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Variations in exposure and treatment may contribute to heterogeneity in immunity and granuloma-induced
pathology in human schistosomiasis. To examine this hypothesis, olive baboons were either repeatedly infected
with Schistosoma mansoni cercariae or received an equivalent dose in a single infection. They were then cured
with praziquantel and reinfected with a single exposure. Serial liver biopsies were obtained throughout the
course of the experiment, and cytokine responses by peripheral blood mononuclear cells were measured every
2 to 3 weeks. Reinfection after treatment resulted in a twofold-smaller granuloma size at 6 and 9 weeks after
infection compared to the size for the same period after primary infection (P < 0.001) but had no effect at 16
or 19 weeks postinfection. The pattern of exposure did not influence granuloma size. During primary infection
schistosome-soluble egg antigen (SEA)-induced cytokine production correlated with granulomatous inflam-
mation. Cytokine levels peaked during the acute infection, declined with chronic infection, and became
undetectable after treatment. Reinfection after treatment stimulated a two- to three-fold increase in SEA-
specific interleukin-4 (IL-4), IL-5, IL-10, IL-2, and transforming growth factor b (TGF-b) production and a
marked rise in SEA-specific immunoglobulin E (IgE) and IgG regardless of the type of exposure. Cytokine
production was significantly greater in repeatedly exposed animals (P < 0.001). SEA-induced gamma inter-
feron production, however, did not increase with reinfection after treatment. SEA-induced TGF-b was the only
cytokine that remained elevated as the infection become chronic and correlated with diminished hepatic
granuloma size, implying its participation in down-modulation. These studies demonstrate that baboons
partially retain their ability to down-modulate the granulomatous response after treatment.

Schistosomiasis is a widespread chronic helminth infection
that contributes to the death of over half a million people
yearly (30). The major form of disease results from the chronic
granulomatous response to parasite ova trapped in host tis-
sues. Most infected individuals, however, tolerate chronic in-
fection without debilitating illness. This is thought to occur
because of down-modulation of the host’s granulomatous re-
sponse (30). Failure to modulate can ultimately lead to hepatic
periportal fibrosis, portal hypertension, and death. The mech-
anisms associated with modulation of the granulomatous re-
sponse have been the subject of intense study and have impor-
tant implications for control of schistosome-induced liver
disease and other diseases associated with granulomatous in-
flammation.

The precise role that cytokines and antibodies have in reg-
ulating the granulomatous response is not fully understood.
Most of our knowledge about the mechanisms of granuloma
induction and modulation derives from studies of the murine
model of schistosomiasis. These reports show that granuloma
formation correlates with increased production of egg antigen
(Ag)-specific interleukin-4 (IL-4), IL-5, and IL-13 (6, 7, 23, 33,
47) and that its down-modulation is partially mediated by
IL-10 and parasite Ag-specific antibodies (18, 26, 46).

It is unknown whether the mechanisms that regulate gran-

ulomatous responses and disease in humans parallel those
observed in murine schistosomiasis. Human studies are limited
because of the difficulty in obtaining tissue samples in the acute
phase of disease, though observations of the immune response
in chronically infected humans have been made. Peripheral
lymphocytes (or spleen cells) from asymptomatic Schistosoma
mansoni-infected patients proliferate poorly and make little
gamma interferon (IFN-g) in response to egg antigens com-
pared with those from (i) acutely infected individuals, (ii) sub-
jects after curative chemotherapy, and (iii) patients with clin-
ically apparent disease (9, 11, 40, 41, 48). One of the
mechanisms that contribute to the diminished Th-cell prolif-
eration and IFN-g production results from active suppression
by IL-10 (17, 20). Increased tumor necrosis factor alpha TNF-a
production (29) and a failure to adequately down-modulate
lymphocyte proliferation and IFN-g production correlate with
development of clinically overt hepatosplenic disease or severe
bladder pathology. Down-regulation of Ag-specific IL-4 and
IL-5 appears variable (16, 24, 34).

Individual immune responses to schistosomiasis, however,
are highly variable, and the reasons why only some infected
individuals progress to clinically overt disease remains poorly
understood. A number of factors may contribute to the heter-
ogeneity of immune responses and disease observed with hu-
man schistosomiasis. Humans experience widely different pat-
terns of exposure to and intensity and duration of infection,
and undergo occasional treatment. Two factors in particular,
exposure and treatment, may affect the immune response and
development of disease in humans. Treatment can stimulate an
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acute rise in parasite-specific antibody production (14, 36) and
an alteration in isotypes (22, 28), along with an increase in
parasite Ag-specific IFN-g production and lymphocyte prolif-
eration (34, 48). The effect on Ag-specific IL-4 and IL-5 pro-
duction appears variable depending on the schistosome species
and the time after treatment that people were examined (15,
25, 34). The effect of treatment on pathology, however, was not
examined in these studies. Other population-based studies sug-
gest that reinfection after interrupted treatment programs may
result in worse pathology (32). The pattern of exposure may
also affect the immune response. Our own studies of S. man-
soni-infected baboons illustrate this point. Repeatedly exposed
baboons develop high levels of egg Ag-specific IL-4, IL-5, and
IFN-g production by peripheral blood mononuclear cells
(PBMC) and elevated serum immunoglobulin E (IgE) levels
compared to baboons exposed once to a comparable number
of S. mansoni cercariae (31). However, a detailed study of
exposure, treatment, and reinfection for the immune and gran-
ulomatous responses has not been previously reported.

This study examines the hypothesis that an enhanced Th2-
type immune response induced by repeated exposure and
treatment will produce worse hepatic pathology, as indicated
by larger acute and chronic granulomas with reinfection. To
examine this hypothesis, olive baboons (Papio cynocephalus
anubis) were either repeatedly infected or received a single
exposure to a comparable number of cercariae and were al-
lowed to develop a chronic infection (.19 weeks) before treat-
ment. Following reinfection animals underwent serial liver bi-
opsies to evaluate the granulomatous responses during the
acute and chronic phases of infection. The study describes the
relationship between schistosome-soluble egg Ag (SEA)-spe-
cific cytokine and antibody responses in peripheral blood and
the corresponding hepatic pathology throughout the course of
infection.

MATERIALS AND METHODS

Animals and parasites. Juvenile male baboons (6 to 8 kg), P. cynocephalus
anubis, were captured from schistosome-free areas in Kenya and confirmed as
infection free based on lack of anti-schistosome antibodies as previously de-
scribed (13). Animals were maintained in open enclosures according to interna-
tional standards for primates and screened for common bacterial infections and
intestinal helminths. Any infected animals were treated at least 3 months prior to
beginning the experiment (13).

Experimental protocol. Two groups of seven juvenile baboons each were
infected percutaneously by the pouch method (38) with either 100 cercariae
weekly for a total of 10 weeks (termed multiple infection [MI]) or 1,000 cercariae
once (termed single mass infection [SI]). After a chronic infection was estab-
lished, animals were treated orally with praziquantel (PZQ; 60 mg/kg of body
weight) on weeks 19, 27, and 30 postinfection (Fig. 1). All animals in both
infection groups were then challenged percutaneously with a single dose of 1,000
S. mansoni cercariae at week 34 postinfection and perfused 16 weeks later to
recover adult worms as described previously (13). Following perfusion, 10% (by
weight) of the liver and small and large intestines was sampled separately and
digested in 5% KOH to recover and count the ova (12). Peripheral venous blood
was obtained every 2 to 3 weeks throughout the course of the experiment.

Cumulative stool collections were obtained weekly to determine egg output by
the Kato technique.

Two control groups of previously uninfected baboons were simultaneously
infected once with 1,000 cercariae or multiply infected with 100 cercariae over 10
weeks. The separate control groups were studied to limit the number of survival
surgeries required for liver biopsy.

Histopathology. The details of preparation and measurement of granulomas
and composition have been described elsewhere (13). Only nonconfluent gran-
ulomas containing ova at their centers were measured.

Cytokine assays. PBMC were cultured for cytokine production at 2 3 106/ml
in complete RPMI medium (RPMI 1640, 10% fetal calf serum, 4 mM L-glu-
tamine, 25 mM HEPES, 80 mg of gentamicin/ml) in 48-well tissue culture plates
(Falcon; Becton Dickinson Co., Franklin Lakes, N.J.). Media alone, SEA, pre-
pared as previously described (2) at 5 mg/ml, or the mitogens phorbol myristate
acetate (Sigma, St. Louis, Mo.) at 50 ng/ml with ionomycin at 1 mg/ml (Behring
Corp., San Diego, Calif.) were added to cell cultures, and the cultures were
incubated at 37°C in a humidified atmosphere with 5% CO2. Supernatants were
harvested after 24 h for the measurement of IL-2 and IL-4 production and on day
5 for the measurement of IL-5, IL-10, transforming growth factor b (TGF-b),
and IFN-g production.

Cytokine measurements were performed by enzyme-linked immunosorbent
assay (ELISA) (24) using different human reagents to detect baboon cytokines.
The genes encoding the baboon cytokines examined and the cytokines them-
selves show 93 to 99% homology at the nucleic acid and protein levels, respec-
tively, with the human equivalents, and therefore many human reagents detected
baboon cytokine products (42). ELISA plates (Immulon 4; Dynatech, Sterling,
Va.) were coated with the various antibodies in phosphatase buffer at pH 9.6. For
IFN-g, the coating antibody was monoclonal antibody MAb (BMS 107) (Bio-
Whittaker, Walkersville, Md.) at 1 mg/ml, followed by the detecting biotinylated
MAb 7-B6-1 (Diapharma Group Inc., Franklin, Ohio) at 0.5 mg/ml. The capture
MAb used for IL-4 was 25D2 (2.5 mg/ml; Pharmingen, San Diego, Calif.), and the
biotinylated MAb 8D2 (2.5 mg/ml; Pharmingen) was used for detection. The
coating MAb for IL-5 was TRFK5 (1 mg/ml; Pharmingen), and the biotinylated
MAb was 5A10 (2 mg/ml; Pharmingen). For IL-10 the coating antibody used was
MAb AHC8102 (3 mg/ml; Biosource International, Camarillo, Calif.), followed
by the detecting biotinylated MAb AHC7109 (0.8 mg/ml; Biosource Internation-
al). TGF-b1 was assayed as follows: the coating antibody, MAb MAB240 (2
mg/ml; R&D Inc., Minneapolis, Minn.), was followed by the detecting biotinyl-
ated MAb BAF24 (0.1 mg/ml; R&D Inc.). Prior to assaying for TGF-b, samples
were activated by a 10-min incubation with 10 ml of 1 N HCl per 50 ml of culture
supernatants, followed by neutralization with 1.2 N NaOH–0.05 HEPES. The
coating antibody for IL-2, MAb 55.111 (4 mg/ml; R&D Inc.), was followed by the
detecting biotinylated MAb BAF202 (2.5 mg/ml; Pharmingen). Steptavidin-alka-
line phosphatase at a 1:2,000 dilution (Jackson ImmunoResearch, West Grove,
Pa.) was used as a conjugate for all the cytokine ELISAs, while phosphatase
tablets (Sigma) were used as the substrate. Values were obtained from standard
curves for human recombinant cytokines and were expressed in picograms per
milliliter. Limits of detection were as follows: 10 pg/ml for IFN-g, 20 pg/ml for
IL-4, 22 pg/ml for IL-5, 50 pg/ml for IL-2, 40 pg/ml for IL-10, and 25 pg/ml for
TGF-b.

Antibody assays. Levels of SEA-specific IgG and IgE in serum were measured
by ELISA. The methods of detection, antibody specificity and lack of cross-
reaction to other Ig isotypes have been described previously (31).

Statistical analysis. Data had a normal distribution after log transformation.
Thus, all data in the experiment were analyzed for significant differences between
experimental groups and control by Student’s t test of log-transformed data. A
paired t test was used to compare cytokine production by the same animals
before and after treatment. Differences between the groups were considered
significant at P , 0.05.

RESULTS

The effect of treatment on egg output and granuloma size
after reinfection. Treatment resulted in cure of all animals

FIG. 1. Experimental design with time indicated in weeks. The weeks listed indicate time points at which serum and PBMC were sampled. SI, single infection of
baboons with 1,000 S. mansoni cercariae; MI, multiple infection of 100 cercariae per week for 10 consecutive weeks.
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based on at least two consecutive egg-negative stools as deter-
mined by the Kato technique (Fig. 2). Hepatic granuloma size
was serially examined at 6, 9, and 16 weeks postinfection in the
same animals, corresponding to acute (6 and 9 weeks) and
chronic phases (16 weeks) of infection following PZQ treat-
ment (Fig. 1). To limit the number of survival surgeries, a
separate group of animals served as pathological controls.
These animals had not been previously infected or treated and
had hepatic biopsies performed at similar time points during
the primary infection. Prior to treatment peak granuloma size
occurred at 6 weeks postinfection, and granulomas diminished
in size as the infection became chronic in animals exposed to a
single infection (Fig. 3, left panel). The mean worm burdens at
perfusion were 901 6 89 in this singly infected control group.
In multiply infected animals, peak granuloma size occurred at
9 weeks after primary infection (Fig. 3, right panel). However,
no granulomas that warranted measurement were observed at
16 weeks postinfection. The mean worm burdens in this mul-
tiply infected control group were lower than those in singly
infected control animals (767 6 65; P , 0.05). Infection fol-
lowing treatment resulted in a twofold reduction in acute gran-
uloma size in both groups (P , 0.01). Few hepatic granulomas
were found in most chronically infected animals both after the
primary infection and with reinfection after treatment. There
was no significant difference in granuloma size among chron-
ically infected animals. Infection following treatment resulted
in significantly fewer adult worms in the previously multiply
exposed baboons (161 6 89) than in baboons in the singly
infected group (466 6 182; P , 0.05).

The effect of treatment on cytokine and antibody production
after reinfection. To examine the immunological mechanisms
responsible for the initiation and modulation of the granulo-
matous response before and after infection, peripheral venous
blood was collected approximately every 3 weeks throughout
the course of the experiment to examine parasite Ag and
mitogen-induced cytokine production by PBMC. The mean net
egg Ag-specific cytokine responses from the same baboons

(two from the SI group and two from the MI group) are shown
at all sampling points throughout the course of primary infec-
tion, treatment, and reinfection (Fig. 4). The mean net SEA-
driven cytokine response for all seven animals, corresponding
to the acute and chronic phases of the first and second infec-
tions, is shown in Table 1. The sampling points were grouped
into acute- and chronic-phase points. Thus, the positive or
peak cytokine response at either 6 or 9 weeks (acute phase) or
at 13, 16, or 19 weeks (chronic phase) is included in the geo-
metric mean indicated in Table 1. Mitogen-driven cytokine
production was observed for a majority of animals throughout
the course of the experiment, and the geometric mean for all
animals in a group is shown for each cytokine (Fig. 5).

IFN-g production peaked during the acute phase and then
became undetectable during the chronic phase of the initial
infection in representative animals (Fig. 4A). Reinfection pro-
duced a similar rise in IFN-g release during the acute infection,
while the levels tended to drop with chronic infection. The
pattern of exposure, either SI or MI, did not alter the pattern
of SEA-induced IFN-g production. Geometric mean SEA-
driven IFN-g production levels for all the animals had similar
profiles: they were elevated during the acute phase and de-
clined in the chronic phase of the primary infection and with
reinfection (Table 1). Mitogen-driven IFN-g production was
generally higher with reinfection than with primary infection
but was equivalent between the MI and SI groups (Fig. 5A).

Egg Ag-driven IL-2 release (Fig. 4B) peaked during the
acute phase of the primary infection and with reinfection and
declined as the infection become chronic. Reinfection resulted
in two- to eightfold more IL-2 production in both the SI and
MI groups than the primary phase (Fig. 4B and Table 1; P ,
0.001). Mitogen-driven IL-2 production was higher overall with
reinfection than at primary infection, particularly in multiply
infected animals (Fig. 5B).

Geometric mean SEA-driven IL-4 production showed a pat-
tern similar to that observed for IL-2 (Fig. 4C and Table 1).
SEA-driven IL-4 production was higher in the MI group than
in the SI group during the acute phase after treatment (P ,
0.05). Like IL-2 and IFN-g, SEA-driven IL-4 declined dramat-
ically with chronic infection. Mitogen-driven IL-4 production

FIG. 2. Egg output per gram of feces as determined by the Kato method
throughout the course of the experiment. The double asterisks represent the
times of PZQ treatment. The arrow indicates the time of reinfection. No ova
were detected in stools between weeks 36 and 40.

FIG. 3. Mean granuloma size after treatment and reinfection, which resulted
in reduced acute-phase granuloma size compared to that for untreated animals
that received a primary infection. (Left panel) results for baboons that received
single mass infections prior to treatment; (right panel) results for baboons that
received multiple exposures. Both groups received a single reinfection dose of
1,000 cercariae after treatment. Each point represents the mean 6 standard
error of the mean for seven animals. Significant differences in granuloma size
before treatment and after treatment are indicated by asterisks (pp, P , 0.01;
ppp, P , 0.001).

VOL. 67, 1999 REGULATION OF GRANULOMA SIZE IN BABOONS 6567



levels in the primary and reinfection phases were higher in the
MI group (Fig. 5C).

Peak SEA-driven IL-5 production was more variable than
production of the other cytokines. In singly infected animals it
peaked at 6 weeks (Fig. 4D) after the primary infection and 9
weeks after reinfection (P , 0.05). In multiply infected animals
peak SEA-driven IL-5 production occurred during the chronic
phase of the first infection and 9 weeks after reinfection. These
same patterns of cytokine responses were observed in all ani-
mals (Table 1). SEA-driven IL-5 production was significantly
higher in the MI than in the SI group of animals during the
acute phase but not in the chronic phase after treatment (P ,
0.05) (Fig. 5D).

Egg Ag-driven IL-10 production increased two- to fivefold
with reinfection after treatment (Fig. 4E). Cytokine production
peaked during the acute phase of the infection and declined
with chronic infection after treatment in representative ani-
mals. It is notable that egg Ag-induced IL-10 remained ele-
vated during chronic infection after the first infection but not
after reinfection. SEA-driven IL-10 production levels were
equivalent for MI and SI groups throughout the course of the
experiment.

Egg Ag-driven TGF-b production was also higher with re-
infection after treatment than it was during infection prior to
treatment (Fig. 4F). Unlike the other cytokines, however,
SEA-driven TGF-b remained elevated during the chronic
phase of infection both before and after treatment. Treatment
eliminated the detection of SEA-driven TGF-b production in
almost all animals. Overall, TGF-b production levels in SI and
MI experimental groups were similar. Mitogen-driven TGF-b
production was elevated with reinfection in the both groups
(Fig. 5E).

Levels of SEA-specific IgE and IgG in serum. To examine
the humoral correlates of modulation, levels of SEA-specific
IgE, IgG, and IgM in serum were examined throughout the
course of infection (Fig. 6). Egg Ag-specific IgM levels in-
creased rapidly with the initial infection and remained at
roughly the same levels throughout the course of the experi-
ment. In contrast egg Ag-specific IgE and IgG increased sig-
nificantly with reinfection after treatment and continued to rise
with ongoing infection. It is notable that the rise in egg Ag-
specific IgG with reinfection occurred later than that observed
for egg Ag-specific IgE. Chronically infected animals with mul-
tiple infections had significantly higher levels of SEA-specific
IgG and IgE in serum after treatment than singly infected
animals (P , 0.05).

DISCUSSION
These studies show that reinfection following treatment re-

sulted in acute-phase granulomas significantly smaller than
those produced during the primary infection. This demon-
strates the persistence of partially modulated granulomas.
These results imply that treatment followed by reinfection in
areas where schistosomiasis is endemic is unlikely to enhance
morbidity, a finding supported by studies of both mice (8, 10)

FIG. 4. SEA-specific IFN-g, IL-2, IL-4, IL-5, IL-10, and TGF-b cytokine
levels during the course of primary infection and reinfection with S. mansoni in
two representative baboons. PBMC were cultured at 2 3 106/ml in the presence
of 5 mg of SEA/ml, and supernatants were harvested at 24 and 96 h. Cytokine
secretion in the primary infection was compared to that at the corresponding
time points after infection (secondary infection); significant differences are in-
dicated by asterisks (p, P , 0.05; pp, P , 0.01; ppp, P , 0.001). #, weeks after
reinfection. Each time point represents the geometric mean of triplicate cul-
tures 6 the standard deviation. Arrows indicate the times of infection.

TABLE 1. Geometric mean SEA-specific cytokine production from
all animals (n 5 7) during the acute and chronic phases of the

primary infection and reinfection

Cyto-
kine

Infec-
tion

Geometric mean production (pg/ml) 6 SEM inb:

Acute phase Chronic phase

Primary Reinfection Primary Reinfection

IFN-g SI 297 6 32 203 6 72 28 6 8 120 6 42
MI 291 6 59 270 6 61 31 6 17 190 6 93

IL-2 SI 85 6 14 784 6 173** 119 6 42 704 6 316**
MI 163 6 51 1,483 6 186** 242 6 83 727 6 124**

IL-4 SI 137 6 28 251 6 113* 21 6 14 173 6 63*
MI 62 6 25 639 6 217** 20 6 8 68 6 31

IL-5 SI 285 6 52 129 6 64 17 6 4 117 6 46
MI 31 6 14 616 6 76* 219 6 58 160 6 57

IL-10 SI 224 6 38 496 6 81** 126 6 61 138 6 21
MI 71 6 41 348 6 136* 130 6 55 28 6 3

TGF-b SI 1,141 6 217 1,850 6 261** 767 6 164 1,712 6 312*
MI 751 6 192 2,852 6 310*** 862 6 250 1,785 6 351*

a SI, single primary infection of 1,000 cercariae; MI, multiple primary infec-
tions of 100 cercariae per week for 10 weeks. All animals were reinfected singly
with 1,000 cercariae after treatment.

b Acute-phase results are peak cytokine responses at either 6 or 9 weeks in
each animal after primary or secondary infection. Chronic-phase results are peak
cytokine responses at 19 weeks in the primary infection and at either 13 or 16
weeks after reinfection. Asterisks indicate a significant difference compared to
primary infection (p, P , 0.05; pp, P , 0.01; ppp, P , 0.001).
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and humans (39). Since most human infections will be reinfec-
tions, the modulated state is more typical of infection in pop-
ulations.

The enhanced Th2-type immune response following reinfec-
tion contradicts our initial hypothesis that this should result in
a more vigorous granulomatous reaction, as predicted from
murine studies. We further observed that the patterns of Ag-
specific cytokine production in baboons, like those observed in
infected humans (45), do not always show a clear separation of
Th1- and Th2-type immune responses, nor do they show con-
sistent evidence of cytokine cross-regulation (e.g., a reciprocal
decrease in IFN-g with a rise in IL-4 and IL-5). It is possible
that a Th2-type response may facilitate induction of smaller
granulomas after treatment when other immunomodulatory
mechanisms have been engaged. This study indicates that
SEA-driven TGF-b may contribute to down-modulation of the
granulomatous response. This was the only cytokine whose
increased production consistently correlated with diminished
granuloma size. The present observations also show that the
frequency of exposure to the parasite affects the host’s immune
response, consistent with our earlier findings that repeated
natural infection of baboons with S. mansoni generates higher
levels of immunity than does a single exposure (31).

It is possible that egg Ag-specific cytokine production by
PBMC may not accurately reflect cytokine responses in gran-
uloma or draining lymphoid tissues. This possibility is unlikely
since PCR analysis of hepatic tissue containing granulomas
tended to show a pattern of cytokine response similar to that
observed in PBMC (unpublished observations). We have also
observed that Ag-specific cytokine production by draining LN
cells and splenocytes shows the same pattern of cytokine re-
sponses as that by PBMC. In addition, recent reports suggest
that lymphocytes from the peripheral circulation migrate into
and populate granulomas, where they undergo cell death by
interleukin deprivation and/or apoptosis, and that egg Ag-
specific lymphocytes also fail to proliferate within granulomas
(35). Therefore, granulomas must contain some egg-specific
lymphocytes that arise from other sites that would be repre-
sented by PBMC.

The increase in IL-2, IL-4, IL-5, IL-10, and/or TGF-b with
reinfection after treatment may participate in the early sup-
pression of the granulomatous response. However, IL-2, IL-4,
IL-5, and IL-10 are unlikely to play a pivotal role in ongoing

FIG. 5. Serial mitogen-specific IFN-g, IL-2, IL-4, IL-5, IL-10, and TGF-b
cytokine levels during the course of primary infection and reinfection with S.
mansoni. PBMC were cultured as described in the legend for Fig. 4. Each time
point represents the geometric mean 6 standard error of the mean for seven
animals. Mitogen levels that are significantly different between corresponding
time points of primary infection and reinfection phases are indicated by a single
asterisk (P , 0.05) or a double asterisk (P , 0.01). Arrows show the times of
infections. #, weeks after reinfection.

FIG. 6. Levels of parasite-specific IgM (A), IgE (B), and IgG (C) in serum after S. mansoni infection. Each time point represents the geometric mean 6 standard
error of the mean for seven animals. Serum antibody titers that are significantly different between corresponding time points of primary and reinfection phases are
indicated by single asterisks (P , 0.05), double asterisks (P , 0.01)., and triple asterisks (P , 0.001). #, weeks after reinfection. Arrows show times of infection.
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suppression of the granulomatous response during chronic in-
fection, since production of these cytokines wanes as granulo-
mas become smaller. The exception was SEA-specific TGF-b
release. TGF-b synthesis continued during the chronic phase
of infection relative to that of other cytokines. It may suppress
the granulomatous response because of its potent ability to
inhibit lymphocyte proliferation and cytokine expression and
to enhance the phagocytic activity of monocytes/macrophages
within the granuloma (21). We postulate that continued pro-
duction of TGF-b during the chronic phase of infection results
from expansion of egg Ag-specific lymphocytes in gut-associ-
ated granulomas. The majority of eggs are deposited, and the
majority of granulomas are formed, in the guts of baboons (13)
and humans (4). The gut-associated lymphoid system favors
the differentiation of lymphocytes that produce TGF-b that
contributes to oral tolerance (44). Gut-derived egg Ag-specific
T cells that produce TGF-b may migrate and populate hepatic
granulomas and thus participate in their down-modulation.

We failed to detect egg Ag-induced cytokine production by
PBMC within 2 weeks after completion of PZQ treatment,
which suggests a rapid loss of parasite-specific memory lym-
phocytes. Therefore, ongoing egg deposition may be necessary
to maintain the cytokine and/or antibody levels required for
complete modulation of the granulomatous response. The
large number of ova released as a consequence of the heavy
infection rapidly expands Ag-specific lymphocytes. In order to
maintain lymphocyte homeostasis after generation of specific T
and B cells in response to persisting infection, Ag-specific
lymphocytes, including many memory cells, probably undergo
accelerated cell death (37). Treatment quickly kills adult
worms and abruptly stops release of ova and further stimula-
tion of specific lymphocytes. A similar phenomenon has been
observed in virus-specific CD81 T-cell memory (27). In hu-
mans, however, schistosome Ag-specific immunity usually per-
sists after treatment (25, 34). This may occur because of the
failure to completely eradicate infection or the possibility that
individuals may be rapidly reexposed after treatment. It is also
possible that the generally lighter and more persistent infec-
tions observed in humans maintain detectable levels of Ag-
specific memory lymphocytes without widespread cell death.

Reinfection after treatment significantly boosted parasite-
specific antibody responses, demonstrating the persistence of
parasite-specific B-cell memory. It is also possible that the
persisting antibody responses may contribute to modulating
the acute-phase granulomatous response with reinfection. An-
tibodies and/or B cells have been shown to be important in
regulating the granulomatous response in mice (5, 18, 19). This
modulation was shown to be, in part, Fc receptor (FcR) de-
pendent. Thus, antibodies may regulate the granulomatous
responses by the formation of immune complexes or anti-
idiotypic antibodies (26). This may occur at the time of egg
release after reinfection when levels of egg-Ag-specific anti-
bodies in serum are elevated. Immune complex binding to FcR
(and complement) receptors on macrophages, B cells, and
dendritic cells can impair their ability to present antigen (1, 13)
and increase their phagocytic activity (37); both of these func-
tions can participate in modulating the granuloma. TGF-b can
participate in this regulatory network by its ability to up-regu-
late expression of cell surface FcgRIII receptors on monocytes
(21).

The present study shows that repeated primary infection
followed by treatment and reinfection produced a significant
reduction in worm burden, compared to that in animals receiv-
ing a single exposure during their primary infection. Thus,
repeatedly infected animals had approximately 65% fewer
adult worms and a comparable reduction in total egg burden.

This reduced worm burden and thus egg Ag load may affect the
pattern of cytokine response and thereby the ability to modu-
late the granuloma. The relationship between the intensity of
experimental infection and granuloma size has been examined
in detail in different animal models of schistosomiasis (3). No
consistent relationship between infection intensity and granu-
loma size has been found from experimental infection of rab-
bits or monkeys with any schistosome species or with S. man-
soni infection in most murine strains. Thus, the observed
differences in worm burdens between primary infection and
reinfection are unlikely to account for the differences in cyto-
kine production, antibody levels, or granuloma size. We also
observed few hepatic granulomas in chronically infected ani-
mals after the primary or secondary infection. This was not
related to intensity of infection, decreased egg output, or worm
burdens at perfusion among the different groups. Although it is
not well understood why fewer hepatic granulomas were ob-
served in chronically infected animals, the finding may repre-
sent further migration of adults to the distal mesenteric vas-
culature such that fewer eggs embolize in the liver.

The present study suggests that selective-population chemo-
therapy for schistosomiasis is unlikely to exacerbate host-in-
duced acute granulomatous responses with subsequent infec-
tion. However, the long-term effects on fibrosis and chronic
modulation remain to be fully determined. The study also
concludes that granuloma modulation was the result of a gen-
eralized suppression of cytokine synthesis, probably by the
immunomodulatory function of TGF-b. In addition, these
studies point to the value of the baboon as a model to study the
immunopathology of human schistosomiasis and provide
unique insights into its pathophysiology that may not be ap-
parent from studies in mice.
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