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Abstract

Early diagnosis of rejection and timely immunosuppression are absolutely important in clin-
ical lung transplantation. We studied surface markers of peripheral blood lymphocytes (PBL),
graft infiltrating lymphocytes (GIF) and bronchoalveolar lavage fluid (BALF) in a rat using flow
cytometric monitoring to diagnose rejection. Left lung transplantation was performed on Brown
Norway (BN) rats and Lewis (LEW) rats in the following groups; Group 1: LEW-LEW (isograft),
Group 2: BN-LEW (allograft; no immunosuppression), Group 3: BN-LEW (allograft; treated
with Cyclosporine A at a dose of 15 mg/kg/day i.m.). In each group, rats were killed 3, 5, 7
days postoperatively (n = 6 on each day). Monoclonal antibodies investigated in this study were
W3/25 (anti-helper T lymphocyte), OX8 (anti-suppressor/cytotoxic T lymphocyte), and OX39
(anti-interleukin 2 receptor). Histological classification of rejection in Group 2 showed vascular
phase at 3 days, alveolar phase at 5 days, and destructive phase at 7 days, respectively. No ev-
idence of rejection was found in Group 1 or 3. In Group 2, W3/25 positive cell proportion in
GIL and BALF significantly decreased as the rejection progressed, but OX8 positive and OX39
positive cell proportion increases were significantly greater than in Groups 1 and 3 as the rejection
progressed. These results lead us to speculate that the studies of T cell subsets in GIL and BALF
lymphocytes are useful for diagnosis of rejection in lung transplantation.
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Early diagnosis of rejection and timely immunosuppression are absolutely important in clinical
lung transplantation. We studied surface markers of peripheral blood lymphocytes (PBL), graft
infiltrating lymphocytes (GIF) and bronchoalveolar lavage fluid (BALF) in a rat using flow cyto-
metric monitoring to diagnose rejection. Left lung transplantation was performed on Brown
Norway (BN) rats and Lewis (LEW) rats in the following groups; Group 1: LEW-LEW (isograft),
Group 2: BN-LEW (allograft; no immunosuppression), Group 3: BN-LEW (allograft; treated
with Cyclosporine A at a dose of 15mg/kg/day i.m.). In each group, rats were killed 3, 5, 7 days
postoperatively (n =6 on each day). Monoclonal antibodies investigated in this study were W3/25
(anti-helper T lymphocyte), OXS8 (anti-suppressor / cytotoxic T lymphocyte), and 0X39 (anti-
interleukin 2 receptor). Histological classification of rejection in Group 2 showed vascular phase at
3 days, alveolar phase at 5 days, and destructive phase at 7 days, respectively. No evidence of
rejection was found in Group 1 or 3. In Group 2, W3/25 positive cell proportion in GIL and BALF
significantly decreased as the rejection progressed, but OX8 positive and 0X39 positive cell propor-
tion increases were significantly greater than in Groups 1 and 3 as the rejection progressed. These
results lead us to speculate that the studies of T cell subsets in GIL and BALF lymphocytes are useful
for diagnosis of rejection in lung transplantation.
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onset of rejection and assessing the damage to grafted
lungs is therefore essential.

To monitor the early stage of lung rejection, we
studied the intragraft event by flow cytometric analysis of
surface markers.

Lung transplantation has become a useful therapeutic
option for patients with end-stage lung disease (1). Im-
proved operative techniques and the mtroduction of
cyclosporine for immunosuppressive therapy in lung
transplant recipients have led to a worldwide increase in
the survival of these recipients (2, 3).

Investigation of the development of the rejection
response is necessary to solve some of the basic problems
in early diagnosis and management of allograft rejection.
In lung transplantation, rejection is sometimes confirmed

Materials and Methods

Rats.  For this study, specific pathogen-free male inbred

by histological examination using specimens obtained from
an open biopsy (4, 5), however, this is not a completely
safe procedure in the clinical setting. The development of
an accurate and safe diagnostic method for identifying the

* To whom correspondence should be addressed.

rats of Brown Norway (BN) (RT1") and Lewis (LEW) (RT1Y),
weighing 250-300g, were selected. They were purchased from
Charles-River Co., Atsugi, Japan). All animals received humane
care in compliance with the “Principles of Laboratory Animal
Care” published by the National Society for Medical Research and
the “Guide for the Care and Use of Laboratory Animals” (National
Institutes of Health Publication No.85-23, revised 1985).
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Transplantation.  To perform orthotopic left lung transplan-
tation in the rat, we have modified surgical techniques described by
other investigators (6, 7). The rats were anesthetized by inhalation
of ether. Then the rats were premedicated with an intramuscular
injection of atropine (0.25mg/kg) and anesthetized with an intraper-
itoneal administration of pentobarbital (20 mg/kg) and ketamine (25
mg/kg). After orotracheal intubation with a 64cm 16-gauge
angiocatheter, the lungs were ventilated with room air at a tidal
volume 2.5 to 3.0ml and respiratory rate 70 to 100 breaths/min.
Positive end-expiratory pressure was adjusted to 2-5cm H,O.
Operating glasses (3.5X) were used for the procedure. The
operation was performed with a clean technique by a single
surgeon. The donor was placed in the supine position and a median
sternotomy was performed. The inferior pulmonary ligament was
carefully divided. Heparin (1,000 units/kg) was injected intrave-
nously. The donor’s heart and lungs were then removed en bloc.
The heart-lung block was wrapped in a bed of gauze soaked with
0°C preservation, placed in a plastic container surrounded by ice,
and stored in a refrigerator. The organs were thus maintained at 0
°C for the duration of the ischemic storage period. Before implanta-
tion, the left pulmonary artery, pulmonary vein, and main bron-
chus were dissected to permit procurement of a graft when needed.
A cuff was attached to the pulmonary artery first. The cuffs were
made from segments of 16-gauge polyethylene tubing and consisted
of a body 2mm in length and a 1mm extension. The donor
pulmonary artery was passed through the cuff with the extension
directed to the backside of the vessel. The proximal end of the vein
was everted over the cuff and then firmly fixed with a circumferen-
tial ligature of 6-0 silk. The pulmonary vein was cuffed in the same
way. The recipient was then anesthetized, incubated, and ventilat-
ed with the same procedure and ventilation as the donor. The
recipient was placed in the left-side-up position and a left thor-
acotomy was performed at the fourth intercostal space. The hilum
was dissected and the bronchus was ligated with 4-0 silk and
transected as distally as possible. The pulmonary artery and
pulmonary vein were successively cross-cramped with microvessel
clips, incised peripherally at the anterior wall, and rinsed with
heparinized saline to prevent thrombosis, while the hilum was
secured with a clip to block the backflow from the left lung. The
cuff of the graft pulmonary artery was inserted into the incised
pulmonary artery of the recipient and complete the anastomosis.
The pulmonary vein was connected to the graft in the same way,
after which the cross-clamp was removed and reperfusion was
established.

The cuff for the bronchial anastomosis consisted of a cuff body,
1.0mm in length, and a 3.0mm cuff extension. The inside diameter
was 1.7mm. The open end of the left main bronchus of the
recipient was passed through the cuff, everted and ligated with an
8-0 polypropylene circumferential suture, inserted into the graft
bronchus, and completed with a 6-0 silk circumferential ligature.
The extension was cut off to avoid compression of the residual
bronchus. The thorax was closed after grafting. A drain was left
in the pleural cavity, the ribs were joined by four interrupted
sutures of 3-0 silk, and the muscles and skin were sutured by 3-0
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sikk. The rat was disconnected from the respirator and started
breathing room air spontaneously.

Experimental protocol.  Rats with transplants were divided
into three groups; Group 1: lung isograft (LEW-LEW); Group
2: lung allograft without immunosuppression (BN-LEW); and
Group 3: lung allograft with cyclosporine (CyA) at a dose of 15
mg/kg/day injected intramuscularly. In each group, rats were
killed 3, 5, 7 days postoperatively (n =6 on each day).

Histological examination.  The basal half of the graft lung
was fixed by 10 % neutral buffered formaline and stained with
hematoxyline and eosin for microscopic examination. Histological
examination was done without knowledge of the individual protocol,
and changes were assigned to a rejection phase based on the
classification of Prop et al. (8, 9). The latent phase shows no
evidence of rejection. The vascular phase has perivenous lympho-
cytic infiltration (early) or periarterial and peribronchial cuffs of
lymphocytes and immunoblasts (late) with a marked increase in
bronchus associated lymphoid tissue (BALT). The alveolar phase
has prominent perivascular and peribronchial cuffs if there was
focal extension into the interstitium by mononuclear cells, intra-
alveolar and pleural mononuclear cells (early, cellular), and intra-
alveolar neutrophils and edema (late, edematous). The destructive
phase shows necrosis of pulmonary parenchyma, often with
hemorrage.

Flow cytometric analysis.  Lymphocytic surface marker anal-
ysis by flow cytometry with the use of an electronically program-
mable indivisual cell sorter (EPICS, model 753; Coulter Electronic
Co., Hialeah, Fla, USA) was performed using peripheral blood
lymphocytes (PBL), graft infitrating lymphocytes (GIL) and
bronchoalveolar lavage fluid lymphocytes (BALF).

PBL and BALF preparation.  Under slight anesthesia with
inhalation of ether, 2ml of peripheral blood was collected from the
infertor vena cava. BALF was obtained by washing the graft with
1ml of saline which was injected into the graft’s bronchus and
aspirated. This procedure was repeated until the amount of col-
lected BALF reached 5ml. PBL was prepared from heparinized
blood using Lympholyte-R (Cedarlane Lavoratories Limited,
Hornby, Ontario, Canada). Blood was overlaid on Lympholite-R
and centrifuged at 2,200 rpm for 30 min at room temperature. The
layer of lymphocytes was carefully aspirated. Lymphocytes were
suspended in Roswell Park Memorial Institute (RPMI) 1640
culture medium containing 1% fetal serum and 0.1 % NaN..
BALF was also separated in the same way.

GIL preparation. A small segment of graft lung was minced
in a tissue homogenizer, and cells were released according to the
technique described by Totterman et al (10). The tissue
homogenate was incubated with 3ml of digestion medium (20
mmol/l HEPES buffer solution from Sigma, 136 mmol/1 NaCl,
4.7mmol/1 KCl, 0.65mmol/l MgSO,, 1.2mmol/1 CaCl,, PH7.45)
containing collagenase 2mg/ml, DNAse 0.05mg/m! and 1.5 %
bovine serum albumin. After agitation and incubation at 37°C for
1h, cells were filtered through nylon mesh (100 m) to remove
aggregates and overlaid on Lympholite-R. Thereafter centrifuga-
tion at 2,200rpm for 30min made a clear lymphocytic layer, and
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these cells were carefully aspirated and suspended in the same type
of medium as PBL and BALF (11, 12).

Antibody incubation.  The lymphocyte suspensions of PBL,
GIL or BALF were incubated with the optimal concentration of
monoclonal antibodies (Sera-Lab Limited, Sussex, UK) at 4°C for
30min in a dark incubation chamber. The following lymphocyte
surface markers were studied: W3/25 anti-helper T lymphocyte
antibody labelled with fluorescein (FITC), OX8 anti-suppressor/
cytotoxic T lymphocyte antibody labelled with phycoerythrin (PE),

Table 1 Panel of monoclonal antibodies (Ab) used in this study
Monoclnal Ab CD design Cell specificity

W3/25 CD4 T helper/inducer

0X8 CD8 T suppressor/ cytotoxic

0X39 CD25 anti-interleukin 2 receptor (IL.2-R)

401

0X39 anti-interleukin-2 receptor labelled with FITC (Table 1).
The combination of the antibodies, W3/25 with OX8 was doubly
stained and submitted to two-color flow cytometric analyses. And
0X39 was stained singly. The cells were gated optimally by
forward scatter (cell size) and lateral scatter (granularity) for
lymphocytes. Appropriate filters, 560nm short-pass filter for
FITC and 590 nm long-pass filter for PE, used in the analysis. All
statistical analyses were performed by ANOVA test (13). Statisti-
cal significance was accepted at 95 % confidence limit, p < 0.05.
All values were presented as mean * standard deviation.

Results

Histological findings.  Histological examination of
allograft tissues recovered from Group 2 rats at day 3

Fig. 1

Fig. 2

Photomicrograph of a rat lung from Group 2 sacrificed three days after transplantation. Some of the vessels are surrounded by cuffs of mononuclear
cells. The alveolar walls are not infiltrated in this phase (H & E, X 32). Vascular phase of rejection.

Photomicrograph of a rat lung from Group 2 five days after transplantation. Infiltrating cells have formed thick, coalescent cuffs around vessels and

bronchi. The alveolar walls are thickened and the alveolar spaces contain increased numbers of intraalveolar cells (H & E, X 32). Alveolar phase of rejection.

Fig. 3

Photomicrograph of a rat lung from Group 2 seven days after transplantation. The alveolar spaces eventually filled with fibrinous edema and

erythrocytes. The cellular infiltrates have been thinned by necrosis (H & E, X 32). Destructive phase of rejection.

Fig. 4
(H & E, X 32). No evidence of rejection.
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Photomicrograph of a rat lung from Group 3 five days after transplantation. A scant perivascular and peribronchiolar infiltrate of mononuclear cells
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after transplantation showed the presence of prominent
perivascular and peribronchiolar cuffs induced by mononu-
clear cell infiltration, The alveolar walls had not infiltrated
in the vascular phase of rejection (Fig. 1). At day 5,
allografts showed dense cuffing around vessels by
lymphoid cell infiltration which extended into the alveolar
septa and into adjacent air spaces (alveolar phase) (Fig. 2).
At day 7, extensive destruction of the lung parenchyma
was observed, and the intensity of the perivascular and
peribronchial infiltration had decreased. The bronchial,
bronchiolar, alveolar spaces and their epitherial cells had
degenerated into necrosis by infiltration of mononuclear
cells, which is characteristic of the destructive phase of
rejection (Fig. 3).

Group 3 allograft administered with CyA showed no
evidence of rejection (Fig. 4).

Flow cytometric analysis.  Flow cytometric analysis
of GIL and BALF specimens using lymphocytic markers
revealed interesting differences among the three experi-
mental groups.

The W3/25-positive cells in GIL, a helper T lympho-
cyte subpopulation, was significantly lower in Group 2
than in Groups 1 and 3 seven days after transplantation
(Fig. 5a).

The OX8-positive cell proportion in GIL that is a
suppressor and cytotoxic T-lymphocyte subpopulations,
showed no statistically significant difference among the
three groups on the 3rd day after transplantation, but it
was significantly higher in Group 2 than in Groups 1 and
3 on the 5th and 7th days after transplantation (Fig. 5b).

The OX39-positive cell proportion in GIL, the
interleukin-2 receptor of activated lymphocytes, showed
no statistically significant difference among the three
groups on the 3rd day after transplantation, but it was
significantly greater in Group 2 than in Groups 1 and 3 on
the 5th and 7th days after transplantation (Fig. 5c).

The W3/25-positive cell proportion in BALF showed
no statistically significant difference among the three
groups on the 3rd day after transplantation, but it was
signifficantly lower in Group 2 than in Groups 1 and 3 on
the 5th and 7th days after transplantation (Fig. 6a).

The OX8-possitive cell proportion in BALF showed
no statistically difference among the three groups on the
3rd day after transplantation, but it was significantly
greater in Group 2 than in Groups 1 and 3 on the 5th and
7th days after transplantation (Fig. 6b).

The OX39-positive cell proportion in BALF showed
no statistically difference among the three groups on the
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3rd day after transplantation, but it was significantly
greater in Group 2 than in Groups 1 and 3 on the 5th and
7th days after transplantation (Fig. 6c).

In the flow cytometric analysis of the peripheral blood
lymphocytes, none of these markers was significantly

different among the three groups during the observation
period (Fig. 7).

Discussion

After the first successful human heart-lung transplan-
tation was performed by Reitz et al. (14), lung transplan-
tation has been accepted as a treatment option for end-
stage lung disease (15-17). While advances in surgical
technique (16, 18), lung preservation (19, 20), patient
selection (21, 22), and immunosuppressive therapy have
improved survival rates (23), it is also true that there
remains many problems to be solved. Among these
problems, early and accurate diagnosis of rejection is
important for proper immunosuppression.

Acute rejection after lung transplantation is diagnosed
at present by evaluation of clinical symptoms, such as
fever and dyspnea, findings from chest roentgenograms,
pulmonary function tests, bronchoalveolar lavage (BAL),
and lung biopsy (24). However, there is no definite
diagnostic procedure for detecting early acute rejection.
The purpose of this study was to analyze T-cell surface
markers with a variety of anti-rat monoclonal antibodies
(MoAb) via flow cytometry and to evaluate whether such
analysis is useful in the early diagnosis of acute rejection.

In this study, we observed that the proportion of OX8
positive cells (suppressor/cytotoxic T cells) increased in
the graft and bronchoalveolar lavage fluid as rejection
progressed. On the 5th postoperative day, when rejec-
tion peaked, suppressor/cytotoxic T cells were predomi-
nant among the T cells, and infiltrating cells had increased
markedly, suggesting that suppressor/ cytotoxic T cells
were mobilized in the pulmonary alveoli, where target
parenchymal cells are abundantly present.

Hancock et al. (25) studied the composition of in-
filtrating cells that occur at different levels of severity of
acute rejection after kidney transplantation and reported
that in mild rejection, T cell accounted for 32 % of the
infiltrating cells and 90 % of the T cells represented
OKT8-positive cytotoxic T cells. Macrophages com-
posed 52 % of the infiltrating cells. In moderate rejection,
T cells accounted for 42 % of the infiltrating cells and 67
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% of the T cells represented OKT8-positive cytotoxic T
cells. Macrophage composed 38 % of the infiltrating cells.
In severe rejection, T cells accounted for 15 % of the
infiltrating cells and 78 % of the T cells represented
OKT8-positive cytotoxic T cells. Sixty and 22 % of the
infiltrating cells were composed of macrophages and
polymorphic cells, respectirely. Yamamoto e al. (26),
who used immunostaining analysis of a lung allograft in
rat models, reported that the proportion of OX8-positive
cells rose and that of W3/25-positive cells declined at the
4th postoperative day. These results are consistent with
those we obtained from flow cytometry.

In an attempt to determine the usefulness of BALF in
the monitoring of rejection after lung transplantation in
rats, Saito et al. (27) examined BALF lymphocytes.
The ratio of CD4 (+) to CD8 (+) cells was found to
decrease and the total number of lymphocytes in BALF
was increased during the rejection period. In moderate
rejection, CD4: CD8 ratio showed less than 1.0, and it
decreased as the rejection progressed. Because the CD4:
CDS ratio is well known to be an imprecise measure of
determining the cause of the rejection. In general, a
decrease in the CD4: CDS8 ratio associated with a rise in
the absolute numbers of CD8 cells is highly suggestive of
an acute rejection. The findings in this study suggest that
the increasing OX8 positive lymphocytes may be a useful
aid in the surveillance for rejection.

Lymphocytes activated through acute rejection ex-
press the receptors for transferrin and interleukin 2. In
this study, we detected an increase in OX39-positive cells
(IL-2R) in the graft and BALF. Thedrez et al. (28) used
immunoscintigraphy to demonstrate that '*'I-labeled
0X39 positive lymphocytes were trapped by the heart
graft during acute rejection (29, 30).

In lung transplantation, more rapid changes occurred
in the T cell subset than in heart and kidney transplanta-
tion. Bronchus-associated lymphoid tissue (BALT) is
believed to play an important role in this change. The
heart lacks local lymphoid tissue while the lung has
BALT. We reason that the BALT of lung grafts
influence the rejection process possibly as a stimulant that
induces suppressor T cells. BALT lymphocytes have an
essential role in the stimulation of the rejection response.
Grafted lymphocytes disseminate into the recipient’s
lymphoid organs. Prop et al. (31) showed that pretreat-
ment of lung donor rat with irradiation can prevent this
accelerated rejection of the lung. This donor pretreatment
with radiation results in diminution of the donor BALT.
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In the lung graft, BALT is the mitial site of infiltration by
recipient lymphocytes, thereafter, BALT lymphocytes
disseminate from the graft and induce a similar systemic
response in the recipient’s lymphoid tissue. Those rats
were reported to have well tolerated and functioning grafts
when they entered the graft-induced immunocompromised
condition. Therefore, we believe that the lymphocytes
found in the graft and BALF in our study were principally
recipient cells, which were derived from BALT, as in the
forefront of the rejection reaction.

In heart and lung transplantation, transbronchial biop-
sy (5, 32) and BALF (33, 34) have attracted attention as
alternatives to endomyocardial biopsy in heart transplanta-
tion. Results of our study suggested that immunological
monitoring of the lymphocytes obtained with these proce-
dures is useful for diagnosing acute rejection. However,
monitoring T cell subsets in infections, such as cyto-
megalovirus and bacterial pneumonia (35, 36), has not
been fully studied and will require further research.

In conclusion, flow cytometric analysis of surface
markers on the graft infiltration and BALF reflects the
rejection process more accurately than the same analysis
on peripheral blood lymphocytes. Our method of prepara-
tion of graft infiltrating lymphocytes is highly efficient and
specific, thus the results were reproducible and excellent
for immunologic analysis of the intragraft event. We
believe our methods can be useful for the diagnosis of
rejection in the clinical practice.
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