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Intercellular adhesion molecule-1 (ICAM-1) is an adhesion molecule expressed homodimers of ICAM-1 to act as a ligand for LFA-1
that plays a crucial role in cell–cell interactions involved in the and MAC-1, it plays a crucial role in intercellular interactions
recruitment of cells and immune responses. Under some circum- involved in the development of inflammatory responses (2).
stances, ICAM-1 is found as a soluble protein that has the potential Accordingly, ICAM-1 is actively expressed on the surface of
to influence the nature of immunoinflammatory responses. By ex- leukocytes, and the expression of ICAM-1 is upregulated by
amining cells and fluid from the pleural compartment of patients inflammatory cytokines such as tumor necrosis factor (TNF)-�
with cancer, tuberculosis, and congestive heart failure, the cellular and interferon (IFN)-� (4). However, the upregulation of sur-
source, conformation, control, and biological activity of soluble face ICAM-1 expression by inflammatory (and neoplastic) cellsICAM-1 (sICAM-1) were investigated. The results suggest that di-

can be associated with the release of sICAM-1 in the extracellu-meric sICAM-1 was released locally in the pleural compartment
lar milieu (2, 5).of tuberculous and malignant effusions. sICAM-1 was shed from

Elevated concentrations of sICAM-1 have been detected inpreexpressed surface ICAM-1 rather than produced de novo, and
serum and various extracellular fluids in a variety of inflamma-both CD45-positive leukocytes and cytokeratin-positive epithelial
tory and neoplastic diseases (6, 7) and it has been demonstratedand mesothelial cells expressed ICAM-1, suggesting multiple cellular
to play an important role in the regulation of some immunesources for sICAM-1. The expression of sICAM-1 was regulated be-
response mechanisms. In this regard we have previously showncause pleural macrophages caused release of sICAM-1 via a tumor

necrosis factor-�-dependent mechanism. The functional signifi- that sICAM-1 that is produced by a lung cancer cell line inhibits
cance of sICAM-1 was demonstrated by showing that pleural cell adhesion and cytotoxicity between LAK cells and a lung
sICAM-1 interfered with conjugate formation between LAK cells cancer cell line (8).
and K562 cells, suggesting that pleural sICAM-1 plays an immuno- The pleural space is frequently involved in inflammatory
suppressive role by inhibiting adhesion of cytotoxic lymphocytes and neoplastic diseases that may compromise both pleural vas-
and tumor cells. Thus, sICAM-1 is shed from the surface of cells in cular and mesothelium permeability and lead to the accumula-
a regulated manner and has the potential to influence the immune tion of fluid enriched in cells and proteins into the pleural
response in the pleural space. space, that is, the development of an exudative pleural effusion

(9, 10). As a closed compartment that is involved in a varietyKeywords: intercellular adhesion molecule-1; lung cancer; mononu-
of different human diseases, the pleural space has many advan-clear phagocyte; pleural effusion; tuberculosis
tages that facilitate the study of immune responses. Different

Despite the recognition of a soluble form of intercellular adhe- diseases that result in pleural effusions present an ideal oppor-
sion molecule-1 (sICAM-1), the cellular source, protein confor- tunity to study different models of the inflammatory mecha-
mation, factors controlling its release, and physiologic impor- nisms that are used within the pleural compartment. Although
tance of sICAM-1 in disease states remain unclear. pleural effusions are common, the mechanisms involved in the

ICAM-1 is a member of the immunoglobulin supergene pleural immune response are not well elucidated; in particular,
family that is widely distributed among hematopoietic and non- little is known about the role that is played by adhesion mole-
hematopoietic cells (1). Although both monomeric and dimeric cules in promoting the intercellular interactions that may con-
forms of ICAM-1 are present on the cell membrane, the dimeric tribute or inhibit the development of pleural inflammation.
form is the predominant one (2, 3) and is able to bind leukocyte It is not clear which cells produce sICAM-1 in the pleural
function associated-1 (LFA-1) molecules with greater affinity compartment. Nor has it been clearly established whether
compared with monomers (3). Because of the ability of surface- sICAM-1 is produced de novo and immediately released or

initially expressed on the surface of pleural cells and then shed
from their surface. It is also not known whether this event is
regulated and whether sICAM-1, which is produced in vivo,
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phoresis in 4–12% gradient gels (Novex, San Diego, CA) with or withoutICAM-1 expression and sICAM-1 release by pleural effusion
10 mM dithio-l-threitol (DTT) and were blotted onto nitrocellulosecells.
membranes. These were blocked with phosphate-buffered saline (PBS)
containing 3% BSA–0.1% Tween 20 and then probed with a mouseMETHODS
antibody specific to human ICAM-1 (British Biotechnology) at 4 �C
overnight. After serial washes with PBS containing 0.1% Tween 20,Pleural Fluid and Blood Sample Collection
membranes were incubated with peroxidase-conjugated anti-mouse an-

Pleural fluid was collected by therapeutic thoracentesis from hospital- tibody (Dakopatts, Älvsjö, Sweden). The bands were visualized with an
ized patients with congestive heart failure (CHF) (n � 9 [6 males and enhanced chemiluminescence system (New England Nuclear, Boston,
3 females]; age range, 56 to 84 years), tuberculosis (TB) (n � 8 [6 males MA) followed by autoradiography.
and 2 females]; age range, 26 to 71 years), and cancer (n � 15 [10 males
and 5 females]; age range, 39 to 81 years). All subjects gave informed Depletion of sICAM from Pleural Fluids
written consent and the study was approved by the institutional review

Depletion of sICAM from pleural fluids was performed by immunopre-board for human studies. Standard clinical, laboratory, and radiological
cipitation as previously described (see above). The sICAM-1-depletedinvestigations established the diagnosis for each patient as previously
fluids contained negligible concentrations of sICAM-1 as assessed bydescribed (12). In detail, CHF effusions were defined as transudates
ELISA.associated with an enlarged heart, distended neck veins, and cardiac

gallop that improved with therapy for the congestive heart failure;
Phenotypic Characterization of ICAM-1-positive Cellstuberculous effusions were defined as exudates with positive culture
The expression of ICAM-1 on the surface of pleural cells was deter-for Mycobacterium tuberculosis or with positive smear for acid-fast
mined by direct double-label immunofluorescence using a FACStarbacilli of pleural fluids; malignant effusions were defined as exudates
Plus (Becton Dickinson, Mountain View, CA) analyzer. The followingassociated with a pathologic diagnosis of cancer from cytologic examina-
mAbs were used in this study: phycoerythrin (RPE)-conjugated mousetion of pleural fluids and from pathologic examination of lung tissues.
anti-human ICAM-1 (anti-CD54) (LB2-PE; Becton Dickinson), fluo-The effusions were classified as transudates or exudates by meeting at
rescein isothiocyanate (FITC)-conjugated anti-human leukocyte com-least one of the criteria described by Light and coworkers (13). The
mon antigen specific for human leukocytes (CD45), and FITC-conju-fluids were drawn into polypropylene tubes containing heparin (10–20
gated anti-human cytokeratin (MNF116) specific for mesothelial andIU/ml). Red blood cells were differentiated from nucleated pleural cells
epithelial cells (all from Dakopatts). Before labeling with anti-cytokera-by Turk’s stain. The total cell counts and cell viability (more than 95%)
tin antibodies the cells were permeabilized with 0.1% Triton X-100 inwere performed by trypan blue dye exclusion. Differential cell counts
PBS and washed in PBS (19). Negative and positive controls werewere performed by using the following monoclonal antibodies (mAbs):
performed with an FITC-conjugated mouse IgG1 and with dual-coloranti-CD68, specific for mononuclear phagocytes (Dako, Glostrup, Den-
mouse IgG1–FITC and mouse IgG1–RPE mAbs, respectively (bothmark); anti-cytokeratin (MNF116), specific for epithelial and mesothe-
from Dakopatts). Data are expressed as the percentage of positive cells.lial cells (Dako); anti-human neutrophil elastase (clone NP57; Dako),

specific for neutrophils; anti-human eosinophil cationic protein (Phar-
Isolation of Macrophages from Pleural Effusionsmacia and Upjohn Diagnostics, Uppsala, Sweden), specific for eosino-

phils; anti-CD3, specific for T lymphocytes (Dako); anti-CD20, specific Macrophages were isolated from pleural effusions obtained from pa-
for B lymphocytes (Dako); anti-CD16 (clone DJ130c), specific for natu- tients with CHF, using previously described methodologies developed
ral killer (NK) cells (Dako); and isotype-matched immunoglobulins in our laboratory with minor modifications (Ficoll-Hypaque gradient
(Dako) as negative controls. The identification of cancer cells was followed by discontinuous Percoll gradient, omitting the overnight plas-
performed by the Department of Pathology of our hospital (Ospedale tic adherence step) (11, 20). The isolated cell population was composed
V. Cervello, Palermo, Italy) according to standard diagnostic proce- of more than 90% macrophages, as confirmed by nonspecific esterase
dures, using a panel of mAbs, including anti-human calretinin (Dako), staining and expression of CD68 (macrophage EBM 11; Dako), which
as recommended by the current consensus (14, 15). is specific for mononuclear phagocytes. PleMs were resuspended in

The pleural fluids were centrifuged at 400 � g for 10 min. Cell-free complete medium (CM) (RPMI 1640 plus 1% fetal calf serum, 25 mM
fluids were immediately frozen at –70 �C until they were analyzed for HEPES, 2 mM glutamine, penicillin [100 ng/ml], and streptomycin [100
subsequent experiments. Autologous serum specimens were obtained ng/ml]) (GIBCO, Paisley, UK) at 106 cells/ml and incubated (4 hours,
from blood samples collected from patients on the same day as thora- 37 �C, 5% CO2) in the absence or in the presence of lipopolysaccharide
centesis and from healthy control subjects (n � 11 [5 males and 6 (LPS; 1 �g/ml) from Escherichia coli (serotype 0111:B4; Sigma, St.
females]; age range, 25 to 59 years) after informed written consent had Louis, MO) to stimulate TNF-� production (11). After incubation,
been obtained. tubes were centrifuged (600 � g, 10 minutes) and culture supernatants

were collected and stored at –70 �C until used in subsequent experiments
Detection of sICAM-1 in Pleural Fluid and Serum examining modulation of ICAM-1 expression and sICAM-1 release.
Pleural cell-free fluids and sera were brought to room temperature.

Modulation of ICAM-1 Expression and sICAM-1 ReleasesICAM-1 concentration was measured with a commercially available
ELISA kit (British Biotechnology, Abingdon, UK) in accordance with and Shedding
the manufacturer’s instructions. The sensitivity of the assay was less To examine the release of surface ICAM-1, pleural cells were first
than 0.35 ng/ml. The sICAM-1 concentration (ng/ml) was also expressed incubated with EZ-Link sulfo-NHS-biotin (Pierce, Rockford, IL), as
as a ratio to albumin concentration, which was used as a marker of previously described (21), for biotinylation of cell surface proteins.
vascular permeability (16). Albumin (mg/ml) was measured by a nephe- To evaluate the ability of PleMs to modulate ICAM-1 expression
lometric assay, using specific mAbs (Beckman assay protein system; and sICAM-1 release and shedding, both unbiotinylated and biotinyl-
Beckman, Milan, Italy) (17). ated pleural cells were cultured in CM (24 hours, 37 �C, 5% CO2) in

the presence or absence of PleM culture supernatants. LPS from E.Immunoprecipitation and Western Blotting of sICAM-1
coli (Sigma) (1 �g/ml), recombinant TNF-� (1,000 IU/ml), or sufficient

in Pleural Fluid anti-TNF-� polyclonal antibody to neutralize 1,000 IU of TNF-� as
indicated by the manufacturer (polyclonal rabbit anti-human TNF-�;Pleural cell–free fluids were incubated overnight with anti-CD54 mAb

(anti–ICAM-1) (British Biotechnology). Protein G–Sepharose was then Genzyme Diagnostics, Cambridge, MA), were used as controls. The
optimal concentrations of LPS and TNF-� were chosen on the basis ofadded for 90 minutes and centrifuged at 10,000 � g. The pellets con-

taining the antigen–antibody complexes were recovered, and superna- preliminary dose–response experiments (data not shown) (11). After
incubation, tubes were centrifuged (600 � g, 10 minutes) and superna-tants were used in subsequent sICAM-1 depletion experiments (see

below). The expression of ICAM-1 was evaluated by Western blot as tants of unbiotinylated cells were collected and stored at –70 �C until
used for the evaluation of sICAM-1 concentrations by the same method-described previously (18). Fifty-microgram samples of total protein

were separated by sodium dodecyl sulfate–polyacrylamide gel electro- ology used for pleural fluids. Supernatants of biotinylated cells were
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TABLE 1. CHARACTERISTICS OF PLEURAL EFFUSIONS

TB Cancer CHF

Albumin, g/dl 2.48 � 0.3 2.15 � 0.4 1.4 � 0.6
sICAM-1, ng/ml 705 � 317 591 � 350 123 � 62
Total, cells/�l 2,391 � 333 2,974 � 1,054 758 � 299
Differential cell counts, %

Lymphocytes 88.1 � 5.2 56.5 � 22 55.6 � 9.4
Neutrophils 2.3 � 3 14.9 � 9.3 0.3 � 0.8
Macrophages 4.4 � 3.6 10.3 � 9 27.7 � 4.8

Figure 1. Comparison ofEosinophils 1.7 � 2.7 2.7 � 3.9 0
soluble intercellular adhe-Mesothelial cells 1.7 � 1.7 9.2 � 6.6 16.3 � 9
sion molecule-1 (sICAM-1)/Tumor cells 0 6.4 � 6.4 0
albumin ratios between

Definition of abbreviations: CHF � congestive heart failure; sICAM-1 � soluble pleural effusion and autolo-
intercellular adhesion molecule-1; TB � tuberculosis. gous serum in patients with

Values represent means � SD.
tuberculosis (TB) (A ), can-
cer (B ), and congestive
heart failure (CHF) (C ).
*p � 0.05.

immunoprecipitated with the anti-CD54 mAb and the methodology
described above. To detect only biotinylated ICAM-1, Western blot
analyses of biotinylated immunoprecipitates were performed with strep-
tavidin conjugated with peroxidase and a peroxidase-conjugated anti-
mouse antibody (Dako).

Pleural cells were recovered from the bottom of the tubes and tested
for the expression of surface ICAM-1 by cytofluorimetric analysis, as
described above. Data from these experiments are expressed as mean
fluorescence intensity.

Conjugate Formation Assay

To evaluate the role of pleural sICAM-1 in cell–cell adhesion, we
performed a conjugate formation assay according to previously de- were compared in pleural fluids and in sera. Albumin is of lower
scribed methodology (22). Briefly, LAK cells, which were generated molecular weight and was selected as a marker of vascular/
from healthy adult peripheral blood (after obtaining informed written mesothelial permeability. Therefore, if the sICAM-1/albumin
consent from the donor) as previously described (8) and the erythromy- ratio were the same in pleural fluid and sera, it would suggest
eloid cell line K562 were used as effector and target cells, respectively. a vascular and a mesothelial leak, whereas a ratio that was higher
LAK and K562 cells were stained with sulfofluorescein diacetate (green

in pleural fluid than in sera would suggest local production offluorescence) and with hydroethidine (red fluorescence), respectively,
sICAM-1. sICAM-1/albumin ratios were significantly higher inand were then coincubated at a ratio of 4:1 for 15 minutes at 37 �C.
pleural fluids than in autologous serum in patients with TBConjugates were detected by the simultaneous expression of particles
(Figure 1A) and cancer (Figure 1B); in marked contrast, noexpressing red and green fluorescence. To determine the effect of
significant difference was detected between sICAM-1/albuminsICAM-1 in pleural fluids, untreated exudative pleural fluid was com-

pared with pleural fluid that had been depleted of sICAM-1. As a ratios in pleural fluid and autologous serum in patients with CHF
control, this was compared with K562 cells that had been preincubated (Figure 1C). The serum sICAM-1 concentrations, evaluated in
for 1 hour with an anti-CD54 mAb (20 mg/ml) or with LAK cells that normal subjects, were 5.5 � 1.5 ng/mg of albumin and were
had been preincubated with an anti-CD11a (anti-LFA-1) mAb (10 mg/ significantly (p � 0.05) lower than the serum sICAM-1 concen-
ml) or with recombinant sICAM-1 (50 ng/ml). A total of 104 particles trations in the other three study groups. These data suggest that
was analyzed and the results were expressed as a percentage of variation sICAM-1 is produced locally in tuberculosis and cancer, but that
of conjugate formation in comparison with baseline condition (medium

it is due to leak from the blood in patients with CHF.alone).

Characterization of sICAM-1 in Pleural EffusionsStatistical Analysis
To evaluate whether sICAM-1 was present in pleural fluids inData are expressed as means � SD. The Spearman test was used for
a monomeric or in a dimeric form, we performed Western blotassessment of correlations. The Mann–Whitney U test was used for
analysis to characterize its molecular weight. Because the treat-comparison between patient groups. The Wilcoxon test was used to
ment with reducing agents (DTT) used in the Western blotcompare levels of sICAM-1 in pleural effusions and in autologous sera.

For all tests, p � 0.05 was accepted as the threshold of statistical analysis may affect the stability of dimeric sICAM-1 molecules,
significance. we tested the presence of sICAM-1 in pleural fluids under both

nonreducing (in the absence of DTT) and reducing (in the pres-
ence of DTT) conditions. Under nonreducing conditions, nativeRESULTS
pleural sICAM-1 showed only a strong dimeric band at about

Expression of sICAM-1 in Pleural Effusions 190 kD, and no other significant bands were detected at different
Table 1 shows the main characteristics of pleural effusions; as molecular weights. Under reducing conditions, no band was de-
expected, effusions recovered from patients with TB (n � 8) tected at 190 kD whereas two bands were detected at about 60
and cancer (n � 15) had higher total cell numbers as well as and 95 kD, respectively, corresponding to different monomeric
sICAM-1 and albumin concentrations when compared with effu- and/or fragmented dimeric sICAM-1 forms (Figure 2). These
sions from patients with CHF (n � 9). results demonstrate that sICAM-1 is present, in inflammatory

To determine whether sICAM-1 was produced locally or pleural effusions, in a dimeric form of about 190 kD and that
accessed the compartment by extravasation from the blood into the other forms detected under reducing conditions are due to

technical artifacts.the pleural space, the concentrations of sICAM-1 and albumin
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Figure 2. Western blot analysis of pleural sICAM-1. Pleural fluids were
immunoprecipitated with the anti-CD54 monoclonal antibody (mAb)
and Western blot analyses of immunoprecipitates were performed under
both nonreducing (	dithio-L-threitol [DTT]) and reducing (
DTT) con-
ditions (see METHODS). Lanes 1 and 2 show two representative experi-
ments.

Figure 3. Correlation between the sICAM-1/albumin ratio in pleural
effusions and the total number of ICAM-1–positive cells per milliliter.Correlation between sICAM-1 Dimers and Membrane Surface
The sICAM-1/albumin ratio and the number of ICAM-1–positive cellsICAM-1 in Pleural Effusions
were determined in pleural fluids recovered from patients with TB (cir-

sICAM-1 dimers could be released into the pleural fluid by two cles; n � 6), cancer (squares; n � 9), and CHF (triangles; n � 6) (see
mechanisms. They could be expressed on the surface of cells METHODS for details). � � 0.86; p � 0.0002.
and shed from cells into the fluid, or they could be synthesized
and released de novo from cells that did not express ICAM-1
on their surface. To examine the possibility that ICAM-1 was

mesenchymal origin could contribute to the release of sICAM-1shed from cells that express it on their cell surface, we first
dimers within the pleural space in patients with cancer.determined whether sICAM-1 levels correlated with the expres-

sion of surface ICAM-1. Cells from all three patient groups
Mechanism of sICAM-1 Dimer Production:expressed ICAM-1 (Table 2). Although there was no significant
Role of Pleural Macrophagesdifference in the percentage of cells expressing ICAM-1 among

the three study groups, the number of cells per volume of pleural We next determined whether the sICAM-1 dimers present in
fluid expressing ICAM-1 was significantly higher in patients with the fluids were shed from the surface of ICAM-1-positive cells
cancer and patients with TB than in patients with CHF (Table 2).
Further, a positive correlation was observed between the number
of cells expressing ICAM-1 on their surface and the sICAM-1/
albumin ratio in pleural fluid (Figure 3). This suggested that the
increased levels of sICAM-1 dimers in pleural fluids of patients
from these two study groups were due to cells expressing and
releasing ICAM-1.

Cell Type Expressing ICAM-1 in Pleural Effusions

To evaluate the cell type that expressed, and was therefore
capable of releasing, sICAM-1 dimers, cells recovered from pleu-
ral effusions were labeled with anti-ICAM-1 and with anti-cyto-
keratin mAb specific for mesothelial and epithelial cells or anti-
CD45 for leukocytes. In patients with TB the ICAM-1 molecule
was present almost exclusively on the surface of CD45-positive
cells (Figure 4A), suggesting that lymphocytes, the overwhelm-
ingly predominant cell population in TB effusions (Table 1),
were responsible for the presence of sICAM-1 dimers within
the pleural space in patients with TB. In contrast, in patients
with cancer, cells that were CD45 positive expressed a low level
of surface ICAM-1 (Figure 4B), whereas cells that were cytoker-
atin positive expressed high levels of surface ICAM-1 (Figure
4B), suggesting that a variety of cells of both bone marrow and

TABLE 2. EXPRESSION OF MEMBRANE INTERCELLULAR
ADHESION MOLECULE-1 BY CELLS RECOVERED FROM
PLEURAL EFFUSIONS

Figure 4. Representative cytofluorimetric analysis of pleural effusionTB Cancer CHF
cells from patients with TB (A ) and lung cancer (B ). Cells were stained

CD54 (anti–ICAM-1), % 36.1 � 4.4 30.4 � 11.4 33.6 � 16.6 with RPE-conjugated anti-ICAM-1 mAb (y axis) and with fluorescein
ICAM-1–positive cells/�l 866 � 182* 902 � 472* 235 � 112

isothiocyante (FITC)-conjugated anti-CD45 mAb (x axis of [A] and of
left dot plot of [B]) or with FITC-conjugated anti-cytokeratin mAb (x axis,For definition of abbreviations see Table 1.
right dot plot of [B]). On all dot plots, double-positive cells are visibleValues represent means � SD.

*p � 0.05 versus CHF. on the upper right side.
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Figure 6. Modulation of surfaceFigure 5. Modulation of
sICAM-1 release (A ) and ICAM-1 expression on pleural effu-

sion cells. Pleural effusion cells weresICAM-1–shedding (B ) by
pleural effusion cells. (A ) cultured (see METHODS for details) in

the absence (closed bar) or in the pres-Pleural effusion cells were
cultured (see METHODS for ence of the following: conditioned su-

pernatants from LPS-stimulated PleMsdetails) in the absence (solid
(stippled bar); conditioned superna-bar; baseline) or in the

presence of the following: tants from LPS-stimulated PleMs plus anti-TNF-� polyclonal antibody
(open bar); recombinant TNF-� (1,000 IU/ml) (vertical hatched bar); andconditioned supernatants

from LPS-stimulated pleural LPS (1 �g/ml) (horizontal hatched bar). Data are expressed as mean
fluorescence intensity and represent means � SD of five experiments.macrophages (PleMs) (stip-

pled bar); conditioned su- Macrophage culture supernatants versus baseline, p � 0.05; macro-
phage culture supernatants versus macrophage culture supernatantspernatants from LPS-stimu-

lated PleMs plus anti–tumor plus anti-TNF-� polyclonal antibody, p � 0.05; macrophage culture
supernatants versus TNF-� alone, p � 0.05; macrophage culture super-necrosis factor (TNF)-� poly-

clonal antibody (open bar); natants versus LPS alone, p � 0.05; TNF-� versus LPS, p � NS.
recombinant TNF-� (1,000 IU/ml) (vertical hatched bar); and LPS (1
�g/ml) (horizontal hatched bar). Data are expressed as nanograms of
sICAM-1 per milliliter and represent means � SD of five experiments.
Macrophage culture supernatants versus baseline, p � 0.05; macro- unconditioned medium (Figure 6). Moreover, anti-TNF-� mAb
phage culture supernatants versus macrophage culture supernatants significantly reduced the percentage of cells expressing ICAM-1,
plus anti-TNF-� mAb, p � 0.05; macrophage culture supernatants versus suggesting that the presence of TNF-� in PleM culture superna-
TNF-� alone, p � 0.05; macrophage culture supernatants versus LPS tants was responsible, at least in part, for the expression of
alone, p � 0.05; TNF-� versus LPS, p � NS. (B ) Surface proteins of ICAM-1 by pleural effusion cells. However, incubation with
pleural cells were biotinylated and then incubated in the presence of

either recombinant TNF-� or LPS alone was also able to mod-PleM supernatants or in the presence of TNF-� and LPS alone. Culture
estly, but significantly (p � 0.05), upregulate ICAM-1 expressionsupernatants were immunoprecipitated with the anti-CD54 mAb and
by pleural cells when compared with baseline. This upregulationWestern blot analyses of immunoprecipitates were performed under
was significantly lower (p � 0.05) than that generated by PleMnonreducing conditions (see METHODS). Lane 1 represents culture super-
culture supernatants (Figure 6). Thus, pleural macrophages werenatants from cells incubated in the presence of PleM-conditioned me-
able to induce the shedding of dimeric sICAM-1 as a 190-kDdium. Lanes 2 and 3 represent culture supernatants from cells incubated
protein from the surface of pleural cells and to upregulate thein the presence of TNF-� and LPS alone, respectively.
expression of ICAM-1 on the surface of pleural cells. Moreover,
these results suggest that the control of ICAM-1 shedding is
more complex than the control of ICAM-1 surface expression
and is not merely mediated by TNF and LPS alone.and whether this mechanism was regulated. For this purpose,

pleural macrophages were used as a source of soluble factors
Role of Pleural sICAM-1 in Adhesion of Cytotoxic Lymphocytesthat might alter surface ICAM-1 expression and sICAM-1 dimer
and Tumor Cellsproduction by pleural effusion cells.

Only negligible concentrations of sICAM-1 were detected in To determine whether the sICAM-1 might be active and play
conditioned medium from PleMs (data not shown). However, a role in the immune response, experiments were performed
incubation of pleural cells with PleM-conditioned medium dra- to determine whether sICAM-1 inhibited conjugate formation
matically increased the release of sICAM-1 by pleural effusion between LAK effector cells, which were generated from healthy
cells (Figure 5A). Anti-TNF-� mAb significantly reduced the adults, and K562 target cells. K562 cells were used because these
release of sICAM-1, suggesting that the presence of TNF-� in cells express high levels of surface ICAM-1 molecules, which
PleM-conditioned medium was required for the release of are required for cellular cytotoxicity (23). We compared the
ICAM-1 by pleural effusion cells. However, neither recombinant ability of untreated pleural effusion with the ability of sICAM-
TNF-� nor LPS alone was also able to significantly upregulate 1-depleted pleural effusion to affect the formation of conjugates.
sICAM-1 release by pleural cells (Figure 5A), suggesting that When untreated pleural fluid was added to the LAK effector
both TNF-� and LPS may act indirectly via the release of other cells and K562 target cells there was a slight augmentation in
soluble factors by PleMs. conjugate formation, possibly because of immunostimulation by

To determine whether the sICAM-1 detected in pleural cul- the pleural fluid. On depletion of sICAM-1 there was a significant
ture supernatants was shed from the surface of pleural cells, the increase in conjugate formation when compared with the addi-
cell surface proteins were biotinylated and culture supernatants tion of untreated pleural fluids (Figure 7A), indicating that
were analyzed for biotinylated ICAM-1. We reasoned that if sICAM-1 present in pleural fluids plays a role in the inhibition
sICAM-1 was released from the cell surface, it would be biotinyl- of cell–cell adhesion. As expected, the addition of recombinant
ated, whereas if it were released from within the cell or by de sICAM-1, anti–ICAM-1 or anti–LFA-1 mAbs significantly inhib-
novo synthesis, it would not be biotinylated. Immunoblot analy- ited the formation of conjugates when compared with baseline
sis, performed under nonreducing conditions, for biotinylated (Figure 7B).
proteins that had been immunoprecipitated with anti-ICAM-1
demonstrated the presence of a biotinylated band at about 190 DISCUSSION
kD, corresponding to the native sICAM-1 dimers, only after

The current studies have utilized cells and fluid from the pleuralincubation with PleM-conditioned medium (Figure 5B). In addi-
space to demonstrate that (1) sICAM-1 is produced locally bytion, conditioned medium from LPS-stimulated PleMs caused a
cells within an inflammatory compartment (the pleural space);statistically significant increase in surface ICAM-1 expression

on pleural effusion cells when compared with cells cultured in (2) sICAM-1 is present in pleural fluid as a dimer and it is
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with CHF than in normal subjects (27). Because TNF-� is one
of the major stimuli for production of sICAM-1 (5), it is possible
that this cytokine is involved in the described increase of serum
sICAM-1 concentrations.

To characterize the molecular weight of sICAM-1 present
within the pleural fluids we performed immunoblot analysis un-
der both nonreducing and reducing conditions because it was
demonstrated that under reducing conditions, the ICAM-1 di-
meric molecule dissociates, yielding monomers or fragments that
might not natively be present (28). Under nonreducing condi-
tions the immunoblot identified a band of about 190 kD, with
no other significant bands identified at lower molecular weights.
Under reducing conditions two bands were identified at about
60 and 95 kD, corresponding to different monomeric and/or
fragmented dimeric sICAM-1 forms. In this regard it has been
demonstrated that the dimeric extracellular forms of sICAM-1

Figure 7. Role of pleural sICAM-1 in cell–cell adhesion. LAK cells and may be represented by U-shaped and by ringlike dimers. More-
K562 cells were used as effector and target cells, respectively, in conju- over, two U-shaped dimers may compose a W-shaped tetramer.
gate formation assays using exudative pleural fluids, or fluid that had All these forms of polymeric sICAM-1 have molecular weights
been depleted of sICAM-1, recovered from patients with TB (n � 2) ranging from 112 and 200 kD (28). Accordingly, a reducing agent
and cancer (n � 4) (see METHODS for details) (A ). Cultures in the presence may break a dimeric native pleural sICAM-1 into monomers
of anti-LFA-1 mAb, recombinant sICAM-1, and anti ICAM-1 mAb were

(MW 60 kD) or into a partially fragmented dimer (MW 95included as positive controls (B ). Data are expressed as the percentage
kD). These findings demonstrated that sICAM-1 was present inof variation with respect to negative control (cultures in complete me-
pleural fluid in a native dimeric form and that the presence ofdium). Comparison with baseline, *p � 0.05.
smaller sICAM-1 molecules is due to technical artifacts related
to the use of reducing agents (DTT).

Soluble dimers of ICAM-1 may have important implications
for immune responses. Membrane ICAM-1 is expressed predom-shed from the surface of cells that express surface ICAM-1; (3)
inantly as a dimer rather than as monomers (2, 3). Dimers haveshedding of sICAM-1 dimers occurs in a regulated fashion via
increased affinity for their ligand as demonstrated by an engi-the products of stimulated macrophages; and (4) sICAM-1 is
neered form of soluble ICAM-1 dimer that has increased affinitycapable of influencing immune responses.
for rhinovirus (one of the ligands for ICAM-1) compared withWe first demonstrated that pleural effusions recovered from
monomers of ICAM-1 (29), and reduced LFA-1-dependentpatients with TB and cancer have significantly higher concentra-
transendothelial chemotaxis of peripheral blood mononucleartions of sICAM-1 than effusions recovered from patients with
cells (30). ICAM-1 has two dimerization sites. The first is Val-CHF. These findings confirm and extend the previous observa-
51 in strand E of domain 1 (31). This appears to be criticaltions by Hoffmann and coworkers (24), who demonstrated a
for dimerization because this position is occupied by valine orsimilar increase in exudative pleural effusions of heterogeneous
isoleucine in all ICAM-1 molecules, whereas in ICAM-2, whichetiologies, compared with transudative effusions.
does not dimerize, the amino acid at this position is hydrophobicThe pleural compartment is separated from the blood circula-
(3, 31). The second dimerization site is within the transmembranetion by two different limiting membranes, represented by the
domain (2, 3). Although recombinant ICAM-1 is usually presentvascular endothelium and the pleural mesothelium, respectively,
in solution as monomers, we show that in a biological fluid it isboth contributing to limit the passage of cells and of soluble
a dimer. There are a number of possible mechanisms for thisproteins. To clarify whether increased sICAM-1 concentration
dimerization. The first is that Val-51 may be sufficient for dimer-in pleural effusions was due to local production of this molecule
ization, which is contrary to prior opinion (31). The second isor simply due to increased extravasation of serum sICAM-1 into
that ICAM-1 dimers in pleural fluid may contain a portion ofthe pleural space, we normalized sICAM-1 to albumin concen-
the transmembrane domain that contributes to dimerization.trations both in pleural effusions and in sera. Albumin is consid-
Finally, a ligand for ICAM-1 may contribute to the dimerization.ered a good marker of capillary permeability in the pleura, be-
The events that lead to this process will require further study.cause there is no evidence that albumin is produced or stored

Because the dimeric form is the most biologically active formin pleural mesothelium. Further, the pleural microvascular endo-
of sICAM-1, it prompted us to study the mechanisms of releasethelium is semipermeable (9); albumin originates only from se-
and activity of this molecule within the pleural space. It has beenrum and reaches different organ compartments via passive diffu-
demonstrated that cells that are capable of expressing membranesion (25); the concentrations of total protein and albumin in
ICAM-1 may upregulate the expression of this molecule afterpleural fluid are lower than in serum (26); and albumin and
stimulation, and may also increase the subsequent release ofsICAM-1 have similar molecular weights. Therefore, sICAM-1

concentrations were normalized to albumin to gain insights into sICAM-1 (3). To test the hypothesis that sICAM-1 might be
due to shedding of ICAM-1 from the cell surface, we first soughtlocal sICAM-1 production. The ratio of sICAM-1 to albumin

was elevated in TB and cancer, suggesting that sICAM-1 is a correlation between the expression of ICAM-1 on cell mem-
branes and sICAM-1 levels. We found that the sICAM-1/albu-produced locally in the pleural space during inflammatory pro-

cesses, whereas no local production of sICAM-1 could be demon- min ratio in pleural fluid correlated with the number of pleural
effusion cells expressing surface ICAM-1. Further, by labelingstrated in the absence of active inflammation, that is, in transuda-

tive effusions from patients with CHF. Interestingly, the serum the surface molecules of the pleural cells with biotin before the
incubation with PleM culture supernatants, we were able to showsICAM-1 concentrations in patients with CHF were higher than

in normal subjects. In this regard, it has been demonstrated that that an approximately 190-kD band was immunoprecipitated
with an anti-ICAM-1 antibody. This suggests that the sICAM-1the concentrations of TNF-� in plasma are higher in patients
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is cleaved from the surface of pleural cells and shed as an intact physical interactions with LFA-1-positive cytotoxic cells (5, 8).
Consistent with this hypothesis, it has been demonstrated that,surface extracellular dimeric molecule.

To verify whether structural or immunocompetent pleural in patients with lung cancer, serum levels of sICAM-1 are associ-
ated with advanced tumor stages and metastatic potential (7,cells expressed surface ICAM-1, we labeled cells with an anti-

ICAM-1 mAb together with an anti-leukocyte (CD45) or an 37). Our finding that the in vitro adhesion between cancer and
LAK cells was reduced by the addition of pleural fluid containinganti-cytokeratin mAb. In TB effusions, surface ICAM-1 was

expressed, almost exclusively, on CD45-positive cells. Because sICAM-1 compared with fluid that had been depleted of
sICAM-1 suggests that, within the pleural space, sICAM-1 down-it has been demonstrated that activated T lymphocytes express

ICAM-1 (6) and T lymphocytes represent the majority of cells regulates the interaction between cytotoxic T cells and tumor
cells. To our knowledge, this is the first report demonstratingpresent in tuberculous pleurisy (32), it suggests that a compart-

mentalized immune response occurs at the site of disease and a functional role of pleural sICAM-1 as suppressive factor in
host–cancer interactions. Further, it has been demonstrated thatthat T lymphocytes may actively contribute to the release of

sICAM-1. Moreover, it has been demonstrated that in pulmo- dimerization of sICAM-1 is required for optimal binding to its
receptor (28). Accordingly, our data demonstrate that dimericnary sarcoidosis, another granulomatous disorder characterized

by the activation of T lymphocytes, sICAM-1 concentrations sICAM-1, the form of sICAM-1 present in pleural fluids, is
capable of inhibiting intercellular adhesion.correlate with the percentage of lymphocytes in bronchoalveolar

lavage (33). In conclusion, our study suggests that in the pleural space,
during inflammation, the compartmentalized production of di-With regard to cancer effusions, we demonstrated that surface

ICAM-1 is present on CD45-positive as well as cytokeratin- meric sICAM-1 is related to the expression of membrane
ICAM-1 by heterogeneous inflammatory, structural, and neo-positive cells. Lymphocytes and macrophages represent the main

cell population expressing surface ICAM-1 among CD45-posi- plastic cells. sICAM-1, within the pleural space, may play a
suppressive role in the ICAM-1-dependent interaction betweentive leukocytes (6). With regard to cytokeratin-positive cells, we

characterized our cytokeratin-positive cell population with an cytotoxic lymphocytes and cancer cells. PleMs play a crucial role
in the regulation of this phenomenon by releasing soluble factorsanti-cytokeratin mAb specific for cytokeratin MNF16 present

on the surface of both mesothelial and cancer cells. In cancer capable of upregulating ICAM-1 expression and sICAM-1 re-
lease by other pleural effusion cells.effusions, all the cytokeratin-positive cells were also positive

for the ICAM-1 molecule. Because every cancer effusion was
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