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Synchronized liver granulomas were induced by
injecting Sepharose beads to which SEA soluble
egg antigen (SEA) or the concanavalin A binding
Jraction of SEA bad been coupled into a mesen-
teric vein in naive, single-sex (35 days) and bi-
sexually (28 days) Schistosoma mansoni-in-
JSected and Plasmodium berghei-immunized mice.
Stereological analysis revealed that peak granu-
loma formation was already reached 8 days af-
ter injection in single-sex infected mice com-
pared with 16 days in naive animals. No
difference in granuloma formation between na-
ive and P. berghei-immunized animals and be-
tween unisexually and bisexually S. mansoni-in-
Sected mice was observed. This suggests that the
positive immunomodulatory effect on the granu-
lomogenesis is worm specific and not likely to be
due to arousal of the immune system by unre-
lated factors, nor is it influenced by the gender or
degree of maturation of female worms. At all
stages in time, the concanavalin A binding-frac-
tion-induced granulomas reached only 65 to 70%
of the volume of SEA-induced granulomas. Immu-

nopbenotyping of extracellular matrix proteins
around deposited beads revealed that fibronec-
tin was the dominant extracellular matrix pro-
tein and that also type I and IV collagen and
laminin were deposited. Temporal analysis of the
expression of the adbesion molecules ICAM-1,
LFA-1, VLA-4, and VLA-6 was performed. Mor-
phological evidence is presented for the role of
adbesion molecules in the initiation and mainte-
nance of bepatic granuloma formation. The che-
mokine monocyte chemoattractant protein-1 was
expressed in the granuloma and in bepatic ar-
tery branches. From these data, it is concluded
that adult S. mansoni worms positively modulate
schistosomal bepatic granuloma formation in
vivo. Adbesion molecules and chemokines play
important roles in schistosomal granuloma for-
mation. (Am J Pathol 1997, 150:2033-2045)

Schistosomiasis mansoni is a parasitic disease
caused by the blood fluke Schistosoma mansoni.
Schistosomes are antigenically very complex organ-
isms, and stage-specific antigens are found among
schistosomula, cercariae, eggs, or adult worms. "2
The pathology of the disease is induced by the host’s
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granulomatous response to deposited eggs, primar-
ily in the liver and intestines.® The granulomatous
hypersensitivity reaction around deposited eggs is
mediated by T-cell responses to the secreted solu-
ble egg antigens (SEAs).37° In the past, great effort
has been made to determine the egg antigen(s) that
elicited T-cell responses and induced granuloma for-
mation.6~"° It was found that some of these egg
antigens are both granulomogenic and cross-reac-
tive with schistosomular antigens."' However, there
is only little information available concerning the S.
mansoni adult worm antigen fractions that mediate
granuloma reactivity. SEAs and soluble worm anti-
gens (SWAPs) exert differential cytokine responses
in both human and experimental murine infection. It
was demonstrated that leukocytes responded with a
Th2 pattern of cytokine production to egg antigens
but with a ThO pattern to worm antigens in both
human schistosomiasis patients'® and in experimen-
tal murine schistosomiasis.'® In human schistosomi-
asis, these cytokine responses are, however,
strongly dependent on the clinical form as interfer-
on-y production by peripheral blood mononuciear
cells stimulated with SWAP is only observed in pa-
tients with acute or hepatosplenic schistosomiasis
and is absent in the intestinal form.'2'* An acceler-
ated reaction against injected SEA-coupled beads in
the liver was empirically seen in animals sensitized
with schistosome worms.'® Glycoproteins derived
from adult male worms were shown to induce a
modest granulomatous reaction.® Very recently, Hir-
sch et al'® reported that fractionated S. mansoni
adult worm antigens coupled to polyacrylamide
beads were able to induce granuloma formation in
vitro. These data indicate that the immunological pro-
cesses responsible for granuloma formation may not
be absolutely egg-stage specific.

Intercellular adhesion molecule-1 (ICAM-1) ex-
pression can be induced by products of deposited
S. mansoni eggs.'” Attention has therefore been fo-
cused on the role of adhesion molecules in S. man-
soni-induced granulomogenesis. Lukacs et al'®
demonstrated that inflammatory granuloma forma-
tion was mediated by tumor-necrosis-factor-a-induc-
ible ICAM-1. Blockade of the adhesion molecules
ICAM-1, lymphocyte function-associated antigen-1
(LFA-1), and very late antigen-4 (VLA-4) by mono-
clonal antibodies inhibited spleen and granuloma
interleukin-2 and -4 production in schistosomiasis
mansoni.'® Furthermore, lymphocytes can interact
with extracellular matrix (ECM) proteins through
the VLA adhesion molecules present on their cell
membrane. Interactions between VLA-4 and -5/
fibronectin and VLA-6/laminin have been well

characterized.?° In addition, recent studies have
demonstrated that there is a significant interplay
between chemokines and adhesion molecules.
Macrophage inflammatory protein (MIP)-18 in-
duced binding of T cells to vascular cell adhesion
molecule-1 (VCAM-1) in vitro.2" Recently, the role
of the chemokines monocyte chemoattractant pro-
tein-1 (MCP-1)22 during the secondary inflamma-
tory response and MIP-1a2® during the primary
response against S. mansoni eggs was elucidated.
The present study was undertaken to analyze the
in vivo granulomatous response in naive and single-
sex S. mansoni-infected mice toward beads coupled
with crude SEA or a concanavalin A (ConA) binding
fraction that were implanted into the liver. Plasmo-
dium berghei-immunized and bisexually S. mansoni-
infected animals served, respectively, to evaluate
the effect of aspecific immune modulation and worm
gender on the granulomogenesis. The nature of the
ECM proteins deposited around the antigen-coupled
beads and the temporal expression pattern of the
adhesion molecules ICAM-1, LFA-1, VLA-4, and
VLA-6 and the chemokine MCP-1 was assessed.

Materials and Methods

Animals

Six-week-old, male OF1 mice and Syrian golden
hamsters were purchased from Iffa Credo (St.-Ger-
main sur L'Arbresle, France). All animals received
water and food ad libitum. The animals received hu-
mane care according to the institution’s guidelines.
All experiments were conducted under the supervi-
sion of an animal welfare officer.

Preparation of Antigens and Antigen-
Coupled Beads

The preparation of antigen-coupled beads is de-
scribed in full by Deelder et al.2* Briefly, SEA was
prepared from isolated S. mansoni eggs from in-
fected hamsters (48 days after infection) according
to the technique described by Browne and Thom-
as.?® After homogenization and centrifugation
(25,000 x g for 45 minutes) of the eggs, the SEA-
containing supernatant was dialyzed against dis-
tilled water (4°C) overnight. For the isolation of gly-
coprotein antigens from SEA, the technique
described by Pelley et al®® was used. SEA was ap-
plied to a column of 15 X 1.6 cm filled with ConA-
Sepharose 4B (Pharmacia, Uppsala, Sweden) and
eluted (flow rate, 30 mi/hour). Two nonbinding frac-
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tions designed ConA A and B were eluted from the
column. In an earlier study, these two fractions were
shown not to be granulomogenic.'® A third fraction
(ConA binding fraction) was eluted from the column
with 0.2 mol/L a-2-methyl-D-mannoside. This fraction
was dialyzed 24 hours against distilled water and
freeze-dried. Sepharose CL4B beads (Pharmacia)
were wet-sieved to obtain a fraction with a diameter
between 63 and 75 um. Beads were activated with
50 mg of CNBr/ml beads and antigen, SEA, or ConA
binding fraction were coupled at a concentration of 2
and 1 mg of antigen/ml beads, respectively. After
antigen coupling, beads were deactivated overnight
with 4-aminobutyric acid and washed extensively
with sterile phosphate-buffered saline (PBS) before
injection. Unloaded beads (activated/deactivated)
were used as a negative control. Homogeneous
binding of the antigen to the beads was checked
with immunofluorescence.

Experimental S. mansoni Infections
Unisexual Infections

Unisexual S. mansoni infections were obtained
through infection of mice with cercariae shed by
Biomphalaria glabrata snails infected with a single
miracidium. This was achieved as follows. A hamster
infected with 1400 cercariae was sacrificed after 48
days and perfused through the heart with citrated
PBS for 10 minutes. The liver was removed and
mashed through a sieve with distilled water at 28°C.
The suspension was left for 15 minutes and then put
in front of a beam lamp. After 30 minutes, the
miracidia were collected. An appropriate dilution of
miracidia was made so that 10 ul of solution con-
tained 1 miracidium most of the time. Ten microliters
of the miracidia-containing suspension was then put
on a glass slide and examined under a stereomicro-
scope. If only one miracidium were seen, the slide
was dipped in a six-well plate containing one snail in
aquarium water. The snails were kept in contact with
the miracidia for 24 hours and were then placed in a
dark room for 35 days. After 35 days, the snails were
shed weekly. If cercariae were present, mice were
infected with 100 cercariae (from one snail) per
mouse.

Bisexual Infections

Mice were infected with 30 cercariae of a Puerto
Rican strain of S. mansoni by a transcutaneous route.
Bisexually infected mice served to evaluate a poten-
tial influence of worm gender or degree of maturation
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of the female worms on the immune response toward
SEA-coupled beads. Bisexually infected mice were
injected with SEA-coupled beads (28 days after in-
fection) and sacrificed after 8 days. As eggs are
deposited 4 to 6 weeks after cercarial penetration,?”
primary SEA sensitization had not occurred at the
time of sacrifice.

Plasmodium berghei Immunization

Mice were immunised against P. berghei pre-eryth-
rocytic (hepatic) stages to check whether an effect of
unisexual infection on granuloma formation was spe-
cifically worm associated rather than due to an al-
tered immune responsiveness. The immunization
was carried out through tail vein injection three times
at biweekly intervals with 50,000 viable sporozoites
each time. After every sporozoite inoculation, the
animals were given by oral gavage three doses of 60
mg/kg chloroquine base at days 1, 2, and 3 after
injection to prevent blood infection. Blood was
checked for parasites at day 8 after each injection to
confirm the absence of parasite development. The
success of the immunization was controlled using
the immunofluorescent antibody technique.

Briefly, the glands of infected Anopheles stephensi
mosquitoes were dissected and crushed in glucose
lactalbumin serum hemoglobin with 10% fetal calf
serum. The sporozoite suspension was centrifuged
(13,000 rpm for 5 minutes), the supernatant dis-
carded, and the pellet mixed with 1% glutaraldehyde
in PBS. The mixture was centrifuged for 3 minutes
and afterwards washed extensively with PBS azide.
Drops of the parasite suspension were distributed on
siliconized slides and air dried. The slides were
brought in contact with the serum of immunized mice
(dilutions 1/20 to 1/640 in PBS) for 30 minutes at
37°C. After extensive washing with PBS azide, the
secondary antibody (fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG (dilution
1/100); Pasteur Diagnostics, Marnes-La-Coquille,
France) in Evans blue (1/10,000) was applied for 30
minutes at 37°C. The slides were mounted with glyc-
erine and examined with a fluorescence microscope.
The fluorescent signal was quantified ranging from.a
fine green layer outlining the sporozoites (+) to
strong fluorescence (+++).

Induction of Synchronous Granulomas

Synchronous granulomas were induced in mice that
were infected by single-sex cercariae for 35 days or
in bisexually infected mice 28 days after infection by
injecting antigen-coupled beads in the cecal vein of
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the mouse. The mouse was anesthetized (60 mg/kg
pentobarbital intraperitoneally), and a midabdominal
incision (2 cm) was made. The cecum was brought
outside the body, and the cecal vein was visualized.
At approximately 2 cm from the cecum tip, a major
side branch was noticed in 80% of the animals. Two
loops (Perma-hand Seide 7.0, Ethicon, Norderstedt,
Germany) with a loose knot were applied around the
vein, distal from the side branch. Twenty thousand
beads dissolved in 0.3 ml of sterile PBS buffer were
injected over a period of 10 seconds in the vein
using an insulin syringe with a 29-gauge needle
(Becton Dickinson, Dublin, Ireland). The distal loop
was closed with the needle still in place. The proxi-
mal loop was then closed while gently removing the
needle. The cecum was placed back inside the body
and the incision was closed with ethilon 3.0 (Ethi-
con). Spitalen powder was applied to prevent wound
infection. Unloaded beads were injected as negative
controls. Sham-operated animals were exposed to
the same procedure with injection of 0.3 ml of sterile
PBS instead of antigen-coupled beads.

Stereological Analysis

Quantitative analysis of granuloma volume has al-
most exclusively been carried out by averaging the
largest and perpendicular diameter of a granuloma
and calculating the volume assuming the granuloma
to be spherical and sectioned in a median plane.
These two conditions are, however, bold assump-
tions, and the need for a (simple) method measuring
the volume independent of the object’s shape arises.
Stereological techniques yielding quantitative infor-
mation about geometric features of structures can be
obtained from a test system of lower dimension than
the in vivo structure itself.2® In this study, we used
one-dimensional (points) and two-dimensional
(lines) test probes to obtain an estimation of a three-
dimensional property (granuloma) from a two-dimen-
sional object (histological slide). Volume estimation
by point sampling provides a direct, more correct,
and unbiased estimate of the mean volume from the
volume distribution without any further assumption
about the object shape than that of convexity.?° Vol-
ume-weighted mean granuloma volume (MGV) was
estimated using point-sampled intercepts. By point
sampling, the granulomas are sampled directly pro-
portional to their volume. Multiplication of the aver-
aged, cubed mean intercept length with a constant
gives an estimate of the MGV. Sirius-H-stained sec-
tions were examined using a Leitz 10X lens (numeric
aperture 0.25) on a Leitz Orthoplan microscope (Le-
itz, Wetzlar, Germany), and the images were re-

corded using a Pulnix TM-765 monochrome camera
(Pulnix Video Division, Basingstoke, UK). The image
was viewed on a computer screen simultaneous with
a randomly placed 12 X 12 grid generated by the
computer software. The points hitting a granuloma
were selected by the operator, after which the com-
puter drew a randomly oriented line through the se-
lected point. The operator marked the intercepts of
this line with the boundaries of the granuloma, result-
ing in a point-sampled intercept. This procedure was
repeated an average of 30 times. In general, a stable
value for the MGV was obtained after 25 measure-
ments. The volume-weighted MGV was calculated
from the formula MGV = #/3 ()3, where (l) is the
mean length of the collected intercepts. A simple,
cheap, and direct image analysis system specifically
designed for stereological measurements was used
(Stereology 2.0, Kinetic Imaging, Liverpool, UK), fa-
cilitating these measurements (analysis time was 15
minutes per liver).

Immunohistochemistry

The antibodies used in this experiment and their
dilutions are listed in Table 1. We used three stan-
dard immunohistochemical procedures for this
study. For all techniques, cold acetone-fixed
(—20°C), 5-um-thick cryostat sections were incu-
bated overnight at 4°C with the primary antibody.
Immunofluorescence was used for the antibodies
directed against collagen |, collagen 1V, fibronectin,
laminin, and MCP (secondary antibody was FITC-
conjugated goat anti-rabbit IgG). The alkaline phos-
phatase anti-alkaline phosphatase (APAAP) tech-
niqgue was applied for the antibodies directed
against ICAM-1, LFA-1, and macrophages (second-
ary and tertiary antibodies, rabbit anti-rat IgG and rat
APAAP complex (Dako, Glostrup, Denmark)). VLA-4
and VLA-6 were demonstrated using an indirect im-
munoperoxidase staining technique (secondary an-
tibody was peroxidase-conjugated goat anti-rat
Ig@G). The reaction product for the APAAP procedure
was developed by incubation with the alkaline phos-
phatase substrate kit SK-5100 (Vector Laboratories,
Burlingame, CA). Fluorescent detection of the alka-
line phosphatase reaction product®® could be car-
ried out using a 543-nm excitation wavelength of a
green HeNe laser. The emitted red light passed a
dichroic mirror at 560 nm, was filtered using a
570-nm long-pass filter, and detected by a photo-
multiplier tube of a Zeiss LSM 410 confocal micro-
scope mounted on an Axiovert M 135 (Zeiss,
Oberkochen, Germany). Examination of the immuno-
reactivity using confocal laser scanning microscopy
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Table 1.  Antibodies and Dilutions Used for Immunobistochemistry

Antibody Dilution
Rabbit anti-mouse collagen | (Institut Pasteur, Lyon, France) 1:200
Rabbit anti-mouse collagen IV (Institut Pasteur) 1:200
Rabbit anti-mouse fibronectin (Telios Pharmaceuticals, San Diego, CA) 1:200
Rabbit anti-mouse laminin (Institut Pasteur) 1:200
Rat anti-mouse ICAM-1 (R&D Systems, Minneapolis, MN) 1:100
Rat anti-mouse LFA-1 (R&D Systems) 1:100
Rat anti-mouse VLA-4 (Southern Biotechnologies, Birmingham, AL) 1:50
Rat anti-mouse VLA-6 (Serotec, Oxford, UK) 1:50
Rat anti-mouse F4/80 (macrophages) (Serotec) 1:200
Rabbit anti-mouse MCP (Serotec) 1:100
Mouse anti-human a-neurofilament (monoclonal negative control) (Dako, Glostrup, Denmark) 1:350
Rabbit anti-human IgM (polyclonal negative control) (Dako) 1:400
Goat anti-rat IgG, peroxidase conjugated (Rockland) 1:200
Goat anti-rabbit IgG, FITC conjugated Jackson Immunoresearch 1:.25

yielded superior quality of the images compared with
examination by conventional light microscopy. The
degree of immunoreactivity was analyzed in a semi-
quantitative manner (—, no reactivity; +, weak reac-
tivity; ++, moderate reactivity; +++, strong reactiv-

ity).

Statistics

For all of the experimental groups (which included
six to eight animals), the average volume and the
standard deviation were calculated. The variables
were compared by an unpaired, two-tailed Student
t-test. Exact P values are given unless the P value
was <0.0001.

Results

Mice with Unisexual Infections or with P.
berghei Immunization

To obtain single-sex-infected snails, 50 B. glabrata
snails were infected with a single miracidium each.
Of the 50 infected snails, 5 yielded cercariae after 35
days. Analysis of perfused mice revealed that four
snails had given rise to cercariae that developed into
stunted male worms and one snail produced cercar-
iae that developed into slender, thin female worms.
Unisexually infected mice carried an average of 27.5
worms per animal (range, 20 to 39). The spleens

from P. berghei-immunized mice (n = 9) and of a
nonimmunized control group (n = 7) were weighed 8
days after injection. The spleens of the immunized
animals weighed 0.93 = 0.39 g versus 0.28 = 0.23 g
for the control animals (P = 0.001). With immunoflu-
orescent antibody technique directed against sporo-
zoite antigens, all serum samples had a strong fluo-
rescent signal (+++) at a dilution of 1/80. The
fluorescent signal was absent in serum samples of
nonimmunized control mice.

Stereological Analysis

The results of the temporal stereological analysis of
the MGV for both total (crude) SEA and a ConA
binding fraction of SEA in naive and single-sex in-
fected animals are represented in Table 2. The tem-
poral MGV results for total SEA-induced granulomas
are represented graphically in Figure 1. Quantifica-
tion through stereological analysis revealed that, in
unisexually infected animals, peak granuloma forma-
tion was already reached after 8 days (MGV =
5.45 + 0.88 X 10° um?®) whereas in naive animals
peak granuloma formation was reached 16 days
after injection (MGV = 6.33 = 1.43 X 10° um3). In
unisexually infected mice, strong granuloma forma-
tion was already observed after 3 days (MGV =
3.57 + 0.71 x 10° um®), and the MGV at 8 days was
significantly higher compared with naive mice at 8
days (P < 0.0001).

Table 2. MGV (10° um?) of Total SEA- and ConA-Binding-Fraction-Induced Granulomas

Naive mice Single-sex-infected mice
Days SEA ConA binding SEA ConA binding
3 3.57 = 0.71 2.30 = 0.21
8 298 = 0.36 2.75+0.44 5.45 = 0.88 3.568 = 0.52
16 6.33 = 1.44 4.48 = 0.59 481 =075 3.14 £ 0.30

32

3.90 * 0.65
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Figure 1. Mean granuloma volume (MGV) of hepatic granulomas
induced by SEA-coupled beads in naive and single-sex infected mice.

At all stages both in naive and in unisexually in-
fected mice, the ConA-binding-fraction-induced
granulomas were smaller than total SEA-induced
granulomas, reaching only 65 to 70% of the volume
compared with SEA-induced granulomas.

No difference was observed in the MGV between
unisexually and bisexually infected mice 8 days after
injection (MGV, respectively, was 5.45 = 0.88 and
5.50 = 0.60 X 10%° um?3).

To assess worm specificity of the observed effect,
SEA-induced granuloma formation was assessed in
mice infected with P. berghei as compared with naive
mice at 8 days after injection. Because the malarious
animals were maintained at another institute, these
animals were compared with a new group of naive
(control) animals to ensure optimal environmental
standardization of the experimental animals. P.
berghei-immunized animals had a MGV of 2.98 *
0.34 x 10° um?® compared with 2.85 + 0.51 x 10°
um? for the naive animals (P = 0.608).

Conventional Light Microscopy

In all experimental groups, beads were found ran-
domly lodged, although clustering of beads was
sometimes observed, mainly in large portal veins.
Seventy-two hours after injection of beads in single-
sex-infected mice, the beads were surrounded by an
initial layer of macrophages and several rows of
lymphocytes, macrophages, and mainly eosinophilic
granulocytes. Some neutrophilic granulocytes were
seen. Small amounts of connective tissue were al-
ready observed. After 8 days, when peak granuloma
formation was reached, large granulomas were seen
(Figure 2a), composed of numerous eosinophils and
macrophages. Sparse lymphocytes were seen, but
neutrophils were absent. Giant cells were frequently
seen at this stage, lying mainly against the bead.
Marked fibrosis was present both in the granuloma

and in areas of portitis. At 16 days, macrophages
became the dominant cell type, but eosinophils were
still abundantly present. Severe fibrosis was seen
comprising the entire granuloma. Schistosomal pig-
ment was present in Kupffer cells and phagocytic
cells in the granuloma. A moderate to strong degree
of portitis was observed with mainly eosinophils and
macrophages. Some degree of piecemeal necrosis
was seen. In naive animals, the same pattern of
evolution was seen. However, at 8 days after injec-
tion, granulomas were still minute with small amounts
of deposited collagen fibers. Full-blown granulomas
with numerous eosinophils and marked fibrosis were
seen after 16 days. At 32 days, fibrosis was marked
with macrophages as the dominant cell type. Gran-
ulomas induced by ConA-binding-fraction-coupled
beads had the same cellular composition as beads
loaded with SEA. Unloaded beads yielded only a
monolayer or bilayer of macrophages at all stages
(Figure 2b). Malarious mice evoked granulomas in
which eosinophils and macrophages were still the
predominant cell types. Numerous Kupffer cells and
granuloma macrophages were loaded with dark
black malaria pigment.

Extracellular Matrix Protein
Immunophenotyping

Collagen | immunoreactivity (Figure 2c) was seen as
fine bands of granular deposits around the bead.
Immunoreactivity for type | collagen was moderate in
young granulomas in both naive and single-sex-in-
fected mice but became more abundant as the gran-
ulomas aged. Immunoreactivity was also observed
in the blood vessels and along the sinusoids. Colla-
gen IV was absent along the sinusoids. Expression
was seen in the basement membrane of the blood
vessels. In the granuloma, periparticular bundles of
type IV collagen (Figure 2d) were seen. Type IV
collagen became more prominent when the granu-
lomas grew older (16 and 32 days). Fibronectin (Fig-
ure 2e) lined the sinusoids and appeared to be the
predominant ECM protein in the granulomas from the
early stages on. Thick, dense bundles of fibronectin
were seen in the granuloma. Laminin immunoreac-
tivity was weakly expressed along the sinusoids.
Strong reactivity was seen in the granuloma and in
the blood vessels (Figure 2f). Significant deposition
of ECM proteins was already observed 3 days after
injection in single-sex-infected animals with peak
deposition at 16 days. In naive animals, fibrosis was
moderate at 8 days and became most pronounced
at 32 days. Deposits of ECM proteins were not ob-
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Figure 2. Implantation of SEA-coupled or unloaded beads in the liver (8 days after injection) in unisexually infected mice. a: Granulomatous
response dgainst a SEA-coupled bead. Macrophages and numerous eosinophilic granulocytes make up the periparticular granuloma. HEE:
magnification, X 180. b: Unloaded bead. No granulomatous response is seen except for a monolayer of schistosomal-pigment-laden macrophages.
HEE; magnification, X 225. ¢ to f: Deposition of type I collagen (¢), type IV collagen (), fibronectin (€), and laminin (f) around periparticular
granulomas (8 days, single-sex infection). Fibronectin appeared the dominant ECM protein, whereas collagen 1 deposition was fine and granular.
Type 1V collagen was present in the granuloma and the basement membrane (arrow) of blood vessels. FITC: magnification, X 150.

served around unloaded beads. Negative controls
with an unrelated polyclonal antibody were negative
in all cases. The results are summarized in Table 3.

Macrophages, Adhesion Molecules, and
Chemokines
Granulomas were immunoreactive for the macro-

phage marker (F4/80) from the early stage on (3
days), and strong immunoreactivity persisted until

Table 3. Extracellular Matrix Proteins in Single-Sex-
Infected Animals 8 Days after Injection of
SEA-Coated Sepharose Beads

Sinusoids Granuloma Blood vessels

Collagen type 1 +++ ++ +++
Collagen type 4 - ++ ++

Fibronectin +++ +++ +++
Laminin + +++ +++

—, no reactivity; +, weak reactivity; ++, moderate reactivity;
+++, strong reaciivity.
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Figure 3. Expression of adbesion molecules and chemokines on bepatic granulomas induced by injection of SEA-coupled beads ( single-sex infected
mice). Up-regulation of ICAM-1 (@), LFA-1 (b), and VLA-4 (C) expression in periparticular granulomas is seen. VLA-G expression in granulomas was
less pronounced and limited to sparse, isolated granuloma cells and vascular endotbelial cells encroached by the expanding granuloma. €:
MCP-I-immunoreactive cells are present around implanted beads (B). a: confocal laser scanning microscope image; APAAP: magnification, X 120.
b: CLSM image; APAAP; magnification, X 150. ¢ and d: Indirect immunobistochemistry (peroxidase conjugate); bematoxylin counterstain;

magnification, X 150. e: FITC: magnification. X 225.

day 32. At day 3 after injection, most of the immuno-
reactivity was seen in cells in contact with the bead.
At later stages, the granulomas stained homoge-
neously for the F4/80 monoclonal antibody. Clusters
of F4/80-immunoreactive cells were seen in the in-
flamed portal tracts. Kupffer cells were immunoreac-
tive, but the F4/80 immunoreactivity was absent in
the vicinity of the central veins. ICAM-1 was present
on sinusoidal lining cells (sinusoidal endothelium

and schistosomal-pigment-phagocytizing Kupffer
cells). ICAM-1 expression was strongly up-regulated
on granuloma cells (Figure 3a). At the early stages (3
days), the granulomas stained homogeneously for
ICAM-1. At the later stages (16 days), granulomas
were observed with an unstained inner part. Areas of
portitis were strongly ICAM-1 immunoreactive. Im-
munoreactivity for LFA-1 was seen in Kupffer cells
with a pattern similar to the F4/80 macrophage
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Table 4. Macrophages, Adbesion Molecules, and Chemokines in Single-Sex-Infected Mice 8 Days after Injection of SEA-

Coupled Sepharose Beads

Portal tract Granuloma
Sinusoidal inflammatory inflammatory
endothelium Kupffer cells cells Hepatocytes cells Blood vessels

ICAM-1 +++ +++ +++ - +++ +++, endothelium

LFA-1 - +++ +++ - +++ -

VLA-4 - + +++ - ++ -

VLA-6 ++ - + - + +++, endothelium

MCP-1 - - - - ++ ++, adventitial
cells in arteria
hepatica branch

F4/80 - +++ ++ - +++ -

—, no reactivity; +, weak reactivity; ++, moderate reactivity; +++, strong reactivity.

marker (Figure 3b) with decreased immunoreactivity
toward the central vein. As for ICAM-1, granulomas
stained homogeneously in the early stages, whereas
in the later stages, the immunoreactivity pattern
again became nonhomogeneous. Inflammatory cells
in inflamed portal tracts were strongly immunoreac-
tive. Immunohistochemical staining for VLA-4 (fi-
bronectin receptor) revealed strong immunoreactiv-
ity on granuloma cells and portal tract inflammatory
cells and weak immunoreactivity on schistosomal-
pigment-laden Kupffer cells (Figure 3c). In areas of
portitis, immunoreactivity was more pronounced
near the lumen of the blood vessel and diminished at
a distance. Endothelial cells were not immunoreac-
tive. VLA-6 was predominantly expressed on the
endothelial cells lining the central veins, the portal
tract vessels, and blood vessels trapped in the gran-
uloma, whereas moderate VLA-6 immunoreactivity
was detected on sinusoidal endothelium (Figure 3d).
Significant up-regulation of VLA-6 in the granuloma
was not observed. Sparse immunoreactive cells
were seen in the granulomas, mainly at the periph-
ery, and in inflamed portal tracts. The bile duct epi-
thelium was strongly immunoreactive. No expression
was seen on hepatocytes and Kupffer cells. Sham-
operated animals had weak basal expression of
VLA-4 on Kupffer cells and moderate VLA-6 expres-
sion on endothelial cells. Moderate immunoreactivity
for MCP-1 was seen in the granulomas of both uni-
sexually infected and naive mice. Immunoreactivity
was more pronounced in cells laying close to the
antigen-coupled beads. As granulomas became
larger in time, more MCP-1-immunoreactive cells
were observed (Figure 3e). Vascular-associated
MCP-1 was detected in the adventitial cells of he-
patic artery branches in the portal tracts of single-
sex-infected animals. Venous blood vessels were not
immunoreactive. Few immunoreactive cells were
seen in areas of portitis. In naive animals, vascular-
associated immunoreactive cells were only sporad-

ically seen. Blood vessels of sham-operated animals
were not MCP-1 immunoreactive. No immunoreac-
tivity was seen in the negative controls that were
carried out for all antibodies. The weak immunore-
activity observed on some cell types for VLA-4 and
VLA-6 could therefore not be attributed to detection
of endogenous peroxidase by the indirect immuno-
peroxidase technique. The results are summarized
in Table 4.

Discussion

In this communication, the results are shown of ex-
periments aimed at identifying the role of adult, living
S. mansoni worms on the hepatic granuloma forma-
tion in vivo. Sepharose beads laden with total SEA or
a ConA binding fraction of SEA were injected in a
mesenteric vein of naive, unisexually or bisexually
(S. mansoni) infected and P. berghei-immunized
mice, and the periparticular granuloma formation
was analyzed by volume estimation through stereo-
logical analysis using point-sampled intercepts. In
addition, the expression of adhesion molecules, che-
mokines, and ECM proteins was also studied. In this
model, we demonstrated that peak granuloma for-
mation was already reached after 8 days in single-
sex-infected mice compared with 16 days in naive
mice. Strong granuloma formation and deposition of
ECM proteins was already seen 3 days after injection
in single-sex-infected mice, whereas in naive ani-
mals, granuloma formation and fibrosis was still
moderate 8 days after injection. This effect was not
due to the aspecific arousal of the immune system,
as triggering of the immune system with the nonre-
lated parasite P. berghei was not able to alter the
SEA-induced granuloma formation. As one snail
yielded cercariae that developed into female worms,
the effect of worm gender on granuloma formation
could be analyzed. In our experiments, mice carry-
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ing female worms were present in only one experi-
mental group (ConA binding fraction, 3 days after
injection). When the MGV from this total group (male
plus female worms; n = 7) was compared with the
MGV of the female worm portion of the same group
(n = 4), the respective MGVs were not significantly
different (2.30 = 0.21 and 2.40 + 0.2 X 108 um3; P =
0.419). As the experimental group carrying only fe-
male worms was small (only four mice), drawing
definite conclusions from these data is hazardous.
However, as no difference in MGV was observed
between bisexually infected (28 days at the time of
injection) and unisexually (male) infected (35 days)
mice, the positive immunomodulation by S. mansoni
worms on SEA-induced granulomas is most likely
independent of the worm gender or degree of female
worm maturation. In addition Grzych et al'® did not
observe differences between SWAP prepared from
male, female, and unseparated worms in its capacity
to trigger spleen cell cytokine responses.
Preliminary results of experiments performed in
our laboratory demonstrate that Sepharose beads
coupled with total adult worm antigen (AWA), hence
containing worm antigens not only from male and
female worms but also antigens from eggs present in
the uterus of female worms, induced granulomas
with the same size as that of granulomas induced by
SEA-coupled beads in unisexually or bisexually in-
fected animals. When beads coated with exclusively
adult, male worm antigens (and thus free of egg
antigens) were injected, these also generated gran-
ulomas but of a smaller size (W. Jacobs, J. Bogers,
A. Deelder, and E. Van Marck, unpublished results).
The formation of large granulomas by total-AWA-
coupled beads is likely to be partly attributable to
cross-reaction of AWA with SEA. In addition, these
preliminary results demonstrate that AWA has granu-
lomogenic potential in vivo. Hirsch and Goes'® very
recently described that adult worm antigen fractions
coupled to polyacrylamide beads were able to in-
duce a granulomatous reaction in vitro. Doughty and
Phillips®' observed that in vitro granuloma formation
around S. mansoni eggs was strongly accelerated
when S. mansoni worms and eggs were co-cultured
with spleen cells. This acceleration was not ob-
served when only eggs and spleen cells were co-
cultured. From these results obtained in vitro, these
authors were not able to conclude whether the ob-
served phenomenon indicated the presence of sen-
sitizing cross-reactive worm antigens or the neces-
sity for conditioned media to facilitate the cellular
reactions. Our present in vivo work supports the hy-
pothesis that the positive immune modulation by S.
mansoni worms is mediated possibly by two mech-

anisms: the presence of granulomogenic worm anti-
gens and sensitizing cross-reaction between egg
and worm antigens. Interaction and cross-sensitiza-
tion between egg and worm antigens has previously
been described. Lukacs and Boros'® defined from
nine SEA fractions five fractions that induced pulmo-
nary granulomas in acutely infected (8 weeks) mice.
Only four fractions were granulomogenic in chroni-
cally infected (20 weeks) mice. Some of these frac-
tions were cross-reactive with schistosomular anti-
gens at the T-cell level.'' The granulomatous
response appeared to be a composite T-cell reac-
tivity to several larval cross-reactive and egg-spe-
cific antigenic moieties.

It has been shown?®-32 that the ConA binding frac-
tion contains major serological antigen-1 (MSA-1)
and that this antigen is responsible for a granuloma-
tous reaction with subsequent fibrosis when at-
tached to particles and implanted in the liver of
mice.'® Because ConA-binding-fraction-induced
granulomas were smaller in both naive and single-
sex-infected mice, it is reasonable to assume that
SEA contains, besides MSA-1, other granulomoge-
nic antigens that act in synergy with MSA-1 for elic-
iting schistosomal delayed hypersensitivity.

Conflicting results exist between the pulmonary
and hepatic granuloma formation in single-sex-in-
fected mice. Warren and Domingo®3 did not observe
a difference in the pulmonary granulomatous re-
sponse against S. mansoni eggs in naive and single-
sex-infected mice. In apparent disagreement with
that result, in our current and earlier studies,® uni-
sexually infected mice exhibited an augmented he-
patic granulomatous response to SEA-coupled
beads. It was, however, demonstrated that hepatic
granulomas of mice infected with S. mansoni seques-
ter immunogenic epitopes expressed by the worm.34
As the liver is a major organ for the clearance of
many macromolecules from the circulation,3® it may
sequester schistosome antigens from developmen-
tal stages other than eggs.3® Circulating anodic an-
tigen has been detected in Kupffer cells,3”® and
hepatic clearance of schistosomal worm antigens
could be due to binding of the antigens to specific
carbohydrate receptors on hepatocytes and Kupffer
cells.®® Artificial bead- or egg-induced pulmonary
granulomas may thus be a good model for the elu-
cidation of the immunological mechanisms underly-
ing schistosomiasis, 224941 pyt artificial hepatic
granulomas provide a more realistic model for un-
raveling the pathology of schistosomiasis.® It has
been demonstrated that differences between he-
patic and pulmonary granulomas exist, particularly
at the morphological level.*? Hepatic granulomas
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are larger and give rise to more fibrosis than pulmo-
nary granulomas do,*® whereas vasculitis is a com-
mon feature in the lung.*? The differences in organ-
related reaction patterns toward antigenic stimuli
and the sequestration capacity of the liver for schis-
tosome antigens may explain the lack of immuno-
modulation by adult worms on pulmonary granulo-
mas observed by Warren and Domingo.3®
Synchronous hepatic granulomas have proven to
be a good model for the study of hepatic fibro-
sis."®** In our experiments, we noticed deposition of
collagen isotypes and basement membrane mole-
cules in the artificial granulomas. In experimental
murine infections, type Il collagen and fibronectin
are the dominant ECM proteins in the initial hepatic
lesions (8 weeks after infection) whereas an increase
of type IV collagen and laminin deposition was seen
at 10 weeks after infection. As the infection pro-
gressed, type | collagen deposits rose and equalled
type Il collagen.*® We did not evaluate type Il col-
lagen expression in our model because an antibody
directed against mouse collagen type Il was not
commercially available at that time. Andrade“® re-
ported that type IV collagen was not involved in
schistosomal fibrosis, but Kresina et al*’ neverthe-
less observed type IV collagen gene expression dur-
ing primary infection. We previously observed that
ICAM-1 immunoreactivity at the ultrastructural level
was present on both Kupffer cells and sinusoidal
endothelium.*® We also observed a reduction of
ICAM-1 and LFA-1 staining in advanced infections
(22 weeks) or in granulomas around SEA beads
deposited for a longer period (32 days),*® with
ICAM-1-immunoreactive cells mainly located at the
periphery of the granuloma in contrast to the homo-
geneous staining of the granuloma during the acute
phase. This reduction of ICAM-1 staining persisted
after collagenase pretreatment, suggesting that this
phenomenon was due to the presence of nonimmu-
noreactive cells rather than to masking of the antigen
by connective tissue fibers. Ritter and McKerrow*®
very recently described the same phenomenon in
experimental infections and demonstrated that
ICAM-1 was the major adhesion molecule expressed
during schistosome granuloma formation. The up-
regulation of ICAM-1, LFA-1, and VLA-4 expression
on cells of the periparticular granuloma, strongly
during the acute and to a lesser degree during the
late phase of granuloma formation, gives additional
evidence for the role of adhesion molecules in the
initiation and maintenance of granulomogenesis. The
chemokine MCP-1 was both granuloma and vascular
associated during secondary pulmonary granuloma
formation.?> MCP-1 immunoreactivity in the adventi-
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tial cells of arterioles and in the lung granulomas
during secondary (infected mice) pulmonary granu-
loma formation was noticed. The authors did not
observe vascular immunoreactivity during primary
(naive mice) pulmonary granuloma formation. Our
observations confirm these findings in the liver.
Granuloma immunoreactivity for MCP-1 was seen in
both naive and single-sex-infected mice, but arterial
immunoreactivity was present only in single-sex-in-
fected mice. Maybe the presence of circulating
worm antigens constitutes a stimulus for inflamma-
tory cells to secrete larger amounts of chemokines
with pro-inflammatory action, increasing granuloma
cellularity. From this study, it is concluded that the
presence of living adult S. mansoni worms has an
important positive immunomodulatory effect on he-
patic granuloma formation in vivo. This effect is likely
to be attributable to cross-reactivity of AWA with
SEAs although the influence of granulomogenic
adult worm antigens has to be taken into consider-
ation. Artificial hepatic granulomas in single-sex-in-
fected animals provide a good model for the study of
hepatic fibrosis. Adhesion molecules and chemo-
kines constitute important inflammatory components
in artificial hepatic granulomas.
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