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Granuloma formation in murine schistosomiasis is dependent on CD4* Th lymphocytes and requires
recruitment and accumulation of inflammatory cells at the site of egg deposition. The present study examined
the role of three adhesion molecules, intercellular adhesion molecule-1 (ICAM-1), lymphocyte function-
associated antigen-1 (LFA-1), and very late antigen-4 (VLA-4), that participate in cellular recruitment,
interaction, and lymphocyte activation during in vitro activation of acutely and chronically infected spleen and
liver granuloma lymphocytes. Blockade of ICAM-1, LFA-1, or VLA-4 by rat monoclonal antibody inhibited
spleen and granuloma lymphocyte interleukin-2 (IL-2) and IL-4 production as well as lymphoproliferative
responses at similar levels (66 to 87%). The down-modulated cytokine and proliferative responses of chroni-
cally infected lymphocytes were inhibited to the same extent as their acutely infected counterparts. Cell sorting
analysis demonstrated that acutely and chronically infected splenic and granuloma lymphocytes expressed
similar levels of LFA-1, ICAM-1, and VLA-4 and that more ICAM-1 was expressed on infected than on
uninfected mouse lymphocytes. By exposure of cells to paired monoclonal antibodies at suboptimal doses, it
was determined that whereas all three adhesion molecules may participate, only ICAM-1 and LFA-1 showed
synergistic interactions in determining lymphocyte responsiveness. These data suggest that spleen and liver
granuloma lymphocytes are equally well armed with functional adhesion receptors. Thus, ICAM-1, LFA-1, and
VLA-4 play an important accessory role in inflammatory cytokine production and lymphocyte proliferation,
and therefore these adhesion molecules may participate in the initiation and maintenance of the granuloma-

tous inflammation.

Schistosomiasis mansoni is a helminthic disease of humans
which affects more than 100 million people throughout the
tropics. In the infected host, disease is characterized by the
presence of granulomas, the immunopathology resulting from
cellular infiltration and residual fibrosis surrounding trapped
eggs (4, 23, 30). Murine schistosomiasis has many of the char-
acteristics of the human disease, including liver pathology and
portal hypertension (4). Infected mice exhibit two distinct im-
munologic phases. The acute phase, seen 8 weeks following
infection, is characterized by vigorous granulomatous and de-
layed-type hypersensitivity responses, with large amounts of
interleukin-2 (IL-2) and IL-4 being produced. In the chronic
phase, 16 to 20 weeks postinfection, there is a marked down-
regulation of granulomatous inflammation, with lower lympho-
proliferative responses and diminished cytokine production
(3-5, 8, 15, 22, 24).

The granulomatous process in schistosomiasis is dependent
on CD4" Th lymphocytes and requires the recruitment and
migration of circulating inflammatory cells to the site of egg
deposition (10, 21). The molecular mechanisms underlying the
regulation of cellular immune interactions remain obscure,
although it is known that accumulation of inflammatory cells
and potentiation of the immunological response require sev-
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eral interdependent processes, such as cell-cell and cell-extra-
cellular matrix (ECM) adhesion, cell signalling, and cytokine
secretion (19, 31).

Among the molecules mediating adhesive cellular events are
lymphocyte function-associated antigen-1 (LFA-1), found ex-
clusively on leukocytes, and its ligand, intercellular adhesion
molecule-1 (ICAM-1), which has a more general cellular dis-
tribution on a variety of hematopoietic and nonhematopoietic
cells, including lymphocytes, granulocytes, and endothelia (19).
ICAM-1 and LFA-1 play key roles in cell migratory events, and
together are partially responsible for the adhesion of lympho-
cytes, monocytes, and neutrophils to endothelial cells (11, 19,
31). Recent work has demonstrated an association between
ICAM-1 expression and granuloma formation in schistosome-
infected mice (17, 25); it is likely that both ICAM-1 and LFA-1
are crucial in the maintenance of granulomatous cell interac-
tions in schistosomiasis mansoni.

Recent studies in our laboratory demonstrated a costimula-
tory role for the ECM protein fibronectin in cytokine secretion
by splenocytes and granuloma lymphocytes of Schistosoma
mansoni-infected mice (36). Fibronectin is present in large
amounts in the granulomatous liver (1, 13, 33, 34) and is a
ligand for the B1 integrins very late antigen-4 (VLA-4) and
VLA-5 (9, 27-29). Both VLA-4 and VLA-5 mediate cell-lECM
binding; surface expression of these adhesion molecules is
higher on activated and memory T cells (27-29). Unlike
VLA-5, VLA-4 has an additional and unique role in adhesive
cellular events, as it mediates, through different ligands, both
cell-ECM and cell-cell binding (12).
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FIG. 1. Inhibition of IL-4 production by MADb to adhesion molecules. Super-
natants were collected after 24 h of incubation of spleen and granuloma lym-
phoid cells from acutely and chronically infected mice with SEA in the presence
of (left to right) anti-murine LFA-1, ICAM-1, or VLA-4 MAD and assayed for
the presence of IL-4; rat IgG2a, IgG2b, SEA alone, and medium alone were
included as controls. Data are representative of at least three experiments. In
each experiment, spleen or granuloma lymphocytes were pooled from at least
three mice.

In the study presented here, using monoclonal antibodies
(MAD) directed against murine LFA-1, ICAM-1, and VLA-4,
we measured three parameters, antigen-stimulated cytokine
production, lymphoproliferative responses, and adhesion mol-
ecule expression, to examine in vitro the role that such mole-
cules play in determining the immune responsiveness of spleen
and liver granuloma T lymphocytes from S. mansoni-infected
mice.

MATERIALS AND METHODS

Animals and parasites. Female CBA/J* mice (Jackson Laboratories, Bar Har-
bor, Maine), 6 to 8 weeks old, were used throughout the study. Mice were
infected subcutaneously with 25 cercariae of a Puerto Rican isolate of S. man-
soni.

Antigen. Soluble egg antigen (SEA) was prepared from homogenized S. man-
soni eggs harvested from mice infected subcutaneously with 200 cercariae, as
previously described (6).

Antibodies. Rat MAb to murine adhesion molecules ICAM-1 (a-CD54: clone
YN1/1.7.4), LFA-1 (a-CD11a: clone M17/5.2), and VLA-4 («-CD49d: clone
R1-2) were produced from hybridomas purchased from the American Type
Culture Collection (Rockville, Md.). Hybridoma cells were injected intraperito-
neally into Freund’s incomplete adjuvant-primed CBA/J mice; ascites fluid was
collected after 7 to 10 days, precipitated twice with 50% saturated ammonium
sulfate, and dialyzed extensively against phosphate-buffered saline (PBS). The
dissolved and dialyzed precipitate was purified over a protein G column (Pierce,
Rockford, Ill.) and checked for purity by polyacrylamide gel electrophoresis
(PAGE). In some in vitro studies, rat anti-ICAM-1 and LFA-1 MAb, purchased
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from Pharmingen (San Diego, Calif.), and rat anti-VLA-4, obtained from En-
dogen (Boston, Mass.), were used. Isotype-matched immunoglobulin G (IgG)
antibodies (Serotec, Oxford, United Kingdom) were included as controls. Anti-
bodies used for fluorescence-activated cell sorting (FACS) analysis were pur-
chased from Pharmingen (anti-CD11a, anti-CD49d, and anti-CD54) or Gibco
Life Technologies, Grand Island, N.Y. (anti-CD4).

Cell preparations. Granuloma and spleen cells were isolated from mice by
established protocols (21, 24). Briefly, mice were killed by cervical dislocation,
and the spleens and livers were removed under aseptic conditions. Spleen cell
suspensions were washed, and erythrocytes were lysed before being resuspended
in RPMI 1640 supplemented with 10% fetal calf serum (FCS), 100 U of penicillin
per ml, 100 ug of streptomycin per ml, 2 X 10~> M 2-B-mercaptoethanol, 20 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), 2 mM sodium
pyruvate, and 1 mM glutamine. Liver granuloma cells were dispersed by incu-
bation of granulomas in a shaker bath at 37°C in 0.2% collagenase type IV
(Sigma, St. Louis, Mo.) and mechanical disruption. Liver granulomas from
acutely infected mice were incubated for 35 min, whereas those of chronically
infected mice were incubated for 50 min. Dispersed granuloma cells were filtered
through gauze, washed, and poured over a glass wool column. Nonadherent cells
were resuspended in supplemented RPMI. Macrophages were removed by ad-
herence to plastic tissue culture plates during a 90-min incubation at 37°C.
Macrophage numbers were reduced by 85 to 95% following incubation. Nonad-
herent cells, comprising predominantly eosinophils and ca. 15 to 20% lympho-
cytes, were washed and resuspended in fresh supplemented medium. For each
experiment, single-cell spleen or granuloma suspensions were prepared from at
least three mice.

Cytokine production and measurement. Supernatants for IL-2 and IL-4 cyto-
kine determination were generated by 18 to 24 h of culture of 3 X 10° cells with
10 g of SEA in a 1-ml volume of supplemented RPMI. In some cases, super-
natants in which MAb to LFA-1 (at 1.6 pg/ml), ICAM-1 (at 12.5 pg/ml), or
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FIG. 2. Inhibition of IL-2 production by MAD to adhesion molecules. Super-
natants were collected after 24 h of incubation of spleen and granuloma lym-
phoid cells from acutely and chronically infected mice with SEA in the presence
of (left to right) anti-murine LFA-1, ICAM-1, or VLA-4 MADb and assayed for
the presence of IL-2; rat IgG2a, IgG2b, SEA alone, and medium alone were
included as controls. Data are representative of at least three experiments. In
each experiment, spleen or granuloma lymphocytes were pooled from at least
three mice.
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VLA-4 (at 25.0 pg/ml) were cocultured with cells and SEA were generated.
Supernatants were stored at —70°C until assayed for the presence of IL-2 and
1L-4.

The levels of IL-2 secreted by spleen and granuloma cells were determined by
using the IL-2-dependent cell line CTLL-20, originally provided by Frank Fitch
(University of Chicago, Chicago, Ill.). Supernatants were serially diluted in trip-
licate with supplemented RPMI in round-bottomed plates (Corning Glass
Works, Corning, N.Y.). Washed CTLL cells were added to serially diluted
supernatant in each well, and the plates were incubated for 24 h. Cells were
pulsed with [*H]thymidine for the final 6 h of culture. The amount of IL-2 in each
supernatant was determined by comparison with levels of thymidine incorpora-
tion detected in cells cultured with serial dilutions of recombinant IL-2 (kindly
provided by Cetus Corporation, Emeryville, Calif.). The specificity of the CTLL
cell response to IL-2 was confirmed by the almost complete abrogation (85 to
95%) of IL-2 proliferative responses by anti-IL-2 MADb (clone S4B6), kindly
provided by DNAX Corporation, Palo Alto, Calif. Additionally, CTLL cells were
shown to have negligible responses to extremely high levels of IL-4 (up to 5,000
pM).
IL-4 levels in supernatants were determined in similar fashion with the CT4S
IL-4-dependent cell line (kindly provided by William Paul, National Institutes of
Health, Bethesda, Md.), maintained in supplemented RPMI containing recom-
binant IL-4 (generously provided by Immunex Corporation, Seattle, Wash.). The
proliferative responses of CT4S cells cultured with serially diluted supernatants
were compared against a standard curve generated with serial dilutions of re-
combinant IL-4. CT4S cells were incubated for 48 h, with [*H]thymidine incor-
poration being measured over the final 24 h of culture. An anti-IL-4 MADb (clone
11B11), provided by William Paul, confirmed that CT4S proliferative responses
were absolutely dependent on the presence of 1L-4.

Compared with isotype controls, antibodies to adhesion molecules had no
effect on the ability of either CTLL or CT4S cells to respond to the presence of
IL-2 or IL-4, respectively (results not shown).

Proliferation studies. The proliferative responses of spleen and collagenase-
dispersed liver granuloma cells taken from mice with acute or chronic schisto-
somiasis were determined by culture of 10° cells per ml with 10 pg of SEA per
ml in 200-pl volumes of supplemented RPMI. All assays were performed in
triplicate. In some experiments, cells were also cocultured with MAb to adhesion
molecules at antibody concentrations of 1.6 wg of anti-LFA-1, 12.5 pg of anti-
ICAM-1, or 25.0 pg of anti-VLA-4 per ml, which had been determined previ-
ously as optimal. Isotype-matched rat IgG antibodies were used as controls.
Proliferative responses were determined by uptake of 0.5 nCi of [*H]thymidine
during the final 6 h of a 96-h incubation.

FACS analysis. The distribution of ICAM-1, LFA-1, and VLA-4 on acutely
and chronically infected spleen or granuloma CD4" lymphocytes was deter-
mined by two-color staining with MAb directed against adhesion molecules and
against CD4. Briefly, cells were incubated on ice with biotin-conjugated anti-
CD4 MADb, washed, and stained with either a streptavidin-fluorescein isothio-
cyanate (FITC) conjugate (Gibco Life Technologies) or a streptavidin-phyco-
erythrin (PE) conjugate. FITC-stained cells were washed and counterstained
with PE-conjugated anti-ICAM-1 or anti-VLA-4 MAD, and PE-stained cells
were counterstained with FITC-conjugated anti-LFA-1 MAb. Isotype-matched
controls were used to confirm the specificity of each MAD. Stained cells were
fixed with 1% paraformaldehyde and analyzed on a FACScan (Becton Dickin-
son, Mountain View, Calif.) with Lysis II software (Becton Dickinson). Cell
preparations were gated around the lymphocyte-containing population based on
forward scatter/side scatter characteristics.

Statistical analysis. Statistical analysis of our data was done with the unpaired
Student’s ¢ test.

RESULTS

Cytokine production is inhibited by blocking adhesion mol-
ecule interactions. To examine whether adhesion molecules
were necessary for antigen-dependent cytokine production,
spleen and granuloma lymphoid cells were stimulated with
SEA in the presence or absence of MAb to murine adhesion
molecules ICAM-1, LFA-1, and VLA-4 and assayed for IL-4
and IL-2 activity. Figure 1 shows the effect of antiadhesion
MAD on IL-4 secretion by spleen and granuloma cells. As can
be seen for acutely infected spleen cell cultures, all three MAb
were effective (P < 0.05), although the anti-LFA-1 MADb
achieved the best result in diminishing IL-4 production. In
cultures of chronically infected cells, all three MAb were
equally effective in reducing IL-4 production. Unlike splenic
lymphocytes, unstimulated granuloma lymphocytes spontane-
ously secreted substantial levels of IL-4. This spontaneous pro-
duction could not be reduced by blockade with any of the
anti-adhesion molecule MAD (results not shown). Granuloma
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FIG. 3. Inhibition of lymphoproliferation by MAb to adhesion molecules.
Spleen (A) and granuloma (B) lymphoid cells from acutely and chronically S.
mansoni-infected mice were cultured with 10 pg of SEA per ml in the presence
or absence of anti-murine VLA-4, LFA-1, or ICAM-1 MAb. Results are ex-
pressed as the mean + SEM of three experiments. In each experiment, spleen or
granuloma lymphocytes were pooled from at least three mice.

cells stimulated with SEA also secreted substantially more
cytokine than splenic lymphocytes. Antiadhesion MAb equally
and significantly (P < 0.05) inhibited IL-4 production in both
acutely and chronically infected granuloma lymphocyte cul-
tures, although the degree of inhibition appeared to be less
than that seen in spleen cell cultures.

Figure 2 shows the effect of antiadhesion MAb on produc-
tion of IL-2 by splenic and granuloma lymphocytes. All three
MAD equally and significantly (P < 0.05) diminished IL-2
cytokine production by acutely and chronically infected splenic
and granuloma lymphocytes. Unlike chronically infected cells,
unstimulated acutely infected granuloma lymphocytes from
mice also spontaneously secreted IL-2. While lymphoid cells
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from chronically infected mice showed 10- to 50-fold less IL-4
and IL-2 production than their acutely infected counterparts,
the percent inhibition attained by the three anti-adhesion mol-
ecule MAb was virtually identical.

Adhesion molecules are necessary for antigen-specific pro-
liferation of spleen and granuloma lymphocytes. As cytokine
production is an early event in lymphocyte activation, it was of
interest to ascertain whether soluble anti-adhesion molecule
MADb would also act to inhibit the ensuing proliferative re-
sponses. Splenic lymphocytes from acutely and chronically in-
fected mice cocultured with SEA and MADb to ICAM-1,
LFA-1, or VLA-4 showed substantial and significant (P < 0.05)
reductions in proliferative responsiveness compared with cells
cultured with isotype control MAb (Fig. 3). The IgG2a and
IgG2b control MAb caused minimal inhibition of proliferative
responses. Acutely and chronically infected granuloma cell
proliferation was inhibited by the three MAD at levels similar
to spleen lymphocyte inhibition. No difference was seen in the
level of inhibition provided by the three different anti-adhesion
molecule MADb. The immunoreactivity of spleen and granu-
loma cells from chronically infected animals was found to be
generally considerably less than that of acutely infected cells,
as has been shown in previous work (5, 8, 22, 24, 35). The
reduced proliferative reactivity of chronically infected cells was
not concomitant with reduced susceptibility to anti-ICAM-1,
-LFA-1, and -VLA-4 MAb-mediated inhibition of SEA-in-
duced responsiveness, as these cells showed levels of inhibition
very similar to those of the more vigorously responding acutely
infected cells.

Synergistic interactions between blocking anti-adhesion
molecule antibodies. As adhesion molecules require a receptor
for effect and do not usually interact in isolation of other
receptors and counterreceptors, it was of interest to determine
whether a combination was more effective in mediating acti-
vation events than any single molecule. Dilutions of anti-
LFA-1, ICAM-1, and VLA-4 MAD, starting at the optimal
concentrations (1.6, 12.5, and 25 pg/ml, respectively) and then
at 1,2, 5, and 10% of these concentrations, were cultured with
acutely infected splenic lymphocytes (Fig. 4A). Antibodies
were added either separately or in combination at each con-
centration. Apart from anti-ICAM-1, which at suboptimal con-
centrations caused a slight diminution of the stimulation index,
anti-LFA-1 and anti-VLA-4 MADb mixed with isotype control
globulins did not inhibit SEA-induced proliferation. Blockade
of LFA-1 and ICAM-1 by a mixture of antiadhesion MAD (1
and 5% of the optimal concentrations, respectively) signifi-
cantly enhanced inhibition (P < 0.05) of the proliferative re-
sponses (Fig. 4B); blockade of ICAM-1 and VLA-4 or LFA-1
and VLA-4 by mixed antiadhesion MAb at suboptimal con-
centrations was never found to have a significant inhibitory
effect on spleen lymphocyte proliferation. Even when antibody
pairs were used at maximal inhibitory concentrations, we were
not able to completely block proliferative responses (results
not shown).

Surface expression of adhesion molecules on CD4* T cells
during the course of infection with S. mansoni. Because block-
ade by MAD was equally effective in inhibiting the proliferative
responses of acutely and chronically infected lymphocytes, it
was of interest to determine whether changes in the surface
expression of LFA-1, VLA-4, and ICAM-1 occur during the
course of infection. All CD4™ spleen cells from uninfected and
infected mice expressed LFA-1 at equally high levels. Within
the lymphocyte-containing population, there was a marked
increase in expression of ICAM-1, from 8 to 22%, on spleen
CD4" T lymphocytes from infected animals versus uninfected
ones (Fig. 5). The percentage of gated cells displaying ICAM-1
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FIG. 4. (A) Titration of anti-adhesion molecule antibody inhibition of lym-
phoproliferative responses. Splenocytes from acutely infected mice were cultured
with SEA (10 pg/ml) and dilutions of anti-LFA-1 (@), ICAM-1 (m), and VLA-4
(A) MAD, starting at 1.6, 12.5, and 25 pg/ml, respectively. Data are representa-
tive of three experiments. In each experiment, spleen lymphocytes were pooled
from at least three mice. (B) Synergism between antiadhesion MAD in the
inhibition of lymphoproliferative responses. Splenic lymphoid cells from acutely
infected mice were cultured with SEA (10 pwg/ml) and combinations of subopti-
mal levels of anti-murine LFA-1 (0.016 pg/ml), ICAM-1 (0.63 pg/ml), and
VLA-4 (2.5 pg/ml) MAD. Results are expressed as the mean stimulation index +
SEM of three experiments. In each experiment, spleen lymphocytes were pooled
from at least three mice. **, P < 0.05.

and CD4 showed no difference between acutely and chroni-
cally infected animals. There was little change in the expression
of VLA-4 on CD4" spleen cells between infected and unin-
fected mice. A population of cells lacking both CD4 and
VLA-4 receptors was present in the lymphocyte-containing
population of chronically infected spleen cells which was ab-
sent in spleens from acutely infected animals.

Whereas the T-lymphocyte-containing population of acutely
infected spleen cells contained significant proportion of CD4~
cells (66%), most of the nonadherent cells in acutely infected
granulomata (58%) were found to be CD4" T cells (Fig. 6).
Unlike acute-infection lesions, chronic-infection granulomata
did contain a clearly identifiable, albeit small, CD4~ popula-
tion (22%). Expression of ICAM-1 on granuloma-derived
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FIG. 5. LFA-1, ICAM-1, and VLA-4 expression on CD4* splenocytes from normal mice and mice with acute or chronic schistosomiasis. Cells were stained with
anti-CD4-PE and anti-LFA-1-FITC or with anti-CD4-FITC and either anti-ICAM-1-PE or anti-VLA-4-PE, and the lymphocyte-containing population was analyzed

by flow cytometry. The scale is log,, fluorescence intensity.

CD4™" cells, like CD4" splenocytes, was elevated compared
with that on normal spleen cells. There were no apparent
differences in the levels of expression of LFA-1, ICAM-1, or
VLA-4 between acute- and chronic-infection granuloma-de-
rived cells.

DISCUSSION

In recent years it has become apparent that cellular adhesive
interactions are obligatory for the evolution of an immunologic
response (19, 31). Modulation of adhesive events becomes
important in determining the extent of diseases, such as schis-
tosomiasis, in which the immune granulomatous inflammatory
response itself causes pathology (4, 23, 30). Initiation and
maintenance of the granulomatous reactions characteristic of
S. mansoni infections require recruitment and accumulation of
inflammatory cells around parasite eggs trapped in the liver
and intestines. The inflammatory cells are not only in close
apposition within the granuloma (1, 13), but are also embed-
ded in the ECM. Consequently, substantial quantities of newly
deposited ECM proteins such as collagen, elastin, and fi-
bronectin are present in the diseased liver. Granulomatous
immunopathology in schistosomiasis mansoni will therefore be
defined by interactions among infiltrating cells and among
these cells and the ECM.

Consistent with previous data (8, 16, 35), we report here that
SEA-stimulated splenocytes and liver granuloma lymphocytes
from mice with acute schistosomiasis exhibited vigorous pro-
liferative responses and secreted substantial amounts of IL-2
and IL-4, whereas the downmodulated chronically infected
spleen and granuloma cells showed diminished levels of lym-
phocyte activity. Recently, anti-ICAM-1 MAb has been shown

to decrease SEA-specific proliferation of splenocytes from egg-
sensitized mice (17). We confirm and extend those observa-
tions by showing that regardless of the immunologic state of
the animal, blockade by MAb directed against LFA-1,
ICAM-1, or VLA-4 of either spleen or granuloma cells sub-
stantially reduced antigen-specific cytokine production and
proliferative responses. In agreement with other studies (14,
18, 20), we attribute diminished responsiveness to a blockade
of LFA-1, ICAM-1, and VLA-4 binding, which is essential for
lymphocyte-antigen-presenting cell interactions, lymphocyte
traffic, and activation. Although the lymphocyte responsiveness
of chronically infected cells was substantially lower than that of
acutely infected lymphocytes, the percent reduction in antigen-
specific responsiveness following blockade by anti-LFA-1,
-ICAM-1, and -VLA-4 MADb was almost identical. Judging
from the high percentage of inhibition achieved and the lack of
difference in inhibitory effects on spleen and granuloma lym-
phocytes, it would appear that cells from both spleen and liver
granulomas were equally well armed with functional adhesion
receptors, even though one is a peripheral lymphoid organ and
the other is inflammatory tissue derived.

The lack of difference in the inhibition by anti-adhesion
molecule MAb between acute- and chronic-infection lympho-
cyte responses was in agreement with the FACS observations
(Fig. 5 and 6). The two-color display examining adhesion
molecule expression on CD4* T cells confirmed similar
levels of LFA-1, ICAM-1, and VLA-4 adhesion molecule
expression on acute- and chronic-infection Th lymphocytes.
Increased ICAM-1 membrane expression on CD4" and
other granuloma cells is consonant with the recently ob-
served increased steady-state expression of ICAM-1 mRNA
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FIG. 6. LFA-1, ICAM-1, and VLA-4 expression on CD4" granuloma cells
from mice with acute or chronic schistosomiasis. Cells were stained with anti-
CD4-PE and anti-LFA-1-FITC or with anti-CD4-FITC and either anti-ICAM-
1-PE or anti-VLA-4-PE, and the lymphocyte-containing population was ana-
lyzed by flow cytometry. The scale is log,, fluorescence intensity.

in cells of the primary lung granuloma (17). Although the
level of membrane adhesion molecule display appears to be
similar, it remains to be seen whether receptors on chronic-
infection cells exhibit less avidity than their acute-infection
counterparts.

Adhesion molecules not only promote intercellular contact
through interactions with their natural ligands, but also pro-
vide accessory signals for T-cell proliferation (31). Working
with suboptimal concentrations, we were able to demonstrate
synergism between the action of MAD directed against LFA-1
and ICAM-1 in the inhibition of antigen-induced lymphopro-
liferative responses, whereas combinations of MAD specific for
LFA-1 and VLA-4 or ICAM-1 and VLA-4 failed to affect
proliferation. As we used whole antibodies, it was not possible
to conclude whether the inhibitory effect observed was the
result of direct blocking of cell-cell interaction or whether
antibody-triggered receptor signalling contributed to lympho-
cyte unresponsiveness. The blocking experiments do demon-
strate, however, that the most important adhesion molecule
synergism occurs between the LFA-1 and ICAM-1 membrane
receptors. Interestingly, even at maximal inhibitory concen-
trations, simultaneous blockade of LFA-1 and ICAM-1
failed to completely inhibit proliferation, which may be ev-
idence for the involvement of other receptors in lymphopro-
liferative responses.

The results of the present study are in agreement with pre-
vious observations on the role of adhesion molecules in anti-
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gen-specific lymphocyte activation in various models (2, 7, 14,
18, 20, 28). They underscore the importance of these receptors
in the granuloma inflammatory response of schistosome-in-
fected animals. Compared with normal splenic cells, signifi-
cantly more cells from the spleens of infected mice displayed
ICAM-1, indicating their state of activation. It is noteworthy
that blockade of VLA-4 very effectively inhibited SEA-driven
T-cell activation and cytokine production, albeit at higher an-
tibody concentrations. Thus, VLA-4 not only plays an impor-
tant role in cell-ECM but, along with ICAM-1 and LFA-1, also
has a role in T-cell-antigen-presenting cell interactions. In the
present study, three different adhesion molecules were found
to play an important accessory role in inflammatory IL-2 and
IL-4 production as well as in lymphocyte proliferation. There-
fore, regardless of the stage of the disease (acute or chronic),
these adhesion molecules appear to participate in the initiation
and maintenance of the granulomatous inflammation. The
molecules should promote transit of cells from blood vessels to
tissues, cell-cell adhesion, cell-ECM interaction, and intracel-
lular signalling of lymphocytes. The equal display of adhesion
molecules on acute and chronic cells presently observed does
not account for the downmodulated proliferative and cytokine
production responses of chronically infected mice. However,
the inability of lymphocytes to increase adhesion molecule
avidity after antigenic stimulus may account for a diminished
responsiveness (31). Moreover, shed soluble adhesion mole-
cules, such as soluble ICAM-1, capable of modulating anti-
genic responsiveness, possibly by blockade of costimulatory
activity (26), have been found to circulate in the blood of
patients with hepatosplenic schistosomiasis. Further experi-
ments to explore the significance of adhesion molecules in
alleviating egg-induced granulomatous response and pathology
are under way.
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