be elevated in BOS 0-p patients 
based upon the airway inflammation pre­
sent [6] . However, we could not corroborate 
this hypothesis. Longitudinal assessments 
of eNO levels in individual patients will 
have to show if eNO measurements will 
help us to earlier identify the patients who 
will develop BO than with the current BOS 
criteria [ 4,30]. 
In concordance with a recent report of Ver-
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leden et al. [3 1 ]  we also showed no impact 
of the underlying disease and of having a 
unilateral or double LTX on the height of 
the eNO levels, apart from subjects trans­
planted for secondary pulmonary hyper­
tension (SPH). This patient group showed 
significantly higher eNO levels, when 
compared to all other pre-LTX diagnosis. 
These higher eNO levels may be due to the 
decreased right ventricular systolic pres­
sure after LTX, as supported by previously 
observed higher eNO levels in patients with 
secondary pulmonary hypertension when 
compared to primary pulmonary hyperten­
sion patients. These patients even showed 
a further increase of the eNO levels after 
reducing the right ventricular systolic pres­
sure by epoprostenol treatment [32] . 

Technical considerations 
We measured both eCO and eNO simul­
taneously to avoid confounding due to 
different time-points of measuring these 
gases. Moreover, CO and NO are known to 
interact [ 1 2] . Both CO (by induction of H0-
1 )  and NO (due to induction of iNOS) are 
released in response to numerous inflamma­
tory mediators, and share a signalling action 
by activating soluble guanylyl cyclase. NO 
is furthermore capable to induce H0- 1 ,  and 
thereby to induce subsequent CO produc­
tion. Both H0-1 and CO can furthermore 
inhibit iNOS activity, and thus NO produc­
tion [ 12,33] . Based upon these interactions, 
theoretically, high eNO levels can result in 
high eCO levels, whereas lower eNO levels 
may accompany high eCO levels. In this 
study we were not able to identify such a 
relationship. This is not surprising, since 
these interactions may be too delicate to be 
detected by exhaled gas measurements. The 
order of these complicated interactions is 
also not known and furthermore the mode 
of interaction is dependent on both the kind 
of inflammatory mediator that induces H0-
1 and iNOS as well as the cell type involved 
[ 12,33]. 
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Whereas eNO measurements are currently 
standardised as described in the American 
Thoracic Society guidelines [ 19] ,  there is 
yet no gold standard available as to measu­
ring of eCO levels. In our study we used the 
' single breath' method to measure eCO (a 
single exhalation at a constant flow rate of 
5-6 L/minute after inspiration from functio­
nal residual capacity to total lung capacity 
(TLC) [ 19]) .  This manoeuvre may give a 
better reflection of the actual CO produced 
in the lung when compared to the 'breath­
holding' manoeuvre (a fifteen-second 
breath-holding pause after inspiration to 
TLC before exhalation at a constant flow 
[34]), which is often used for assessing non­
invasively the Hb-CO levels in smoking 
cessation programs [34,35] . We used an in­
frared-absorption technique to measure the 
actual eCO levels and were able to obtain 
reproducible eCO levels. Both electroche­
mical CO analysers as well as infrared-ab­
sorption techniques have been reported for 
the assessment of eCO levels so far [6,36] . 
In the near future, with increasing interest 
in the use of eCO measurements to assess 
airway inflammation, standardisation of 
eCO measurements is needed in order to 
adequately compare the outcome of diffe­
rent studies performed. 

In conclusion, we were not able to show 
a relationship between eCO levels and the 
presence of BOS. eNO levels were signifi­
cantly higher in BOS, but not discriminative 
for the BOS 0-p stage. Future longitudinal 
monitoring of both exhaled gases in indivi­
dual patients will have to show if measuring 
these gases is useful in earlier detection of 
BO after lung transplantation than with the 
currently used lung function criteria. 
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TO THE EDITOR, 

With great interest we read the recent paper 
of Lu et al. as recently published in this 
journal [ 1 ] .  Lu et al. showed an increased 
expression of heme oxygenase-I (H0-1 )  in 
alveolar macrophages in lung tissue sam­
ples of patients with acute and/or chronic 
allograft rejection after lung transplanta­
tion (LTX). Their paper speculated that the 
increased production of H0-1 in human 
lung allografts is most likely a beneficial 
response. 

Lu et al. studied LTX patients with both 
acute rejection (AR) and bronchiolitis ob­
literans (BO) and combined them in one 
group. We like to extend these findings by 
comparing H0-1 expression in patients with 
AR and BO. Therefore, we retrospectively 
have analysed alveolar macrophage H0-1 
expression in bronchoalveolar lavage fluid 
(BALF) samples of LTX recipients. We stu­
died 17 stable LTX recipients, 1 1  recipients 
with bronchiolitis obliterans syndrome 
(BOS), 16 with a current acute rejection 
episode and 9 patients with a positive bacte­
rial microbiological culture of the sampled 
BALE BOS diagnosis was based on the 
bronchiolitis obliterans syndrome criteria 
formulated by the International Society of 
Heart and Lung Transplantation [2]. Our 1 1  
BOS patients had a mean FEV1 of 7 1 .9% 
(± 5.8) of their own baseline value. Acute 
rejection was proven by histopathological 
examination of transbronchial biopsies ta­
ken during the same procedure [3] .  

The bronchoalveolar lavage (BAL) pro­
cedure and processing was performed as 
described previously [4] . The collected 
BALF was immediately placed on ice and 
further processed for cytospin preparation 
[4]. H0-1 expression was measured by im­
munostaining of BALF cytospins, using a 
H0-1 monoclonal antibody, BD Bioscien­
ces, USA. Total H0-1 expression was semi-

1)1 

quantitatively scored in a blinded panel by 
two independent observers, scores varying 
from negative, +, ++, to +++ as expression 
of increasing intensity. 400 alveolar ma­
crophages were counted on two slides and 
compared to a negative control slide. Total 
H0-1 expression was calculated by the 
formula: (H0-1 neg*O)+ (H0-1 +* 1 )+(H0-
1 ++*2)+(H0- 1 +++*3). The inter-observer 
variability as calculated by one-way ANO­
VA was adequate (p=0.045). Differences in 
H0-1 expression were calculated using the 
non-parametrical Mann-Whitney-U test. 

We found a significantly higher median 
H0-1 expression in the BOS patient group 
when compared to the stable LTX reci-

FIGURE 1. 
Total heme oxygenase-] (H0-1) expression in 
bronchoalveolar lavage fluid from lung transplant 
recipiellfs. Total H0-1 score is calculated by 
the formula: (H0-l"'K*0)+ (HO-J+*l)+(H0-
1++*2)+(H0-1+++*3) of2x400 scored alveolar 
macrophages (HO-i expression coullted as negative, 
or increasing positive intensity on cytospin: +, ++ 
and +++). individual values are shown (o). The 
median value is represellted by the horizollfal line. 
BOS: Bronchiolitis obliterans syndrome; AR: Acute 
rejection. Stable recipients vs. both the AR and the 
infection group showed no significant difference. 
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pients, the AR patients, and the infection 
patient group (figure 1) .  Both the AR and 
infection patient group showed a similar 
total H0- 1  expression when compared to 
the stable LTX recipients. 
Both H0- 1 and its down stream product car­
bon monoxide (CO) have shown to possess 
potent cytoprotective capacities in vitro and 
in vivo. H0-1 can interfere in many phys­
iological processes and has been shown to 
inhibit inflammatory responses, to slow 
down apoptosis and tumor growth, to pro­
tect against oxidative stress and to prevent 
allograft rejection. H0- 1  is the rate-limiting 
enzyme in the conversion of heme to iron, 
bilirubin and CO. Upregulation of H0- 1  
(by stimuli such as hypoxia, nitric oxide, 
lipopolysaccharides or reactive oxygen spe­
cies) results in these protective effects. The 
precise mechanism by which H0-1 acts is 
poorly understood. Remarkably most of the 
in vivo and in vitro effects sorted by H0- 1  
remain when H0- 1  i s  inhibited and only 
CO is administered at very low, non-toxic, 
concentrations suggesting CO to be one of 
the active key mediators [5,6] . 

Until now only limited data are available on 
the role of H0-1 and CO in LTX allograft 
rejection. As shown by Lu et al. ,  increased 
expression of H0-1 in alveolar macropha­
ges is present in human LTX recipients with 
acute rejection and/or BO [ 1 ] .  In other trans­
plantation models H0- 1  upregulation may 
prevent allograft rejection as shown in rat 
liver transplants as well as in transplanted 
pancreatic island cells [7,8] .  Furthermore, 
both H0- 1 upregulation and CO admini­
stration have been able to induce cellular 
protection against ischemia/reperfusion in­
jury after solid organ transplantation [9, 10].  
Therefore, they both may have a protective 
role in preserving allograft function, direct­
ly after LTX as well as on the longer run. 
We hypothesise that the elevated H0- 1  ex­
pression in alveolar macrophages of BOS 
patients as shown in this letter constitutes 
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a beneficial response to the continuous 
oxidative stress and inflammatory state of 
the airway epithelium present in BO, rather 
than being responsible for BO development 
[6, 1 1 ] .  It remains purely speculative why 
the alveolar macrophage H0- 1 expression 
is only higher after LTX in BOS patients 
when compared to the AR and infection pa­
tient groups. The small difference observed 
may be explained by the fact that BO is 
a multifactorial mediated disease and is 
already active for months to years, with po­
tentially many mechanisms to induce H0-
1 .  In contrast, AR and infection episodes 
exist only during a few days with a simpler 
mode of action, and therefore fewer mecha­
nisms to induce H0- 1 when compared to 
BO [6, 1 1 , 1 2] .  Further prospective research 
seems warranted to elucidate the role and 
the potential therapeutic application of H0-
1 and its downstream products in LTX. 
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Bronchiolitis obliterans (BO) after Lung 
transplantation (LTX) remains the major 
long-term complication with respect to mor­
bidity and mortality after LTX. However, 
there is little knowledge of the pathophys­
iology, it is difficult to diagnose and there 
is no satisfying treatment for BO in human 
lung transplant recipients. In Part I of this 
thesis we set out to investigate both the nor­
mal airway changes after lung transplanta­
tion as well as changes due to bronchiolitis 
obliterans. Therefore, at first we examined 
the normal airway cellular changes during 
an uncomplicated course after LTX by 
using bronchoalveolar lavage fluid analysis 
(chapter 2). Thereafter, we evaluated the 
airway inflammatory characteristics in both 
acute and chronic allograft rejection (chap­
ter 3), and defined patients who will be at 
risk to develop BO in the near future based 
upon these airway cellular and soluble cha­
racteristics (chapter 4). With the introduc­
tion of newer immunosuppressive agents, 
with potential better treatment results, we 
examined in chapter 5 the influence of 
two different immunosuppressive treatment 
modalities on the cellular constituents of 
the lung. In chapter 6 we demonstrated the 
clinical utility of the immunological bron­
choalveolar lavage procedure after LTX, 
and in chapter 7 we investigated the feasi­
bility of sputum induction for examining 
the airway inflammatory characteristics 
in lung transplant recipients. In Part II of 
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this thesis, we investigated the potential of 
the heme oxygenase- ! (H0-1 )  and carbon 
monoxide (CO) system with respect to their 
significance in LTX. Therefore, in chapter 8 
the H0-1 and CO system is reviewed with 
respect to pulmonary medicine in general 
and its potential in cytoprotection and im­
munosuppression. In the next two chapters 
we investigated the endogenous activity of 
the H0-1/CO system, by measuring both 
exhaled CO (chapter 9) and BALF alve­
olar macrophage H0-1 expression in LTX 
recipients (chapter 10). 

CHAPTER 2 
In order to define what constitutes an ab­
normal cellular BALF-profile, information 
on a 'normal' BALF-profile is needed i.e. 
findings in patients without further patho­
logical airway conditions after LTX. It is 
known that BALF-results from patients af­
ter LTX are incomparable to BALF-results 
from healthy subjects. In this chapter we 
set out to define the 'normal' cellular pro­
file of BALF of patients after LTX without 
any signs or symptoms of accompanying 
airway pathology and evaluated its course 
during the first two years after LTX. From 
this study we conclude that a decrease in 
total cell count and CD3+ lymphocytes, and 
an increase in CD4/CD8 ratio after LTX 
represent the natural course of cell numbers 
in BALF in patients without pathological 
airway conditions after LTX. We introduced 
these control values as a tool for diagnosing 
patients with pulmonary complications af­
ter LTX and for the follow-up of treatment 
regimens. Dynamic post-LTX profiles have 
to be taken into account when research is 
performed or clinical interpretations are 
made on BALF cellular characteristics after 
LTX. 

CHAPTER 3 
In this chapter we studied the feasibility of 
BALF analysis in detecting acute and chro­
nic allograft rejection. Furthermore we tried 
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to obtain more insight in the BALF lymp­
hocyte population and soluble compounds 
during acute rejection and BO after LTX. 
Our study showed a possible diagnostic role 
for cellular and soluble analysis of BALF, 
since it may detect BO and acute rejection 
after LTX. BALF neutrophilia and an ele­
vated IL-8 are associated with established 
BO. When using a cut-off point of >3% 
neutrophils in the lavage, the sensitivity 
for BO is 87.0% and the specificity 77 .6%. 
The sensitivity of interleukin-8 (IL-8) for 
BO when using a cut-off point of >7 1 .4 
pg/mL is 74.5%, the specificity 83.3%. Fur­
thermore, when BALF analysis reveals a 
lymphocytosis, one should beware of acute 
rejection. BALF lymphocyte subtypes (e.g. 
CD4+HLADR, CD8+HLADR, CD8+CD45+, 
CD4+CD25+) are already highly activa­
ted in stable patients just after LTX. This 
increased activation becomes even more 
pronounced in BO, but not in acute rejec­
tion. Thus, BALF analysis can thus give us 
better insight into the pathophysiological 
mechanisms underlying acute and chronic 
allograft rejection. However, given the 
imperfect sensitivity and specificity of the 
investigated markers, more specific BALF 
markers related to these pathological condi­
tions need to be identified. 

CHAPTER 4 
After defining the normal BALF cellular 
characteristics after LTX, and after descri­
bing the changes that occur during esta­
blished BO, we investigated the predictive 
value of bronchoalveolar lavage fluid with 
respect to future development of BO. In a 
prospective cohort study we investigated 
the relation between changes in leukocyte 
and differential counts and soluble com­
pounds of BALF early after LTX and the 
development of BO later on. By means of 
logistic regression analysis we showed that 
a higher total cell count, higher neutrophilic 
granulocyte and lymphocyte counts, the 
presence of eosinophilic granulocytes, and 
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higher levels of IL-6 and IL-8 were signifi­
cantly associated with an increased risk to 
develop OB. We conclude that monitoring 
of these indices will contribute to a better 
identification and management of the group 
of patients at risk for developing OB within 
a year. Future studies are needed to investi­
gate if adjustment of the treatment regimen 
at this early time point in these 'patients at 
risk' can normalise the above mentioned 
aberrant BALF parameters as well as delay 
or even prevent the development of BO. 

CHAPTER S 
Both established and novel immunosup­
pressive agents have a variety in routes of 
action to prevent allograft rejection. There­
fore they might differently affect the airway 
inflammatory cell population after LTX. To 
assess these possible differences we studied 
the BALF cellular characteristics in two 
different immunosuppressive regimens 
used after LTX. Between two different im­
munosuppressive protocols a marked diffe­
rence in the airway lymphocyte population 
was observed a few weeks after LTX. The 
immunosuppressive protocol containing 
basiliximab, tacrolimus and azathioprine 
showed a favourable lymphocyte subset 
with respect to immunocompetence when 
compared to a protocol containing anti­
thymocyte globulins, cyclosporine and aza­
thioprine. This was best shown by a higher 
percentage of CD4+ and a lower percentage 
of CD8+ lymphocytes (resulting in a much 
higher CD4/CD8 ratio) and furthermore a 
much lower CD4+CD2s+ percentage early 
post-LTX for the first protocol . We also 
observed a beneficial trend in overall- and 
graft survival for the first protocol. The dif­
ferences in cellular composition were not 
associated with more allograft complicati­
ons after LTX. The differences in cellular 
composition may explain the better graft­
and overall survival attributed to these new 
immunosuppressive agents. 
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CHAPTER 6 
In this chapter we demonstrated the clinical 
application of the immunological BAL pro­
cedure. A LTX recipient who was transplan­
ted because of end stage pulmonary disease 
due to sarcoidosis showed recurrence of the 
sarcoidosis in the transplanted allograft. 
This diagnosis was already suspected by 
BALF analysis before the recurrent sarcoi­
dosis was detected and confirmed by lung 
biopsies. 

CHAPTER 7 
Frequent monitoring of patients after LTX 
seems necessary to obtain more insight into 
the slowly developing process of BO. The­
refore, we studied the feasibility of sputum 
induction in LTX recipients. Sputum in­
duction is thought to be less invasive when 
compared to the bronchoalveolar lavage 
procedure, and is therefore potentially more 
suitable for repetitive sampling. In addition 
we compared its cellular composition and 
level of IL-8 with values in BALF. Overall, 
sputum induction was successful in 73%. 
The success rate in clinically stable patients 
after the first month post-LTX was 93%. 
Side effects were absent. Total cell counts, 
neutrophil percentages and IL-8 levels were 
much higher in sputum than in BALF. Alt­
hough the neutrophil percentage in BALF 
and induced sputum in the LTX patients 
were positively correlated, the methods 
are not interchangeable as shown by the 
applied Bland and Altman comparison. We 
conclude that sputum induction is feasible, 
well tolerated, and without important side 
effects in stable patients after the first month 
post LTX. Therefore, induced sputum may 
be a useful tool to study more frequently 
inflammatory changes of the airways after 
LTX, and because of the large quantity of 
neutrophils sampled, especially for further 
studies on BO. 

CHAPTER S 
In this review, the enzyme heme oxygenase-



SUM MARY 

1 and (H0-1) ,  and its downstream product 
carbon monoxide (CO) are discussed with 
respect to its protective role in pulmonary 
medicine. Both H0-1 and CO confer cy­
toprotection against oxidative stress in vitro 
and in vivo. H0-1 may influence a number 
of cellular processes, including growth 
and apoptosis. By virtue of anti-inflam­
matory effects, H0-1 limits tissue damage 
in response to pro-inflammatory stimuli, 
and prevents allograft rejection after trans­
plantation. The mechanism by which HO-I 
provides protection likely involves its enzy­
matic reaction products CO, biliverdin and 
iron. Remarkably, administration of CO at 
low concentrations in vitro and in vivo can 
substitute for HO-I with respect to its anti­
inflammatory and anti-apoptotic effects, 
suggesting a role for CO as a key mediator 
of H0-1 function. Future therapeutic admi­
nistration of low-dose CO might be a new 
approach to inflammatory diseases and to 
transplantation medicine. 

CHAPTER 9 
To evaluate a possible pathophysiological 
role for CO in BO, we evaluated exhaled 
CO (eCO) levels and nitric oxide (eNO) 
levels in lung allograft recipients and he­
althy volunteers in a cross-sectional design. 
Where eCO has not yet been studied with 
respect to BO, eNO levels have shown in 
previous studies to correlate with bronchio­
litis obliterans syndrome (BOS). In conclu­
sion our study showed that eCO levels are 
generally lower in patients after LTX when 
compared to healthy volunteers. However, 
eCO did not differentiate potential (BOS 
0-p) or established BOS from the stable 
recipients. eNO levels were, as expected, 
higher in patients with BOS, yet the eNO 
levels were also not discriminative for the 
BOS 0-p stage. eCO seems not useful in 
detecting BO. Further studies are needed 
to investigate a possible role of eCO in 
LTX-recipients, including both longitudinal 
evaluation of BO patients as well as other 
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pathological airway conditions like acute 
rejection and infectious disease. 

CHAPTER tO 
In this chapter we performed an inventory 
analysis on the H0-1 expression of BALF 
alveolar macrophages in patients with BO 
after LTX, acute rejection, infection and 
stable recipients. By semi-quantitative 
examination we were able to show a sig­
nificantly higher H0-1 expression for the 
BO patient group, when compared to stable 
LTX recipients. Both the acute rejection and 
infection patients groups showed a similar 
HO-I expression when compared to the 
stable LTX recipients. The elevated H0-1 
expression in BOS patients might be a res­
ponse to the continuous oxidative stress and 
inflammatory state of the airway epithelium 
present in BO, rather than a conditioned 
elevated H0-1 expression as a cause of BO 
development. Further prospective research 
seems warranted to elucidate the role of 
H0-1 and its downstream products in LTX, 
most importantly with respect to its poten­
tial therapeutic applications. 
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Bronchiolitis obliterans (chronic allograft 
rejection) remains the major long-term 
complication with respect to morbidity and 
mortality after lung transplantation. Howe­
ver, there is little knowledge of the pathop­
hysiology, no sensitive diagnostic tool and 
no satisfying treatment for bronchiolitis 
obliterans in human lung transplant reci­
pients. Bronchoalveolar lavage has held out 
promise as a very useful tool in understan­
ding the pathophysiology and ultimately as 
a diagnostic tool in lung allograft dysfunc­
tion. In this thesis we were able to assess the 
normal bronchoalveolar lavage fluid cellu­
lar profile after lung transplantation and 
introduced these values as reference values 
for research and clinical management pur­
poses. We showed that the normal cellular 
profile changes considerably during the first 
two years after transplantation even in a 
stable state post lung transplantation. After 
having defined this normal time-dependent 
cellular lavage fluid profile, we observed 
that bronchiolitis obliterans is dominated by 
a neutrophilia and high interleukin-8 cyto­
kine levels in the lavage fluid. When using 
a cut-off point of >3% neutrophils in the 
lavage, the sensitivity for bronchiolitis ob­
literans is 87.0% and the specificity 77.6%. 
Furthermore, we observed activated lavage 
lymphocyte subtypes in bronchoalveolar 
lavage fluid of stable lung transplant reci­
pients, while in objectified bronchiolitis ob­
literans the levels of activated lymphocytes 
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were even further enhanced. Thereafter, we 
assessed risk factors for patients who will 
develop bronchiolitis obliterans in the near 
future based upon parameters measured in 
bronchoalveolar lavage fluid just post trans­
plantation. The presence of eosinophilic 
granulocytes, high levels of interleukin-6 
and interleukin-8 appeared to be signifi­
cantly associated with an increased risk to 
develop bronchiolitis obliterans within one 
year. We also studied the influence of the 
immunosuppressive protocol used. The air­
way cellular characteristics appeared to be 
strongly different between an immunosup­
pressive protocol containing basiliximab, 
tacrolimus and azathioprine when compa­
red to a protocol containing anti-thymocyte 
globulins, cyclosporine and azathioprine. 
There existed a beneficial trend in patient­
and graft survival with the first protocol. 
We propose that the observed cellular dif­
ferences may explain the better graft- and 
overall survival, which are attributed to 
the newer immunosuppressive agents (i.e. 
basiliximab and tacrolimus). The broncho­
alveolar lavage procedure appears to be a 
useful tool in a research setting for better 
understanding of the inflammatory process 
underlying bronchiolitis obliterans. In ad­
dition, we demonstrated the clinical utility 
of the immunological bronchoalveolar la­
vage procedure by describing its use in the 
diagnosis of recurrent sarcoidosis in the 
transplanted lung. Because of the relative 
invasiveness of the bronchoalveolar lavage 
procedure and therefore the unsuitability for 
more frequent sampling, we also investiga­
ted the feasibility of sputum induction. This 
less invasive technique was well feasible in 
patients after lung transplantation. The suc­
cess rate of sputum induction in clinically 
stable patients after the first month post­
transplantation was 93% and without any 
side effects. With respect to new treatment 
options for patients after lung transplanta­
tion, we have discussed the pathophysiolo­
gical and treatment potentials of both heme 
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oxygenase- ! and its downstream product 
carbon monoxide. With respect to a poten­
tial pathophysiological role in bronchiolitis 
obliterans we showed a higher heme oxy­
genase-! expression in bronchoalveolar 
lavage alveolar macrophages in patients 
with bronchiolitis obliterans. However, we 
were not able to show a relation between 
exhaled carbon monoxide levels in our lung 
transplant population and the presence of 
bronchiolitis obliterans. Based upon in vitro 
and in vivo results so far, further research 
with respect to the therapeutic applications 
of both heme oxygenase-I modulation and 
carbon monoxide inhalation applied to hu­
man lung transplantation seems warranted. 
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Twenty years of bronchiolitis obliterans 
(BO) research after human lung transplan­
tation (LTX) has provide insight in that BO 
is a multifactorial mediated and incurable 
disorder. Furthermore, has the exact pa­
thophysiology of BO still to be unravelled. 
Frequent monitoring of our lung transplant 
recipients seems necessary to gain better 
insight into the process of the often slow 
developing BO. This monitoring will have 
to be performed by using our conventional 
diagnostic tools i.e. pulmonary function 
testing and routine bronchoscopies. Howe­
ver, we also have to extend our diagnostic 
strategies to reinforce our research to learn 
more about the pathophysiology of BO with 
the ultimate goal of preventing or stopping 
chronic transplant rejection. Some possible 
avenues are being described below. 

MULTIPLE STRATEGY TESTING 
With respect to BO diagnosis and pathop­
hysiology we will focus the next years on 
multiple strategy testing by combining the 
current available diagnostic tools focussing 
on smaller airways function, the location 
where BO takes place. As has been shown 
previously, combining different diagnostic 
modalities can result in detection of BO in 
an earlier phase [ 1 ] .  We will apply BOS­
grading, BALF characteristics, exhaled 
NO, single breath N,, bronchial hyperres­
ponsiveness testing imd expired high-re­
solution computed tomography and try to 
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develop a predictive diagnostic model for 
early detection of BO [2,3] .  

EXHALED GASES 
To extend our results of chapter 9, we will 
measure both exhaled carbon monoxide 
(CO) and exhaled nitric oxide (NO) with 
respect to the development of BO in a 
longitudinal design. Since both gases have 
been shown to reflect airway inflammation 
[4,5], we will assess whether measurement 
of both exhaled gases contributes to a bet­
ter diagnosis of BO. Furthermore we will 
investigate the relation of eCO levels to the 
local airway H0-1 activity. 

CD4+CD25+ 
In the next years we will also try to focus 
on the role of the CD4+CD2s+ lymphocy­
tes in the pathogenesis of BO after LTX. A 
particular subset of these cells, the so-cal­
led CD4+CD2Shigh T-lymphocytes has been 
shown to play a critical role in the induction 
of graft tolerance and graft acceptance af­
ter LTX. These CD4+CD2Sh•gh T-cells have 
been shown to produce both interleukin- 10 
and tissue growth factor-{3. These 'protec­
tive' cytokines may exaggerate the repair 
mechanism in response to epithelial da­
mage, which in tum may lead to a fibrotic 
reaction that could promote BO. Further 
research on CD4+CD2Sh•gh and CD4+CD25+ 
cells in general as well as their respective 
cytokine productions will have to show 
if an imbalance in this cell type might be 
responsible for the ongoing fibrotic process 
found in BO [6-9]. To study these cells we 
will first assess their proposed interleukin-
10 and tissue growth factor-{3 production 
by immunohistochemical staining and/or 
flowcytometric analysis for these cytokines 
on CD4+CD25+ cells as obtained by bron­
choalveolar lavage at pre-set time points in 
patients after LTX [ 10] . 
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BRONCHOALVEOLAR LAVAGE 
FLUID EXAMINATION -
PROTEOMICS 
As shown in table 3 of the introduction 
(chapter 1 )  of this thesis, numerous proteins 
have been measured in BALF with respect 
to BO. One of the new techniques that can 
help us to identify the total protein content 
of the epithelial lining fluid in patients with 
BO is two-dimensional electrophoresis. We 
will try, by using this 'proteomics' approach 
(a technology-based science which studies 
levels and post-translational modifications 
of a large number of proteins simultane­
ously, and their differences between healthy 
and diseased states) to characterise the pro­
tein composition in patients with BO and 
compare this to stable patients after LTX. 
Two-dimensional electrophoresis of BALF 
can identify large amounts (300-1200) so­
called protein spots (each spot representing 
a different protein), which can be compared 
to a reference (e.g. healthy control) group. 
Once having located the differently ex­
pressed protein-spots, these spots can be 
individually selected and identified by mass 
spectrometry. 

Within the next year we will start to measu­
re BALF proteins after LTX with two-di­
mensional electrophoresis from patients 
with and without BO. This 'proteomic' 
approach will likely give us more insight 
into the complex cytokine changes that oc­
cur during the process of BO development 
as well as lead us to potential more specific 
therapeutic targets [ 11- 14]. 

BRONCHOALVEOLAR LAVAGE 
FLUID - H0-1 EXPRESSION 
To extend our results of chapter 10 we will 
measure H0-1 expression in patients after 
LTX in a more quantitative way. Therefore 
we have already developed a H0-1 flowcy­
tometric analysis on alveolar macrophages 
derived from BALF samples. The next 
years we will apply this technique to longi-
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tudinally obtained BALF samples,  and stu­
dy the potential role of H0-1 after LTX with 
respect to both BO and acute rejection. 

THERAPEUTIC APPLICATION OF 
H0-1 AND CO AFTER LTX 
Therapeutically, we will focus the next years 
on the cytoprotective potentials of the heme 
oxygenase- I and carbon monoxide system 
[ 15- 17] .  Preliminary data from our group 
showed that CO can suppress both sponta­
neously and 'cytomix' -induced IL-6 and IL-
8 production in primary epithelial cells of 
patients after LTX (figure 1) .  Furthermore, 
in a pilot study we were able to show the 
protective effects of H0-1 induction on al­
lograft rejection after rat-LTX. Administra­
tion of a single dosage of cobalt protopor­
phyrin-IX (a substrate that strongly induces 
H0-1 )  is already protecting the transplanted 
lung (figure 2). Our results clearly showed 
preservation of the alveolar space, with still 

FIGURE 1. 

present, but less intense perivascular infil­
trates when compared to the non-treated 
animals. Thus based on the observation that 
administration of CO can reduce airway 
epithelial cell induced inflammation (figure 
1 ), and that H0- 1 induction can inhibit allo­
graft rejection (figure 2), H0- 1 and CO may 
have a potential important protective role in 
preserving allograft function both directly 
after LTX as well as on the longer run. 

Based upon these preliminary results we 
will therefore examine: 
• The mechanism by which both H0-1  and 
CO are able to modulate the inflammatory 
response of respiratory epithelial cells. 
• The potential suppressive effect of H0- 1 
upregulation and CO exposure on allogenic 
T-cell induced respiratory epithelial cell in­
flammation [ 1 8] .  
• The most optimal modulation of the H0-
1/CO system with regard to graft survival 

LTX/passage-2 primary epithelial cell cultures n=l6, han,ested by endobronchial brushing of patients after LTX, 
were in used in these experiments. After P2, when confluent, the CO-exposed cells were pre-treated for 2 hours 
with 250 ppm CO prior to stimulation with cytomix (JL-1[3: 50Uiml plus TNFa: JOOnglml plus LPS: JOnglml) 
in the presence or absence of250 ppm CO (4 hrs). Four hours after stimulation the /L-6 and IL-8 levels were 
measured in the supernatants. All cells showed 75-85% viability as tested by trypan blue staining. 

Spontaneous and stimulated IL-6 production In primary 
epithelial cells of patients after lung transplantation is 

suppressed by carbon monoxide 

90 

:i 10 w "' + GO c 

I so 
� 40 � 
uf 30 

J 2D 

n•16 

.. 
,....---, ·74% 

1+2 

Spontaneous and stimulated IL-6 production in primary 
epithelial cells of patients after lung transplantation is 

suppressed by carbon monoxide 

2000 
n=16 

:i w 1500 
� 
c 

I 11 1000 
"' ... 
.,; 
J 500 



FUTURE: PE:RSPE:CTIVE:S 

in a rat orthotopic LTX model. This, in ad­
vance to potential therapeutical human ap­
plication of either H0- 1 modulation and/or 
CO administration after LTX [ 19]. 
Our ultimate challenge is to apply the the­
rapeutic potentials of H0-1 and CO to the 
treatment of patients after lung transplan­
tation. In vivo models of liver and renal 
transplantation have shown that both H0- 1 
gene therapy and low-dose CO inhalation 
protects against allograft rejection [22-24]. 
The toxic properties of CO are well known 
in the field of pulmonary medicine. This 
invisible, odorless gas, still claims many 
victims on a yearly basis by accidental 
exposure. The toxic actions of CO relate to 
its high affinity for hemoglobin (240 fold 
greater than that of 02). CO replaces 02 
rapidly from hemoglobin, causing tissue 
hypoxia [25-27]. At high concentrations, 
other mechanisms of CO-induced toxicity 
may include apoptosis, lipid peroxidation, 
and inhibition of drug metabolism and res­
piratory chain enzyme functions [26]. It has 
only recently has it become known that CO 
participates beneficially in many physiolo­
gical reactions at very low concentrations. 
Where a CO exposure of 10,000 parts per 
million (ppm) ( 1 %  by volume CO in air) is 
toxic, 100-250 ppm (40- 100 fold reduction) 
will stimulate the protective effects wit­
hout apparent toxicity [28] .  The potential 
use of inhaled CO as a clinical therapeutic 
modality is supported by the absence of 
cardiovascular and neurological side effects 
as recently reported while using a theore­
tically sufficient protective dosage of CO 
[29]. In the former study Hb-CO levels of 

FIGURE 2A/2B/2C. 

Cobalt protoporphyrin-/X treated Fisher to Wistar­
Kyoto, orthotopic left lung transplantation) (lung 
tissue H&E staining, magnifications: A: lOx B&C: 
50x; A: no LTX, n=3; B: control LTX, n=3; C: 
cobalt protoporphyrin-/X treated LTX (resulting 
in heme o.\ygenase-1 up-regulation), n=3. Figures 
representative for n ::3. 
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approximately 5% were reached, which is 
comparable to cigarette smoking [29] . We 
anticipate that the question whether CO 
can be used as an inhaled therapy for LTX 
will soon be replaced by questions of 'how 
much, how long, and how often?' .  The fear 
of administration of CO must be weighed 
against the severe toxicity of the immuno­
suppressive agents as currently used, and 
the often negative outcome of solid organ 
transplantation despite the treatments avai­
lable. 
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Diverse longziekten zoals de erfelijke alfa-
1 antitrypsine deficientie en cystic fibrosis 
(taaislijm ziekte), longemfyseem, long 
fibrose, primaire en secundaire pulmonale 
hypertensie en een aantal nog zeldzamere 
longaandoeningen kunnen reeds op jonge 
leeftijd tot emstige invaliditeit en sterfte 
leiden. Op het moment dat een van deze 
ziekten het eindstadium heeft bereikt is 
longtransplantatie de enige vorm van be­
handeling die nog beschikbaar is voor deze 
patienten. Jaarlijks ondergaan in Nederland 
ongeveer 35 mensen een longtransplantatie, 
en wereldwijd zijn er de afgelopen 1 5  jaar 
ongeveer 1 5.000 patienten getransplan­
teerd. 
Na de transplantatie blijft een longtrans­
plantatiepatient echter een zeer onzekere 
toekomst houden. Daar waar een 'nier' na 
de transplantatie gemiddeld 10 jaar goed 
functioneert en de patient, als de nier op­
houdt met werken daama in veel gevallen 
weer worden gedialyseerd, overlijdt de 
helft van de longtransplantatiepatienten 
binnen de eerste 5 jaar na de transplantatie. 

In de eerste zes maanden na de transplanta­
tie overlijdt al een op de tien ontvangers van 
een getransplanteerde long. Na een succes­
volle transplantatie zijn het vooral infecties 
in de longen en elders in het lichaam, em­
stige nierbeschadiging, het sneller ontstaan 
van kanker, suikerziekte en door virusin­
fecties veroorzaakte lymfklierkanker stuk 
voor stuk voor elke patient een continue 
bedreiging. Het grootste probleem na long­
transplantatie is echter het ontstaan van 
chronische afstoting van de getransplan­
teerde longen. Dit proces van chronische 
afstoting van de longen wordt 'bronchiolitis 
obliterans' genoemd. Deze ziekte kenmerkt 
zich door een steeds verdere beperking van 
de longfunctie. Dit heeft als gevolg dat de 
patient veel activiteiten door kortademig­
heid niet meer kan doen en de long erg 
gevoelig wordt voor infecties. Uiteindelijk 
is bronchiolitis obliterans verantwoordelijk 

voor het overlijden van meer dan de helft 
van de getransplanteerde patienten. 

Bronchiolitis obliterans ontstaat meestal na 
het eerste jaar volgend op de longtransplan­
tatie, maar het is niet bekend hoe bronchi­
olitis obliterans ontstaat. Uit verschillende 
onderzoeken is gebleken dat vee) factoren 
risico's zijn voor het ontstaan van bronchi­
olitis obliterans na longtransplantatie: de 
longen van een 'oudere' donor, een lange 
tijdsduur tussen de uitname van het orgaan 
en de transplantatie zelf, een groter aantal 
acute afstotingsreacties van de longen, vi­
rusinfecties, chronische luchtweginfecties, 
een groot verschil in weefseltypering tus­
sen de donor en ontvanger van de longen 
en wellicht zelfs de medicijnen die worden 
gebruikt om de afstoting van de longen te 
voorkomen. 

Door al deze schadelijke 'prikkels' voor 
de 'nieuwe' longen ontstaat een chroni­
sche beschadiging aan de bloedvaten- en 
vooral de kleinere luchtwegen in de long. 
Na beschadiging proberen weefselcellen 
in de long de schade te repareren. Als deze 
reparatie-reactie overdreven sterk verloopt 
ontstaat er een ophoping van dode cellen en 
littekenweefsel in de kleinere luchtwegen 
van de long, die uiteindelijk hierdoor vol­
ledig worden afgesloten. Door deze afslui­
ting kan er geen Iucht meer van en naar het 
stukje long achter die afsluiting en werkt 
dus vervolgens niet meer mee aan de adem­
haling. Uiteindelijk veroorzaakt dit proces 
een groot verlies van longfunctie. 
Het grote probleem van het ontstaan van 
bronchiolitis obliterans is dat het moeilijk 
op tijd te ontdekken is en dat er geen goede 
behandeling voor beschikbaar is. Op dit 
moment wordt aan de hand van het meten 
van de uitademingsnelheid van de Iucht 
(longfunctie) vastgesteld hoe het met de 
getransplanteerde longen gaat. Op het mo­
ment dat deze uitademingsnelheid blijvend 
meer dan 20% achteruit is gegaan, is we-
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reldwijd afgesproken dat er dan sprake is 
van het 'bronchiolitis obliterans syndroom' 
of kortweg 'BOS ' .  

Dit proefschrift i s  geschreven omdat het op 
dit moment niet goed mogelijk is bronchi­
olitis obliterans vast te stellen, omdat het 
niet bekend is hoe bronchiolitis obliterans 
ontstaat en omdat er eigenlijk geen goede 
behandeling voor beschikbaar is. Na een 
algemene inleiding over het ontstaan, het 
vasts tell en en behandelen van bronchioli­
tis obliterans, behandelt dit proefschrift in 
het eerste deel het onderzoek naar de ont­
stekingsreactie in de luchtwegen na long­
transplantatie en in deel twee de mogelijke 
toekomstige toepassing van een nieuwe 
therapie tegen afstoting na transplantatie. 

Om de mate van ontsteking in de long te 
kunnen onderzoeken wordt er vaak ge­
bruik gemaakt van de bronchoalveolaire 
lavage. De bronchoalveolaire lavage is een 
techniek waarbij een klein gedeelte van 
de long wordt gespoeld met fysiologische 
zoutoplossing en onderzocht kan worden op 
allerlei cellen en eiwitten die in dat vocht 
mee terug zijn gezogen. Om een broncho­
alveolaire lavage te kunnen uitvoeren is een 
bronchoscopie nodig. Dit is een ftexibele 
dunne slang met een camera en een werk­
kanaal waardoor het vocht kan worden 
ingespoten en teruggezogen. In figuur I is 
te zien hoe een bronchoalveolaire lavage 
wordt uitgevoerd. 
Er is tot nu toe al veel onderzoek gedaan met 
behulp van de bronchoalveolaire lavage om 
meer inzicht te krijgen in bronchiolitis obli­
terans na longtransplantatie. Hierbij worden 
ontstekingscellen en eiwitten bepaald in de 
bronchoalveolaire lavage vloeistof die is 
teruggezogen uit de patient. Er is echter tot 
nu toe nog nooit onderzocht wat de normale 
situatie in de longen is van deze cellen en 
eiwitten na een longtransplantatie. Daarom 
zijn we begonnen met het onderzoeken van 
de normale hoeveelheid en de onderlinge 
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verdeling van de verschillende ontstekings­
cellen in de Iangen na longtransplantatie. 
Hierbij blijkt vooral dat deze erg verschilt 
van patienten zonder longtransplantatie, 
waarschijnlijk als gevolg van het gebruik 
van medicijnen om afstoting van de Iangen 
te voorkomen. Daarnaast veranderen in 
de eerste twee jaar na de transplantatie de 
verhoudingen van deze ontstekingscellen 
sterk. 
Na het vaststellen van de normale verde­
ling van de ontstekingscellen in de long na 
transplantatie, zijn we gaan onderzoeken 
hoe afwijkend die verdeling van ontste­
kingscellen is en welke eiwitten met name 
aanwezig zijn als er bronchiolitis obliterans 
aanwezig is in de Iangen. Het blijkt dat met 
name het percentage neutrofiele granulocy­
ten (een ontstekingscel) en de hoeveelheid 
interleukine-8 (een eiwit dat een ontste­
kingreactie door de neutrofiele granulocyt 
stimuleert) sterk verhoogd kan zijn bij pa­
tienten met bronchiolitis obliterans. Het uit­
voeren van een bronchoalveolaire lavage na 
longtransplantatie kan dus bijdragen aan het 
opsporen van bronchiolitis obliterans. Na­
dat we onderzocht hadden welke cellen en 
eiwitten kenmerkend waren als er eenmaal 
chronische afstoting in de Iangen aanwezig 
was, zijn we gaan onderzoeken of er in die 
bronchoalveolaire lavage ook cellen en 
eiwitten te vinden waren die voorspellend 
zijn of een patient op een later tijdstip een 
chronische afstoting zal krijgen. Vervolgens 
Iaten we zien dat in de eerste bronchoalveo­
laire lavage na longtransplantatie met name 
de aanwezigheid van de eosinofiele granu­
Jocyt en een sterk verhoogd interleukine-6 
gehalte in grate mate voorspellend zijn voor 
het ontstaan van bronchiolitis obliterans op 
een later moment. Na het vaststellen van de 
normaalwaarden in de bronchoalveolaire 
lavage (na Jongtransplantatie), na deze ver­
volgens te hebben onderzocht in bronchio­
litis obliterans en de voorspellende factoren 
voor het ontstaan van bronchiolitis oblite­
rans in de bronchoalveolaire lavage te heb-
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ben onderzocht, zijn we gaan onderzoeken 
welke invloed de medicijnen, die de patien­
ten gebruiken om te voorkomen dat de long 
word afgestoten, hebben op de aanwezig­
heid van de diverse ontstekingscellen in de 
getransplanteerde longen. De laatste jaren 
zijn er een groot aantal nieuwe medicijnen 
beschikbaar gekomen om afstoting van or­
ganen na transplantatie te voorkomen. Van 
deze medicijnen wordt veronderstelt dat ze 

FIGUUR 1.  
De bronclwalveolaire lavage. Een klein gedeelte 
van de long wordt gespoeld (A) met behulp van 
een bronclwscoop (B). De ingespoten hoeveelheid 
fysiologisch zout (meestal 3-4x 50ml) wordt via de 
bronclwscoop teruggezogen en opgevangen in een 
verzamelpot. /-//1: dwarsdoorsnede van de bron­
clwscoop; 1: het 'werkkanaal ';  /1: 'de lichtbronnen ';  
/1/: de camera. 
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beter werken, maar dat is tot nu toe nog niet 
goed onderzocht. Uit ons onderzoek blijkt 
dat in de eerste maand na longtransplantatie 
de ontstekingscellen in de longen erg ver­
schillen wanneer we patienten onderzoeken 
die gebruik maken van de ' traditionele' en 
met de 'nieuwe' medicijnen. Theoretisch 
lijkt het gebruik van de nieuwe medicijnen 
tot een betere verhouding van de verschil­
lende ontstekingscellen te leiden. Deze 
betere verhouding zou in theorie kunnen 
leiden tot minder infecties en rninder afsto­
tingsreacties na longtransplantatie. Om te 
laten zien dat het gebruik van de bronchoal­
veolaire lavage als onderzoeksmethode niet 
alleen voor wetenschappelijk gebruik nuttig 
is, laten we tevens zien dat we met deze me­
thode ook andere ziekten na longtransplan­
tatie kunnen vaststellen. Bij een patient die 
getransplanteerd is vanwege sarcoldose in 

B 
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de longen, waren we in staat door middel 
van het gebruik van de bronchoalveolaire 
lavage de sarcoi"dose opnieuw vaststellen 
in de getransplanteerde long. Omdat het 
uitvoeren van de bronchoalveolaire lavage 
toch een redelijk belastend onderzoek voor 
de patient is, hebben we ook onderzocht of 
de minder belastende methode van 'sputu­
minductie' geschikt zou zijn om uit te voe­
ren bij patienten na longtransplantatie. 

Naast de bronchoalveolaire lavage is ook 
sputuminductie een methode om materiaal 
(met name cellen) uit de luchtwegen te ver­
krijgen en wordt als zodanig regelmatig ge­
bruikt bij het wetenschappelijk onderzoek 
naar astma. We hebben Iaten zien dat deze 
methode in 93% succesvol is bij patienten 
die goed hersteld zijn van de transplantatie, 
en dat zonder noemenswaardige bijwerkin­
gen. Sputuminductie zou daarom een me­
thode kunnen zijn om patienten vaker dan 
nu mogelijk is te onderzoeken, om op die 
manier meer inzicht te krijgen in het ont­
staan van bronchiolitis obliterans na long­
transplantatie. Het enige nadeel is dat de 
samenstelling van de ontstekingscellen in 
het sputum wei verschillend is ten opzichte 
van de bronchoalveolaire lavage. 

De laatste jaren wordt er steeds meer be­
kend over de sterk beschermende werking 
van het eiwit haem oxygenase- ! en het 
gas koolstof monoxide tegen afstotingsre­
acties na transplantatie. We zijn allereerst 
gaan beschrijven wat er tot nu toe bekend 
is in de wetenschappelijke literatuur over 
haem oxygenase- I en koolstof monoxide. 
Haem oxygenase- 1 is het eiwit dat de 
sturende factor is voor de afbraak van het 
haemoglobine. Bij die afbraak komt on­
der andere koolstof monoxide vrij in het 
lichaam. Hoewel koolstof monoxide be­
kend is als een verstikkend gas (waardoor 
wereldwijd nog steeds slachtoffers vallen) 
is koolstof monoxide in lage concentraties 
(te vergelijken met de hoeveelheid koolstof 

150 

monoxide die de ingeademde rook van 10-
15 sigaretten per dag bevat) een molecuul 
dat een beschermende werking heeft bij 
ontstekingsreacties zoals de afstoting van 
getransplanteerde organen. 
In theorie kan een behandeling gericht op 
het verhogen van de activiteit van haem 
oxygenase-1 in het lichaam, of het inade­
men van een lage concentratie koolstof 
monoxide wellicht de afstotingsreactie na 
transplantatie voorkomen. Om in eerste 
instantie te beoordelen of zowel het haem 
oxygenase- I als ook het koolstof monoxide 
een rol speelt bij het ontstaan van bron­
chiolitis obliterans hebben we het gehalte 
aan koolstof monoxide gemeten in de uit­
geademde Iucht van patienten na long­
transplantatie. Bij de meting van koolstof 
monoxide hebben wij geen verschil kunnen 
aantonen tussen patienten met en zonder 
bronchiolitis obliterans. Bij het gelijktijdig 
meten van stikstof monoxide zagen we dat 
de hoeveelheden stikstof monoxide-gas ge­
meten in de uitademingslucht van patienten 
met BOS boger was dan van de patienten 
zonder BOS. Het stikstof monoxide-gas 
lijkt een uiting te zijn van de ontstekingsac­
tiviteit die aanwezig is in de luchtwegen bij 
patienten met bronchiolitis obliterans. 
Vervolgens hebben we onderzocht hoeveel 
haem oxygenase- 1 er in de long na de trans­
plantatie voorkomt. Uit dit onderzoek blijkt 
dat de hoeveelheid haem oxygenase- 1 bij 
patienten met bronchiolitis obliterans boger 
is dan bij longtransplantatiepatienten die dit 
niet hebben. Die verhoging kan een reactie 
zijn op de sterke prikkels die de chronische 
afstotingsreactie veroorzaakt in de longen. 

Uit vooronderzoek met zowel opgekweekte 
cellen van patienten na een longtransplan­
tatie als met ratten waarin experimentele 
longtransplantatie is uitgevoerd hebben wij 
op dit moment al een sterk beschermende 
werking van haem oxygenase-1 activatie 
en toediening van een lage concentratie 
CO kunnen aantonen op zowel een aantal 



ontstekingsreacties als op de afstoting van 
getransplanteerde longen in de rat. 

Samengevat is bronchiolitis obliterans na 
longtransplantatie een zeer emstige aan­
doening. Bij bet ontstaan ervan zijn zeer 
verschillende factoren van invloed. Al deze 
factoren veroorzaken een ontstekingsreactie 
in de long, die uiteindelijk tot bet ontstaan 
van volledig afgesloten kleine luchtwegen 
leidt. Met behulp van bronchoalveolaire 
lavage hebben we meer inzicht in de aan­
wezige ontstekingsreactie bij bronchiolitis 
obliterans gekregen en we hopen in de 
komende jaren met nieuwe analysetech­
nieken dit inzicht verder te verfijnen. Met 
name gezien de nog steeds zeer sombere 
levensverwachting van patienten na long­
transplantatie lijkt behandeling met bet ver­
hogen van de haem oxygenase- ! activiteit 
in bet lichaam, dan wel met bet toepassen 
van lage concentraties koolstof monoxide 
een toekomstige reele behandelingsmoge­
lijkheid in de transplantatiegeneeskunde. 
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Het proefschrift en de opleiding zijn klaar, maar het werk moet eigenlijk nog beginnen. Tach 
is dit een mooie gelegenheid om iedereen, die mij de afgelopen jaren in staat heeft gesteld met 
veel plezier in Groningen te werken aan zowel rnijn opleiding tot longarts en dit proefschrift, 
te bedanken Gerard en Dirkje, bedankt voor het vertrouwen dat jullie zowel in het verleden als 
naar de toekomst in rnij hebben uitgesproken, voor jullie samenwerking als promotores van dit 
proefschrift, voor de vrijheid die ik bij het maken ervan heb gekregen en voor de support voor 
de ontwikkeling van mijn andere ideeen. 

Beste Gerard, bedankt voor je heldere kijk op mijn klinische en wetenschappelijke traject tot 
nu toe. Ik heb dagelijks profijt van jouw keuze rnij de eerste jaren in Groningen aileen met 
patientenzorg bezig te Iaten zijn, voordat we zijn gestart met het nu voorliggende resultaat. 
Beste Dirkje, ik ben nog altijd blij dat wij elkaar hebben ontmoet, anders was ik hier nu niet 
geweest. Bedankt voor de grate vrijheid (voor jou een experiment) die ik heb gekregen om 
rnijn onderzoek uit te voeren en de vele plannen die er nog zijn. Jou niet aftatende energie heeft 
er mede toe geleid dat ook de inhoud van dit proefschrift leesbaar is gebleven voor anderen. 
Beste Henk, je mag dan al bijna met pensioen gaan, we zijn nog lang niet klaar! Bedankt voor 
onze inspirerende bijeenkomsten, waar we vaak vrijuit hebben gebrainstormd over veel, heel 
veel verschillende ideeen. Eigenwijs als jij en ik zijn, heb ik mij niet van de wijs Iaten brengen 
en hebben we samen hier in Groningen het H0-1/CO onderzoek op de kaart gezet en wie weet 
wat daar nog van komt. . . .  
Beste Wim, drukke dokter. Jouw zorg en betrokkenheid voor de longtransplantatiepatienten 
bewonder ik zeer. Ik heb dan misschien onbedoeld af en toe je dbase Iaten crashen, het was 
voor een goede zaak. Bedankt voor je ondersteuning de laatste jaren en als ik weer terug ben 
gaan we echt aan het werk! 
Beste lanny, Andre, lanny, Brigitte, Jacobien, Hessel, Dorothea en Simone bedankt voor jul­
lie monnikenwerk! Mede door jullie inspanningen is dit proefschrift nu af. Het samenstellen 
van de oorspronkelijke database, het verwerken van al die lavages, de diffjes, de cytokine 
bepalingen, de epitheelkweken, de H0-1 kleuringen, het bouwen van de "CO-stoof', de eer­
ste CO exposities en vele andere experimenten hebben mij tevens veel inzicht gegeven in de 
(on)mogelijkheden van de basale research. Ik heb me altijd zeer welkom gevoeld en ik hoop 
dat onze samenwerking na Pittsburgh meer structureel mag worden. 
Margarita, Martijn en Karin ook jullie bedankt voor het integreren van de CO-metingen op 
de longfunctie en het fijne klusje om de FEF25m waarden van aile patienten uit de compu te 
peuteren. Ik heb subsidie aangevraagd voor zowel een nieuwe CO als NO meter, dus wie weet 
blijven we vrienden en nogmaals bedankt voor jullie bijdrage als positieve controle voor de 
CO-meter. 
Beste Jochum en Arjen, 
bedankt voor de ruimte, tijd en material en die jullie tot nu toe gelnvesteerd hebben. Als het aan 
mij ligt, zal onze samenwerking na rnijn verblijf in Pittsburgh behoorlijk uitgebreid worden. 
Zander jullie betrokkenheid is het niet mogelijk gedegen onderzoek te doen naar het werkings­
mechanisme en de therapeutische toepasbaarheid van H0-1 en CO na longtransplantatie. 
Huib, Barry en Corrie-Anke, bedankt voor jullie vertrouwen in het H0-1/CO concept ! Ik denk 
dat we een aantal spannende onderzoeksjaren tegemoet gaan ! 
Jerry en Marcel, bedankt dat jullie als student bij rnij je wetenschapsstage hebben gevolgd, 
het ga jullie goed ! 
Augustine, Leo and Stefan, thank you very much for getting me involved with your magnifi­
cent attitude towards basic science. I really do appreciate the way you all are sharing your own 
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H0- 1 and CO knowlegde with others. I really am looking forward to come to visit you and to 
work with you all in Pittsburgh. 
Daarnaast wil ik mijn directe collega's Marleen, Rob, Ronald, Eelco, Martin, Steven en Jellie 
meer dan bedanken voor de goede en gezellige opleidingstijd, de cursussen, de congressen, 
de eensgezindheid daar waar het om de belangen van onze opleiding ging en bovenal jullie 
verantwoordelijkheidsgevoel en collegialiteit. 

De opleiding tot longarts in Groningen is een bijzondere. Aile aspecten van de longziekten 
komen zowel breed als diep aan bod. Maar vooral de vele anekdotes over alles wat los en vast 
zit, de geschiedenis van Groningen (& de FC) en verre omstreken, de citaten, de humor, maar 
bovenal de fantastische sfeer op de afdeling maken dat je hier naast specialist ook nog mens 
blijft. Ik voel me bevoorrecht dat ik hier ben opgeleid en wil Gerard (nogmaals), Harry, Alie 
en Cees meer dan bedanken voor de tijd onder jullie hoede. Daarnaast wil ik Jan, Aaf, Johan, 
Peter, Richard, Tjip, Nick, Huib, Pete1� Erik en Rene bedanken voor ieders eigen betrokken­
heid bij mijn opleiding tot nu toe, ik hoop dat het vervolg er mag zijn, bedankt ! 
Mijn opleiding had zonder de inspanningen van iedereen die werkzaam is op de poli longziek­
ten, poli longenoncologie, poli longtransplantatie, het endoscopiecentrum, de CSO, de ICB, de 
verpleegafdelingen D l ,  E2, en E4, de dienstdoende internisten en de telefooncentrale niet het 
voorspoedige verloop gehad zoals nu geweest, bedankt daarvoor! 
Dan de afdeling logistiek: mijn speciale dank aan Trudy en Evelyn: alles komt toch altijd weer 
goed. 

Mams, jij bedankt voor je creatieve inzet, resulterend in een fantastische lay-out die, als ik Bert 
moet geloven, toch wei een klein beetje tijd gekost moet hebben. 
Joost en Paul, mijn maatjes van Maastricht tot Groningen, mijn paranimfen voor deze gele­
genheid en inmiddels bevorderd tot elementaire deeltjes. Bedankt dat jullie weer zo opoffe­
ringsgezind zijn geweest om deze zware taak op je te nemen . . .  
Marleen, Stijn en Olivier, we hebben in Groningen al veel meegemaakt en weten inmiddels 
hoe mild de natuur kan zijn en dat dit proefschrift echt niet zal bijdragen aan eeuwig geluk, 
daarvoor zijn we inmiddels te vee I Groningers geworden, so . . . . .  Jets go to Pittsburgh! 

Nogmaals aan iedereen: 
Mijn dank is groot! 
En we gaan gewoon weer verder . . .  

Dirk-Jan 
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