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Abstract. Methods were developed to monitor graft rejec
tion in a porcine model of unilateral lung transplantation. 
The ability of peripheral blood mononuclear cells and lav
age-derived mononuclear cells to lyse donor pulmonary 
tissue was determined by standard chromium release as
says at various times after transplantation. Effective anti
graft activity was observed in the local environment of a 
rejecting graft, but not in the periphery. Since transplant 
rejection is a reversible process, with the administration of 
suitable immunosuppressive regimes frequently restoring 
graft function, it was reasoned that immunological assays 
based on the lysis of individual cells may not be relevant to 
the in vivo situation. We therefore describe an assay of the 
lung barrier function; perturbations of the tight intraepi
thelial junctions which compose the air-blood barrier can 
be determined in vitro by the measurement of trans
monolayer resistance values. 
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Monitoring a transplanted organ is essential for the early 
diagnosis and effective treatment of rejection. Lung grafts 
can be physically observed by radiography or trans
bronchial biopsy [1, 2], their function can be monitored or 
immunological assays can be performed to determine the 
responsiveness of the recipient's immune system to the 
donor tissue. 

A great deal of interest has been generated in the possi
bility of using bronchial lavage fluid for the diagnosis of 
lung allograft rejection. It has been shown that the mono
nuclear cells present in lavage fluid are recruited from the 
periphery, that the frequencies of donor-specific cytotoxic 
T lymphocytes in both the periphery and the local envi
ronment of a rejecting rat lung allograft increase after 
transplantation, and that mononuclear cells present with
in a lavage are effectively cytotoxic against donor but not 
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third-party splenic lymphocytes [3-5]. However, it is also 
clear that the response of the immune system to a foreign 
graft can often appear similar to that mounted to a path
ogen, and consequently great care must be taken in the in
terpretation of the results. 

There are clear advantages in the use of donor graft tis
sues rather than donor splenic cells for the measurement 
of recipient anti-donor immunoreactivity. This approach 
allows responses to both donor tissue-specific and major 
histocompatibility antigens to be quantified. In this study, 
we investigated the cytotoxic ability of lavage-derived 
mononuclear cells (LDMC) and peripheral blood mono
nuclear cells (PBMC) against donor pulmonary cells in a 
porcine model of unilateral lung transplantation. 

Since acute rejection is frequently a reversible process, 
immunological assays which measure the irreversible cy
tolysis of donor cells may not be applicable to in vitro in
vestigation of the clinical situation. We report an assay of 
pulmonary tissue function which makes use ofthe fact that 
the tight junctions between alveolar epithelial cells can be 
measured in vitro by the determination of transmonolayer 
electrical resistance values. The interepithelial cell tight 
junctions are largely responsible for maintaining the 
blood-air permeability barrier essential for normal lung 
function [6, 7]. 

Materials and methods 

Single lung transplants were performed in Gottingen minipigs 
(30-40 kg; Froxfield Farms, Hants, UK). Heart-lung blocks were re
trieved from donors following perfusion with modified Euro-Collins 
solution; the left lung was dissected from the block and transplanted 
into the recipient (mean ischaemic time of 220 min, n = 4). Animals 
were immunosuppressed with azathioprine, cyclosporin A and pred
nisolone. The right lung was immersed into RPM! 1640 medium 
(Northumbria Biologicals, Northumberland, UK) on ice. Within 4 h 
a 2-cm3 portion of the tissue was chopped and digested overnight by 
stirring with collagenase (Sigma, Dorset, UK) at 1 mg/ml (w/v) in 
RPMI1640 (North umbria Biologicals). After digestion, the material 
was washed twice by centrifugation and propagated in D-valine 
minimal essential medium (Gibco, Renfrewshire, UK) sup
plemented with 15% (v/v) heat-inactivated fetal calf serum (FCS), 
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1 x 10-4 M HEPES (Northumbria Biologicals), 2 x 10-3 M glu
tamine (Northumbria Biologicals), WS U/1 penicillin (Sigma), 
100 mg/1 streptomycin (Sigma), insulin-transferrin-sodium selenite 
(Sigma), 5 X 10" 8 M hydrocortisone (Sigma) and 3 X 10"8 M tri
iodothyronine (Sigma) at 37 ·c in an atmosphere of 5% C02• Cells 
with a cobblestone morphology were purified by differential detach
ment using trypsin-ethylenediamine tetra-acetic acid (North umbria 
Biologicals). Cell monolayers were cultured on 10-mm diameter 
tissue culture inserts (Nunc; Gibco, Renfrewshire, UK) by seeding 
each insert with 5 x 105 cells in 0.5 ml of the D-valine culture me
dium. Trans-monolayer resistance values were measured using an 
ohmmeter and 'chopstick' electrodes (Millicell-ERS, Millipore), as 
described previously [8]. 

Samples of peripheral blood (collected in sterile universals con
taining 100 U of heparin; Sigma) and bronchial lavage fluid (ob
tained by washing with approximately 20 ml RPMI 1640 medium 
through a fibreoptic bronchoscope wedged into a limiting bronchus 
of an anaesthetized recipient) were taken from recipient animals at 
regular intervals after transplantation. PBMCwere prepared by cen
trifugation over a Ficoll-Metrizoate ( 400 g; Lymphoprep; Nycomed, 
W. Midlands, UK) density gradient [9]; the interfacial cells were re
covered, washed and resuspended in RPMI 1640 culture medium 
supplemented with 10% (v/v) heat-inactivated FCS, 1 x 10-4 M 
HEPES and antibiotics. Lymphokine-activated killer (LAK) cells 
were generated from these by incubation in culture medium sup
plemented with recombinant interleukin 2 (IL-2) (50 U/ml; 
Boehringer Mannheim, East Sussex, UK) for 5 days. LDMC were 
obtained by centrifugation ( 400 g). Adherent cells (presumably al
yeolar macrophages) were removed by resuspending the cell pellet 
!n culture medium and incubating in 25-cm3 flasks (Falcon) at 3TC 
tn a humid atmosphere of 95% air and 5% COz for at least 60 min. 
Donor pulmonary cells were labelled with 200 JlCi of Nal1Cr04 for 
90 min, washed twice with RPMI 1640 and once with culture me
?i.um, resuspended at 2 x 104/ml and used as the targets in cytotox
!City assays. Effector cells (PBMC, LAK, LDMC or LDMC cultured 
tn 50 U/ml IL-2 for 5 days) were incubated with the chromium
labelled pulmonary target cells at various effector: target ratios for 
4 hat 37 ·c in round-bottomed micro titre plates (Nunc) in a total vol
ume of200 Jll. The plates were then centrifuged for 5 min at 50 g and 
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Fig.l. Specific cytotoxicity of lavage
derived mononuclear cells (LDMC) and 
peripheral blood mononuclear cells 
(PBMC) towards pulmonary cells 1 week 
after transplantation. Each point repre
sents the mean of triplicate determina
tions. LAK, lymphokine-activated killer 
cells; I L-2, interleukin 2 

the supernatants harvested for }'-counting (LKB, 1272 Clinnigam
ma). Maximal chromium release was estimated by lysing the target 
cells with 10 111 of Triton X-1 00 followed by freezing and thawing the 
samples. The cytolytic capacity of each culture was expressed in 
terms of percentage specific release of 51Cr [10]: 

% specific 51 Cr release= 

(experimental 51Cr release- spontaneous 51Cr release) x 100 
maximal 51 Cr release- spontaneous 51Cr releaseright) 

The effects· of incubating 2 x 106 LAK or unstimulated porcine 
splenic cells (in 0.5 ml of culture medium) on the trans-monolayer 
resistance values of pulmonary cell monolayers cultured on tissue in
serts was also determined. 

Results 

It was demonstrated that LDMC from an animal under
going rejection were effectively cytotoxic against donor 
pulmonary cells, whereas PBMC were not. After culture 
in IL-2 for 5 days, PBMC were capable of lysing the donor 
pulmonary cells, presumably due to non-specific LAK 
function. The LDMC were not cytotoxic following culture 
in IL-2; this may have been due to the inhibitory effects of· 
any pulmonary surfactant or alveolar macrophages re
maining in the culture. The results presented in Fig.l are 
from an animal 7 days after transplantation; partial con
solidation of the transplanted lung was observed by radio
graphy at that time. One week later, it was demonstrated 
that the LDMC caused an increase in the maximum spe
cific chromium release liberated from donor pulmonary 
cells; it had increased from 20% (Fig. 1) to 40% (Fig. 2 b). 
However, LD MC from the native lung were also effective-
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ly cytotoxic against the donor pulmonary cc lis (Fig. 2 a); 
subsequent investigation showed that the animal had de
veloped bacterial pneumonia. 

Porcine pulmonary cells cultured on inserts developed 
high trans-monolayer resistance values which generally 
reached a plateau on the 5th day of culture. At this time, 
the average value was 5500 n. The fact that primary por
cine pulmonary cell monolayers produced high trans
monolayer resistance values provides good evidence that 
this cell population retains epithelioid characteristics. 

The addition of LAK cells to the monolayers at an ap
proximate effector: target cell radio of 4:1 caused an 80% 
reduction in the trans-monolayer resistance values within 
a 60-min period (Fig. 3 a). Control experiments performed 
with unstimulated splenic mononuclear cells showed no 
change in resistance. In a standard 4-h chromium release 

Effector : Target ratio 

assay, similar LAK cells caused a 73% specific chromium 
release at an effector: target cell ratio of 100:1; cytotoxicity 
was less pronounced at ratio of 6.2: 1, with only 28% of the 
cells being lysed within the assay period (Fig. 3 b). Incuba
tion with control splenic lymphocytes resulted in no signi
ficant cytolysis (less than 15% specific chromium re
lease). 

Discussion 

Effective anti-graft cell cytotoxic activity was detected in 
immune cells derived by lavage of the local environment 
of a rejecting lung graft, but this activity was not observed 
in peripheral immune cells. This result indicates the great 
potential of bronchoalveolar lavage, which allows direct 



sampling of the active immune cells from within rejecting 
tissue. However, it was not possible to use these cytotox
icity assays to differentiate between infection and rejec
tion, as LDMC from the infected, non-transplanted lung 
were also cytotoxic for donor pulmonary cells. It is 
possible that donor-specific lymphocytes activated during 
the process of rejection elsewhere in the body were re
cruited non-specifically to the inflamed site of the infec
tion and were recovered by the lavage technique. 

Activated porcine immune cells were capable of im
pairing the barrier function of cultured pulmonary cells 
(Fig. 3 a); this process reflects dysfunction of the tight 
junctions between the cells. Unstimulated mononuclear 
immune cells had no effect on the barrier function of pul
monary cells. These results indicate that in vitro assays of 
epithelial tissue function may be more relevant to the ana
lysis of the pulmonary rejection process, since the meas
urement of cytotoxic activity by the standard chromium 
release assays simply reflects the lysis of individual cells. 
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