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ABSTRACT: Lymphocytes play an important role in many lung diseases and are
routinely accessible by bronchoalveolar lavage (BAL). Lymphocytes from the BAL
(BAL pool) have a different subset composition to those from peripheral blood,
consisting mainly of activated T-cells. The aim of this study was to examine whether
preferential migration of activated T-cells to the bronchoalveolar space or factors of the
specific microenvironment mediate this phenomenon.

The expression of adhesion molecules and cellular activation markers (intercellular
adhesion molecule-1, leukocyte function-associated antigen-1, CD2, CD44, inter-
leukin-2 receptor and L-selectin) was studied on T- and B-cells not only in the BAL
and peripheral blood (blood pool), but also in the compartments in between, such as
the lung vascular perfusate (marginal pool) and the lung interstitium (interstitial
pool), with the experiments being performed simultaneously in the same animals.

Low levels of adhesion molecule expression were observed on T-cells in the blood
and marginal pool, medium levels in the lung interstitium and the highest levels in the
BAL. "Memory" (CD45Rlow) and "naive" (CD45Rhigh) T-cells in the lung compart-
ments showed a higher expression of adhesion molecules compared with blood. How-
ever, the predominating CD45Rlow T-cells showed a significantly higher expression
than the CD45Rhigh cells, indicating that CD4+ CD45Rhigh T-cells had changed their
phenotype to CD45Rlow.

In conclusion, a high level of expression of leukocyte function associated antigen-1
and intracellular adhesion molecule-1 on the bronchoalveolar lavage and interstitial
T-cells is more likely to be the result of local, lung-specific induction than a
prerequisite for migration into the bronchoalveolar space.
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Lymphocytes play a significant role in lung disorders,
e.g. sarcoidosis, asthma, and rejection after transplantation
(for review see [1, 2]). However, even basic kinetic aspects
of the bronchoalveolar lavage (BAL) pool of lymphocytes,
such as their origin, lifespan, proliferation, apoptosis and
recirculation, are largely undefined [3]. Lymphocytes in
the bronchoalveolar space are routinely accessible by
BAL, which is the most important tool for immunological
examination in lung disease. In contrast to the peripheral
blood, mainly activated (CD4+, CD45Rlow and L-select-
inlow) T-cells were found in the BAL of humans [4] and
mice [5]. In humans only blood and BAL have been
studied [6]. Since the lungs have no afferent lymphatics the
blood is the starting point for lymphocyte immigration.
Lymphocytes marginate to the lung vascular endothelium
(marginal pool) and enter the interstitial lung tissue (int-
erstitial pool), where the lymphocyte composition was
different from blood and BAL when examined in healthy
rats [7]. The number and composition of lymphocytes
might be regulated by adhesion molecules [8], even though
a homing receptor for the lung has not been found. A few
data are available on leukocyte±endothelial interactions on
pulmonary endothelial cells in an in vitro assay [9]. Cli-

nical implications of adhesion molecules in pneumology
have been shown for eosinophils in a primate model of
allergic asthma [10].

The aim of this study was to characterize the expression
of adhesion molecules and cellular activation markers on
lymphocytes, determined simultaneously in the same ani-
mals, not only in the BAL and the circulating blood, but
also in the marginal vascular pool and the lung interstit-
ium.

Materials and methods

Animals

Eight male Lewis rats (Central Animal Laboratory,
Medical School of Hannover, Hannover, Germany), 12±14
weeks old, with a mean weight of 370 g, were used. All
animals were kept under specified pathogen-free condi-
tions. The experiments were approved by the local au-
thorities according to German animal welfare law.
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Isolation of lymphocytes from the blood and three lung
compartments

The procedure for cell preparation used for the blood,
marginal vascular lymphocyte pool, lung tissue and BAL
has been described recently [7]. In brief, the animals were
anaesthetized and blood from the abdominal aorta was
collected in heparinized tubes. Red blood cells were remov-
ed by incubating each 0.5 mL aliquot in 10 mL ammonium
chloride solution (0.83% NH4Cl; Merck, Darmstadt, Ger-
many) for 10 min. After centrifugation the pellet was resu-
spended in phosphate-buffered saline (PBS; 1% bovine
serum albumin (BSA) and 0.1% NaN3). This cell prepa-
ration was denoted the blood pool. The lungs were lavaged
by the instillation of 5 mL cold (48C) 0.9% sodium chlor-
ide solution into the trachea followed by gentle aspiration,
which was repeated 15 times. All fractions were pooled
and >90% of the instilled volume was recovered. After
centrifugation, cells were resuspended in PBS (containing
1% BSA and 0.1% NaN3) (BAL pool). Control treatment
with ammonium chloride solution was performed in sep-
arate experiments and did not alter the expression of the
examined surface molecules. Lung perfusion was perfor-
med after dissecting the lungs from the chest. The pul-
monary trunk was cannulated, the left ventricle was opened
and the lung vascular bed was perfused 12 times with
fractions of 10 mL cold (48C) perfusate consisting of
RPMI medium (Biochrom KG, Berlin, Germany) with 35
g.L-1 dextran (70 kDa). The first and second fractions were
withdrawn and the following fractions were pooled (mar-
ginal pool) and handled as described for blood. After
removing the trachea and major bronchi including hilar
lymph nodes, cells of the lung tissue were extracted using
mechanical disruption to avoid alteration of the adhesion
molecules by enzymatic digestion [8]. To this end, the lung
tissue was completely disaggregated by passing through a
metal sieve. Then, cells were separated from debris by
filtration through a 75-mm nylon mesh and processed in
the same way as blood (interstitial pool).

Immunofluorescence of adhesion molecules on lympho-
cyte subsets

Adhesion molecules were measured on ab T-cells,
CD4+, CD8+ T-cells (double staining with R73 and OX8),
CD4+ CD45Rlow (recently activated) and CD4+ CD45Rhigh

(resting) T-cells (double staining with W3/25 and OX22) as
summarized previously [7]. In this technique the subset-
defining antibodies are detected in fluorescence 1 (fluores-
cein isothiocyanate; FITC) or fluorescence 3 (Red 670).
The subpopulation of interest was gated then in fluores-
cence 1 and 3 and the adhesion molecule was measured in
fluorescnce 2 (phycoerythrin). The monoclonal antibody
(mAb) OX8 was labelled with FITC and measured in
fluorescence 1. R73 was biotinylated and traced with Red
670 for fluorescence 3. The double staining with R73 and
OX8 also traced the CD4+ T-cells (R73+ OX8-). Intra-
cellular adhesion molecule-1 (ICAM-1; 1A29, mouse im-
munoglobulin (Ig)G1 [11]), L-selectin (HRL3, hamster
IgG1 [12]), interleukin-2 receptor (IL-2R; OX39, mouse
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Fig. 1. ± Representative fluorescence-activated cell sorter (FACS) profiles of intercellular adhesion molecule-1 (ICAM-1) and L-selectin on CD4+ T-
cells demonstrating increasing activation from a) blood to b) the marginal pool (perfusate), c) lung interstitium and d) the bronchoalveolar lavage.

Table 1. ± Subset composition of lymphocytes derived
from different lung compartments and the peripheral blood,
determined by flow cytometry

T-
cells

CD4+ CD8+ CD45-

Rlow

CD45-
Rhigh

B-
cells

Blood
pool 71�2 54�1 16�1 25�1 75�1 21�1

Marginal
pool 57�4* 44�4* 12�1* 36�3* 64�3* 20�2

Interstitial
pool 51�4 42�4 10�1 70�6* 30�6* 17�2

BAL
pool 75�2* 62�3* 8�2 99�1* 1�1* 8�2*

Percentages are given of T- and B-cells among all lymphocytes
gated, CD4+ and CD8+ cells among the T-cells and CD45Rlow

and CD45Rhigh cells among the CD4+ cells. BAL: bronch-
oalveolar lavage. Data are mean�SEM. *: p<0.05 in comparison
with the preceding compartment.
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IgG1 [13]), leukocyte function-associated antigen-1 (LFA-
1; WT1, mouse IgG2a [14]), CD2 (OX34, mouse IgG2a

[15]) and CD44 (OX49, mouse IgG2a [16]) were traced
with a phycoerythrin (PE)-conjugated second-step anti-
body and measured in fluorescence 2 (for details see [17]).
Isotype-matched, irrelevant antibodies served as controls.
In separate experiments it was shown that the data from
double and three-colour staining experiments were similar
to those obtained by single staining. Within the lympho-
cyte cluster 53104 cells were analysed. In the BAL only
one or two activation markers could be determined,
depending on the small number of lymphocytes. There-
fore, in BAL the number of animals studied was three or a
single value was given, as indicated in the figure legends,
in contrast to the blood, perfusate and lung interstitium
(n=8). The viability of the lymphocytes determined by
propidium iodide staining was always >90%. Results were
given as the percentage of each T-cell subset positive for
the adhesion molecules and the mean fluorescence inten-
sity for comparing the grade of expression.

Analysis of data

SPSS-Windows 6.0.1 (SPSS, Chicago, IL, USA) was
used for calculations. Results are presented as mean�SEM.
Differences between group means were analysed using the
Wilcoxon test. Differences with p<0.05 were taken as sig-
nificant.

Results

Lymphocyte subsets

The composition of lymphocyte subsets in the various
lung compartments and the blood differed, as shown in
table 1. The number of B-cells was lower in the BAL than
in the other compartments. The opposite was true for T-
cells, most of which showed a CD4+ "recently activated"
phenotype in the BAL.

Activation markers

The percentage of T-cells positive for ICAM-1 and IL-
2R was low in the blood and perfusate, clearly higher in the
lung interstitium and reached nearly 100% in the BAL
(figs. 1 and 2). No difference was observed between T-cells
and the CD4+ and CD8+ subsets. The opposite was true
for L-selectin; however, this also demonstrates increasing
activation of T-cells from the blood to BAL because L-
selectin is typically lost during activation [18]. The "mem-
ory" (CD45Rlow) T-cells were significantly more activated
than the "naive" CD45Rhigh T-cells. In contrast, the B-cells
showed a homogeneous pattern.

Adhesion molecules

The vast majority of T-lymphocytes were positive for
LFA-1, CD2 and CD44, with no differences between the
compartments (data not shown). However, the mean
fluorescence intensity showed a differential amount of
molecules expressed on the cell surface (fig. 3). The mean
fluorescence intensity of LFA-1 and CD2 of the cells from
the lung tissue and BAL was higher than that in the blood

and marginal pool, whereas the mean fluorescence intens-
ity of CD44 was lower in the blood than in any of the lung
compartments. The cells in the marginal pool showed a
higher mean fluorescence intensity of CD44 than those in
the blood or lung interstitium. Data on very late antigen-4
(VLA-4) were similar to the LFA-1 data, showing in-
creasing mean fluorescence intensity from the blood pool
to the BAL pool (data not shown). CD45Rlow T-cells show-
ed a higher mean fluorescence intensity for LFA-1, CD2
and CD44 than for the CD45Rhigh T cells.

Discussion

In this study, the probable route used by lymphocytes to
move from the blood to the bronchoalveolar space was
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Fig. 2. ± Percentages of lymphocyte subsets derived from the blood and
three lung compartments expressing different activation molecules. The
mean�SEM of flow-cytometric data from eight animals are presented for
the blood (u), perfusate (k) and lung interstitium (?), whereas data
from three animals or single values are shown for the bronchoalveolar
lavage (r) because of the low number of lymphocytes in healthy rats. *:
p<0.05 in comparison with the preceding compartment. Comparison of
CD45Rlow and CD45Rhigh CD4+ T-cells revealed significant differences
in the blood, perfusate and lung interstitium for interleukin-2-receptor
(IL-2R), L-selectin and intercellular adhesion molecule-1 (ICAM-1) (not
indicated).
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examined in normal rats, and a differential expression of
adhesion and activation molecules on lymphocytes in
different lung compartments was found.

The composition of lymphocytes in the blood and three
lung compartments was distinct and comparable to pub-
lished data [7]. Increasing activation of T-cells and T-cell
subsets was observed from the blood to the bronchoal-
veolar space (IL-2Rhigh, L-selectinlow, ICAM-1high, LFA-
1high, CD2high). In this regard, only minor differences were
found between CD4+ and CD8+ T-cells. Therefore, the
dominance of CD4+ T-cells in the lung interstitium and the
BAL does not depend on activation as a prerequisite for
entry. Different levels of activation were found between the
CD45Rlow and CD45Rhigh CD4+ T-cells but this was not
restricted to a certain lung compartment, indicating cons-
tant differences between these cell types. The predomi-

nance of recently activated CD45Rlow T-cells in the lung
interstitium and the BAL might be related to a phenotype
change as a process of activation or stimulation [19]. B-
cells, representing <20% of lymphocytes in the lung,
showed no differences in the expression of the surface
molecules examined in these compartments [7]. The high
expression of CD44 on lymphocytes in the marginal lung
vascular pool was in accordance with the suggested role of
this molecule, i.e. rolling, which is the first step in the
leukocyte±endothelial interaction [20].

Thus, there is increasing adhesion molecule expression
and activation of T-lymphocytes in lung compartments.
This immunological status is appropriate for such a vul-
nerable organ. The expression of adhesion molecules
depends on the compartment from which the cells were
extracted, leading to evidence that local activation and ex-
pression of adhesion molecules is induced by the micro-
environment. Possible candidates for such activators are
dendritic cells and macrophages or components of the
extracellular matrix [21, 22].

The key mechanisms of lymphocyte migration into the
lung tissue and bronchoalveolar space are still not known.
In addition, differences between the normal situation and
lung disease are likely. However, as shown in blocking
studies in experimental immune responses, the interaction
between VLA-4 and vascular cell adhesion molecule-1
plays a predominant role in the recruitment of lymphocytes
to the bronchoalveolar space [23]. In a model of the
isolated buffer-perfused lung the release of injected leu-
kocytes was enhanced after blocking LFA-1 on the injec-
ted cells [24]. Intravital microscopy is used for studying
adhesion and transmigration mechanisms in the perito-
neum or lymph nodes but is difficult to perform in lung
tissue. Recent data obtained using this method showed a
suppression of leukocyte rolling in arterioles by L-selectin
inhibition, whereas this was not true for venules or cap-
illaries [25]. The characteristics of the pulmonary micro-
vasculature seem to be quite different to those of other
organs.

The analysis of different leukocyte compartments of the
healthy lung is a useful basis for studying the effects of
functionally relevant markers in inflammation. Moreover,
the follow-up of labelled cells into lung compartments may
clarify the mechanisms of the subset-specific distribution
of lymphocytes in different lung compartments [26].
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Fig. 3. ± The mean fluorescence intensity (mfi) of leukocyte function-
associated antigen-1 (LFA-1), CD2 and CD44 on lymphocyte subsets.
The percentage of T-cells positive for these surface molecules was 80±
100% without significant differences between cell preparations (not
shown). The meanSEM of flow-cytometric data from eight animals are
presented for the blood (u), perfusate (k), and lung interstitium (?),
whereas data from three animals or single values are shown for the
bronchoalveolar lavage (r). *: p<0.05 in comparison with the
preceding compartment. Comparison of CD45Rlow and CD45Rhigh

CD4+ T-cells revealed significant differences in the blood, perfusate and
lung inter-stitium for LFA-1 and CD44 (not indicated).
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