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Summary

 

The effector functions of CD4

 

1

 

 T lymphocytes are generally thought to be controlled by dis-
tinct populations of regulatory T cells and their soluble products. The role of B cells in the reg-
ulation of CD4-dependent host responses is less well understood. Hepatic egg granuloma for-
mation and fibrosis in murine schistosomiasis are dependent on CD4

 

1

 

 lymphocytes, and
previous studies have implicated CD8

 

1

 

 T cells or cross-regulatory cytokines produced by T
helper (Th) lymphocytes as controlling elements of this pathologic process. In this report, we
demonstrate that B cell–deficient (

 

m

 

MT) mice exposed to 

 

Schistosoma mansoni

 

 develop aug-
mented tissue pathology and, more importantly, fail to undergo the spontaneous downmodula-
tion in disease normally observed during late stages of infection. Unexpectedly, B cell defi-
ciency did not significantly alter T cell proliferative response or cause a shift in the Th1/Th2
balance. Since schistosome-infected Fc receptor–deficient (FcR 

 

g

 

 chain knockout) mice dis-
play the same exacerbated egg pathology as that observed in infected 

 

m

 

MT mice, the B cell–
dependent regulatory mechanism revealed by these experiments appears to require receptor-
mediated cell triggering. Together, the data demonstrate that humoral immune response/FcR
interactions can play a major role in negatively controlling inflammatory disease induced by
CD4

 

1

 

 T cells.

 

P

 

athology induced by infection with the trematode

 

Schistosoma mansoni

 

 is a product of the immune re-
sponse to parasite eggs in host tissues. The resulting granu-
lomatous lesions lead to fibrosis, which in turn can produce
severe circulatory impairment of the affected organs. The
process of egg granuloma formation is dependent on sensi-
tized CD4

 

1

 

 T lymphocytes, with both Th1 and Th2 sub-
sets participating at different times during the development
of the lesions.

The granulomas forming around newly deposited eggs
are maximal in size during the early, acute phase of infec-
tion and become smaller during the later chronic period of
the disease. This regression in pathology has been attrib-
uted to immunoregulatory events affecting the T cell re-
sponse to egg Ag, which also declines during the same pe-
riod. A variety of different mechanisms have been implicated
in the regulation of schistosome egg pathology. These in-
clude “suppressor” CD8

 

1

 

 T cells (1–4), cross-regulation by
cytokines produced by Th1 or Th2 cells (5–8), and the de-
velopment of antiidiotypic Ab or T cells (9, 10). All of the
above regulatory pathways involve the participation of T
lymphocytes, acting either directly or indirectly through

their helper function for Ab synthesis, on the host effector
response to eggs.

Although it is commonly assumed that the regulation of
egg pathology is T cell mediated, the possible function of B
lymphocytes in this process has until recently been difficult
to directly assess. Early studies using mice depleted of B
cells as a result of anti-

 

m

 

 chain Ab treatment suggested B
lymphocyte involvement but were inconclusive because of
the potential side effects of the injection of large quantities
of xenogenic Ab (11). A more direct approach for assessing
the regulatory role of B cells in schistosome pathology is
now possible with the advent of mice genetically B lym-
phocyte–deficient as a consequence of disruption of the

 

m

 

-chain locus (12). These animals have no detectable B
cells or circulating Ab, yet display normal development of
the T lymphocyte compartment. Moreover, in initial stud-
ies, we and others have shown that B cell–deficient mice
(

 

m

 

MT strain)

 

1

 

 have normal antigen presenting function for
priming of CD4

 

1

 

 T cells to most soluble protein Ag as well

 

1

 

Abbreviations used in this paper:

 

 

 

m

 

MT, B cell-deficient mice; KO, knock-
out; SEA, soluble schistosome egg Ag; WT, wild-type.
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as unimpaired CD8

 

1

 

 T lymphocyte responses (13–17). In-
deed, these knockout (KO) animals develop pulmonary
granulomas indistinguishable from those in wild-type (WT)
mice after intravenous injection of schistosome eggs and
display comparable lymphokine responses to egg Ag (13).

In this report, we have studied the pathogenesis of schis-
tosomiasis in 

 

m

 

MT mice during natural infection. The goal
of this work was to formally assess the role of B lympho-
cytes in both hepatic egg pathology and more importantly
in the downmodulation of disease and T cell responsiveness
occurring in late infection. Unexpectedly, these animals
showed markedly exacerbated hepatic granuloma forma-
tion and fibrosis during acute infection and failed to down-
modulate pathology during the chronic stage of the disease.
Importantly, 

 

S. mansoni

 

–infected FcR-deficient mice (18)
displayed alterations in immunopathology identical to the

 

m

 

MT animals. In both cases the observed differences in liver
pathology occurred independently of significant changes in
T lymphocyte reactivity and cytokine production patterns.
Taken together these findings reveal a previously unrecog-
nized function for Ig/FcR signaling in the regulation of
CD4

 

1

 

 T cell–mediated inflammatory responses.

 

Materials and Methods

 

Experimental Animals, Infection Procedure, and Ag Preparation.

 

B cell–
deficient 

 

m

 

MT mice originally derived on a 129 

 

3

 

 C57BL/6
background (12), were backcrossed to C57BL/6 for seven gener-
ations and then intercrossed to generate homozygous B cell KO
animals. The mice were both bred and maintained at the Ameri-
can Association for Accreditation Laboratory animal care facility
of National Institute of Allergy and Infectious Diseases. To rule
out possible effects of 129 background genes, most experiments
were repeated using 

 

m

 

MT mice backcrossed to the C57BL/10
background for 12 generations. The latter B cell–deficient and
C57BL/10 control mice were shipped from a specific pathogen–
free animal facility at Taconic Farms (Germantown, NY). The

 

m

 

MT mice on the C57BL/6 and C57BL/10 backgrounds gave
indistinguishable results in all the assays performed. The experi-
ments shown are those performed with C57BL/6 

 

m

 

MT animals.
Mice genetically deleted for the FcR 

 

g

 

 subunit were derived as
previously described (18) and backcrossed for 12 generations to
C57BL/6J. WT C57BL/6 mice purchased from Charles River
Laboratories (Wilmington, MA) and The Jackson Laboratory
(Bar Harbor, ME) were used as B cell– and FcR-sufficient con-
trols, respectively. Age- (8–12 wk) and sex-matched mice were
used in each experiment.

 

S. mansoni

 

 cercariae, a Puerto Rican strain (Naval Medical Re-
search Institute), were obtained from infected 

 

Biomphalaria gla-
brata

 

 snails (Biomedical Research Institute, Rockville, MD). Mice
were infected by percutaneous exposure of the tail to 35 cercariae
unless otherwise indicated. A soluble extract of schistosome eggs
(SEA) was prepared as previously described (19).

 

Parasitological Measurements.

 

Adult worms were enumerated
by hepatic perfusion of mice at 6 or 8 wk after infection (20). Tis-
sue egg counts were performed on liver and intestines digested in
4% potassium hydroxide. Excreted eggs were counted in stool
samples collected from individual mice for 24 h immediately be-
fore perfusion.

 

Assessment of Egg Pathology.

 

Granuloma diameters were mea-

sured in histological sections stained with Litt’s modification of
the Dominici procedure using an ocular micrometer and the vol-
ume of each lesion was calculated assuming a spherical shape.
Mean granuloma sizes were then computed for each mouse from
measurements performed on 

 

z

 

30 granulomas per animal. The
percentage of eosinophils in the same granulomas was estimated
by microscopic examination. Liver collagen levels were deter-
mined by chemical measurement of hydroxyproline as previously
described (21). The statistical significance of differences in granu-
loma volumes and eosinophil levels between animal groups was
evaluated using Student’s two-tailed 

 

t

 

 test and differences in fi-
brosis by analysis of covariance.

 

Cell Proliferation and Cytokine Assays.

 

Single-cell suspensions
of spleens from individual mice were prepared and RBC lysed by
osmotic treatment. Mesenteric lymph node cell suspensions were
pooled from four to six animals per group. All in vitro assays in-
volved culturing of cells in RPMI 1640 medium supplemented
with 10% FCS, 2 mM glutamine, 100 U/ml penicillin, 100 

 

m

 

g/
ml streptomycin, 25 mM Hepes, 1 mM sodium pyruvate, nones-
sential amino acids, and 50 

 

m

 

M 2-ME at 37

 

8

 

C in 5% CO

 

2

 

.
Proliferative responses to SEA were assayed at 8 and 16 wk af-

ter infection by exposing splenocytes (3 

 

3

 

 10

 

6

 

/ml) from individ-
ual B cell KO and WT animals to graded concentrations of the
Ag preparation in 200 

 

m

 

l in 96-well flat-bottomed microtiter
plates. After 48 h of incubation, [

 

3

 

H]TdR (0.5 

 

m

 

Ci/well, New
England Nuclear Corp., Boston, MA; sp act: 2 Ci/mmol) was
added and incorporation of the isotope was measured 18 h later.
The stimulation index was calculated as the ratio between the
[

 

3

 

H]TdR incorporated in the presence and absence of SEA.
To measure cytokine secretion, mesenteric lymph node cells (2

 

3

 

 10

 

6

 

/ml) were cultured in 24-well plates in 1 ml volumes and
exposed to medium alone, 2.5 

 

m

 

g of plate-bound anti-CD3 mAb
(145-2C11; PharMingen, San Diego, CA), or SEA (20 

 

m

 

g/ml)
for 72 h. IFN-

 

g

 

, IL-5, and IL-10 were measured in culture su-
pernatants by specific sandwich ELISA (22, 23). Cytokine levels
were calculated by reference to standard curves prepared with
known amounts of recombinant cytokine. IL-4 was assayed in
culture supernatants using the IL-4–dependent cell line CT.4S as
previously described (24, 25). Proliferation of CT.4S cells was
quantified by measuring [

 

3

 

H]TdR incorporation, and the amount
of cytokine in supernatant was determined by comparison to pro-
liferation induced by known amounts of rIL-4 (Genzyme Corp.,
Boston, MA).

 

Reverse Transcriptase PCR Detection of Cytokine mRNAs.

 

Equiva-
lent specimens of liver tissue from uninfected and infected animals
were homogenized in 1 ml RNA STAT-60 using a tissue poly-
tron (Omni International, Waterbury, CT) and total RNA was
isolated as recommended by the manufacturer. The RNA was re-
suspended in diethylpyrocarbonate-treated water and quantitated
spectrophotometrically. A reverse transcriptase PCR procedure
was performed as previously described (26) to determine relative
quantities of mRNA for IL-4, IL-5, IL-10, and IL-13. The am-
plified DNA was analyzed by electrophoresis, Southern blotting,
and hybridization with cytokine-specific probes. The primers and
probes have been previously published (26, 27). The chemilumi-
nescent signals were quantified using a 600 ZC scanner (Microtek
International, Torrance, CA). The amount of PCR product was
determined by comparison of signal density to that of standard
curves generated from simultaneously amplified dilutions of cDNA
obtained from samples with a high amount of specific cytokine
mRNA. Fold increases for individual samples were calculated as
the reciprocal of the equivalent dilution of control cDNA from
uninfected mouse liver. Amplification of hypoxanthine-guanine
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phosphoribosyl transferase served as an internal control for the
amount of RNA and cDNA from each sample.

 

Results

 

B Cell KO Mice Show Normal Susceptibility to Schistosome
Infection but Decreased Survival.

 

In initial experiments, 

 

m

 

MT
and C57BL/6 WT control animals were percutaneously
exposed to different infecting doses of cercariae, and the re-
covery of adult parasites as well as tissue egg burdens were
measured 6–8 wk later. As shown in Fig. 1, 

 

A

 

 and 

 

B

 

, the
KO and WT mice were quantitatively indistinguishable in
terms of both worm and tissue egg recovery, indicating that

neither B cells nor Ab influence the development of 

 

S.
mansoni

 

 during primary infection. Nevertheless, when
compared to WT animals, the infected 

 

m

 

MT mice showed
significantly decreased fecal egg excretion (Fig. 1 

 

C

 

), a pa-
rameter that measures the transit of parasite ova into the
gut. The latter observation is consistent with previous stud-
ies, suggesting a role for Ab in facilitating the transport of
eggs through intestinal tissue to the gut lumen (28).

Despite their unaltered parasite burdens, the 

 

m

 

MT mice
showed decreased survival during the chronic stage of in-
fection with approximately half the animals dying before
week 16 (Fig. 2). Upon autopsy, the 

 

m

 

MT mice that suc-
cumbed showed extensive hemorrhaging into the gut lu-
men, a sequela which is only rarely observed in WT ani-
mals.

 

Exacerbated Egg Pathology in 

 

m

 

MT Mice during Acute Infec-
tion.

 

When hepatic granuloma volumes were compared
in B cell KO versus WT mice at 8 wk after infection, a sig-
nificant difference in the tissue response to schistosome
eggs was noted (Fig. 3, 

 

top left panel

 

). The B cell KO ani-
mals developed lesions that were on average 42% larger
than those in the infected control group. Although clearly
bigger in size, the granulomas in the 

 

m

 

MT mice showed no
obvious differences in their cellular composition when
compared to those occurring in the WT animals. In partic-
ular, the granulomas in both types of animals displayed
comparable levels of eosinophils (Fig. 3, 

 

bottom left panel

 

).
The latter parameter is usually dependent on the synthesis
of IL-5 (29), a major product of the Th2 response.

 

Downmodulation of Egg Pathology Is Absent in Chronically
Infected 

 

m

 

MT Mice.

 

As infection proceeds to the chronic
stage, newly formed granulomas become smaller in size
(30). As shown in Fig. 3 (

 

top panels

 

) and Fig. 4, this process
of downmodulation of immunopathology was found to be
defective in B cell KO animals when examined at 16 wk

Figure 1. Worm and tissue egg recoveries in S. mansoni–infected WT
and B cell–deficient mMT mice. (A) The absence of B cells does not af-
fect worm burden during primary infection. Adult worms were recovered
after hepatic perfusion of infected WT (black bars) and B cell KO (gray
bars) animals killed at 6 (challenge with 100 cercariae) and 8 (challenge
with 40 and 25 cercariae) wk after infection. Data shown are mean para-
site counts (6 SEM) of six to nine animals per group. (B) Worm fecun-
dity is unaltered in infected mMT mice. Egg output per worm pair was
calculated for individual infected WT or B cell KO mice at 8 wk after in-
fection from the total number of eggs recovered from the liver and intes-
tine. The results shown are the means (6 SEM) of data pooled from three
experiments in which mice (n 5 14/group) were infected with 35 cercar-
iae. (C) Diminished egg excretion in infected B cell KO mice. The num-
ber of eggs excreted in the stools collected from individual 8-wk infected
WT and B cell KO mice during the 24 h before perfusion was deter-
mined. The data shown are the mean (6 SEM) egg count values pooled
from the same three experiments presented in B.

Figure 2. Enhanced mortality in S. mansoni–infected mMT mice.
Groups (n 5 10) of WT and KO mice were infected percutaneously with
30 cercariae and animal survival was monitored. The hatched line indi-
cates the 50% survival time point for B cell KO animals. As indicated, no
mortality was observed in infected WT animals during the same period.
The two experiments shown are representative of four performed.
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after infection. Granuloma volumes in 

 

m

 

MT mice at this
stage remained at the same increased size as was detected at
8 wk of infection but were now twice the magnitude of
the granulomas in chronically infected WT mice. In agree-
ment with previous observations, the percentage of eosino-
phils in granulomas from WT animals was significantly di-
minished at 16 versus 8 wk after infection. A similarly
significant, although smaller decrease in eosinophil content

Figure 4. Photomicrographs of representative hepatic granulomas from WT control versus KO animals. The granulomas shown are from 8-wk (A)
and 16-wk (B) infected C57BL/6J mice, and from 16-wk infected mMT animals (C) and 16-wk infected FcRg KO mice (D). Original magnification of
Giemsa stain, 3200.

Figure 3. Augmented egg granuloma formation in livers of S. mansoni–
infected mMT mice. Upper panels: mean liver granuloma volumes of in-
dividual infected animals at 8 (left panel) and 16 wk of infection (right
panel). Granuloma diameters were measured (z30 per mouse) and mean
lesion volumes were calculated for each animal and presented as a single
point on the graph. The data shown are pooled from the results of 6 indi-
vidual experiments in which granulomas were measured at 8 wk and from
3 experiments involving measurements at 16 wk. Within each individual
experiment performed, granuloma volumes were significantly larger in
the B cell KO as compared with the WT mice. Lower panels: mean (6
SEM) eosinophil composition of liver granulomas determined by micro-
scopic examination. Percentage of eosinophils was calculated from micro-
scopic analysis of the same granulomas analyzed for lesion size. No statistically
significant difference was observed between the values obtained from WT
and B cell KO mice.
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was observed as infected KO mice proceeded from the
acute to the chronic phase (Fig. 3, bottom panels).

Increased Hepatic Fibrosis in Infected mMT Mice. Tissue fi-
brosis is the major pathologic sequela of schistosome egg
granuloma formation. At 8 wk after infection, the livers
from B cell KO mice showed a small but significant in-
crease in hydroxyproline levels, a chemical measure of col-
lagen deposition (Fig. 5, left panel). This difference in tissue
fibrosis was further accentuated at the chronic stage, when
the livers from the infected mMT mice displayed almost
twice the hydroxyproline levels as those observed in the
same tissues from WT animals (Fig. 5, right panel). Thus, in
the absence of B cells, both granuloma formation and fi-
brosis are markedly increased at both the acute and chronic
phases of schistosome infection.

Despite their Augmented Egg Pathology, Infected mMT Ani-
mals Exhibit Unaltered T Cell Responses. S. mansoni egg gran-
uloma formation is known to be dependent on CD41 T
cells and the lymphokines they produce. Therefore, we ex-
amined whether the exacerbated pathology observed in in-
fected mMT mice is reflected in enhanced T cell reactivity.
When examined during the acute phase (8 wk after infec-
tion), spleen cells from mMT mice mounted proliferative
responses to SEA that were slightly but insignificantly lower
than those measured in WT animals over a wide dose range
(Fig. 6, left panel). As expected, proliferative responses in
WT mice declined when the infection reached the chronic
phase (Fig. 6, right panel). Nevertheless, a similar and even
greater suppression of lymphocyte blastogenesis occurred in
the chronically infected mMT mice despite their aug-
mented granuloma volumes and fibrosis.

The CD41 T cell response to schistosome eggs is associ-
ated with a cytokine production profile dominated by Th2
lymphokines. This response peaks at 8 wk after infection
and diminishes thereafter. To investigate whether the exac-
erbated pathology in mMT mice is associated with aberrant
cytokine production, mesenteric LN cells from infected
KO and WT animals were stimulated in vitro with SEA or
anti-CD3 mAb and IL-4, IL-5, IL-10, or IFN-g levels
measured in 72-h culture supernatants. At 8 wk after infec-
tion, LN from mMT mice produced high levels of all four
cytokines when triggered with anti-CD3, and in compari-
son with WT animals showed no obvious defects in re-
sponsiveness (Fig. 7). When stimulated with SEA, the same
cells produced a Th2-dominated cytokine profile with only
trace levels of IFN-g. These Ag-specific responses were
comparable in the infected mMT and WT mice except in
the case of IL-4 and IL-10, where lower cytokine produc-
tion was observed in the KO animals. In the case of IL-4
secretion, the difference between the KO and WT animals
was statistically significant. By the chronic stage of infec-
tion, anti-CD3–induced IL-4, IL-5, and IL-10 responses
were decreased in both WT and mMT mice, whereas IFN-g
production was unaltered. Similarly, upon SEA stimulation
of the same cells, diminished production of IL-4, IL-5, and
IL-10 was observed with IFN-g remaining at trace levels.
Although greatly reduced in both groups of animals in
comparison with 8-wk infected mice, SEA-induced IL-4
secretion was again significantly lower in the B cell KO
versus WT animals (Fig. 7).

In Situ Cytokine Expression in Infected mMT versus WT
Animals. Because the results of the LN cell cytokine se-
cretion assays suggested that egg-induced IL-4 and IL-10
responses are partially impaired in mMT mice, we carried
out additional experiments to test whether the same differ-

Figure 5. Increased liver fibrosis in S. mansoni–infected mMT mice.
Tissue hydroxyproline levels were measured in individual animals at 8 (left
panel) and 16 (right panel) wk after infection. Data shown are mean values
(6 SEM) for four to six mice per group from one representative experi-
ment out of six performed at the acute phase and three assayed at the
chronic phase. Differences shown to be statistically significant by analysis
of covariance are indicated.

Figure 6. Proliferative responses of mMT and WT splenocytes to SEA.
Spleen cells (3 3 106/ml) from individual 8-wk infected WT or B cell
KO mice were cultured with the indicated concentrations of SEA and 3 d
later [3H]TdR incorporation was measured after an overnight pulse (left
panel). In the case of chronically (16-wk) infected mice, proliferation was
assayed in response to a predetermined optimal dose (20 mg/ml) of SEA
(right panel). Data shown are mean values (6 SEM) of stimulation indices
for each group of animals (n 5 6–10).
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ences in the expression of these cytokines are evident in the
liver, the major site of granuloma formation. The latter
analysis was performed by reverse transcriptase PCR mea-
surement of the cytokine mRNAs in liver tissue in unin-
fected and acutely and chronically infected KO and WT
mice. As shown in Fig. 8, at the acute stage of infection
mRNA levels for the Th2 cytokines IL-4, IL-5, IL-10, and
IL-13 were comparable in the two groups of animals.
Moreover, as expected, the expression of these cytokine
mRNAs was decreased at the chronic stage with the excep-
tion of IL-10, which increased in the KO but not in the
WT animals. The above data argue that the exacerbated
egg pathology in mMT mice is unlikely to be the result of
an aberrant Th2 cytokine production, and taken together
with the in vitro culture findings suggest that the failure of
these animals to downmodulate granuloma formation is not
due to impaired downregulation of T cell responses.

FcRg-deficient Mice Display Defects in the Regulation of
Schistosome Egg Pathology Similar to those Observed in B Cell–
deficient Mice. The above observations on S. mansoni in-
fection in mMT mice pointed to an important role for hu-
moral immune response in the regulation of egg pathology.
To both confirm the involvement of Ab and determine

whether Fc receptor interactions are required for Ab regu-
latory activity, we analyzed schistosome immunopathology
in FcR g chain KO mice. These animals possess a normal B
cell compartment, but due to the deletion of the gene en-
coding the common FcR g chain fail to express FcgRI,
FcgRIII, and FceRI, the major cell surface receptors in-
volved in positive Fc-mediated triggering (18). As shown
in Figs. 9 and 4, infected FcRg KO mice, in common with
B cell KO animals, displayed enhanced hepatic granuloma
formation during the acute phase of infection, and impor-
tantly failed to downmodulate this response during the
chronic stage of disease. Moreover, tissue fibrosis was also
augmented in chronically infected FcRg KO animals (Fig.
9, lower right panel). As observed in B cell KO mice, FcRg
KO and WT mice developed comparable levels of tissue
eosinophilia at 8 and 16 wk after infection (Fig. 9, lower left
panel, and data not shown). Moreover, no significant differ-
ences were observed between the two mouse strains when
IL-4, IL-5, and IL-10 responses of spleen or mesenteric LN
cells to SEA and anti-CD3 were measured in vitro (data
not shown). Together these findings indicate that in terms
of tissue pathology induced by schistosome infection, B
cell– and FcRg-deficient mice share a common pheno-

Figure 7. Comparison of cy-
tokine secretion by mesenteric
LN cells from infected mMT
versus WT mice. Culture super-
natants of mesenteric LN cells (2
3 106/ml) pooled from four to
six individual mice per group
were assayed for the presence of
IL-4, IL-5, IL-10, and IFN-g af-
ter 72 h in vitro stimulation with
medium, SEA, or plate-bound
anti-CD3 Ab. The data shown
are from WT (black bars) and B
cell KO (gray bars) mice killed at
8 (acute) and 14 (chronic) wk af-
ter infection. Supernatants from
both time points were analyzed
in the same assay and compared
to the same standard curve. Bars
represent the mean 6 SD of
ELISA values for IL-5, IL-10,
and IFN-g and values from a
CT.4S assay for IL-4. In the case
of SEA-induced IL-4 responses
at both 8 and 14 wk, the differ-
ences between the mMT and
WT values were statistically sig-
nificant (P ,0.001). The per-
centage of CD41CD441 cells
(previously shown to represent
the major population of SEA-
responsive T lymphocytes; refer-
ence 31) was determined to be
comparable in the WT and mMT
cell preparations (data not shown).
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type. Nevertheless, in contrast to the findings with mMT
mice, FcRg KO animals showed no significant decrease in
fecal egg excretion (eggs/worm pair/day) at 8 wk after in-
fection (112 6 16 for WT [n 5 15] versus 91 6 12 for
FcRg KO [n 5 13]), nor did they display enhanced mor-
tality throughout the period of the experiments (data not
shown). The latter observations suggest that the decreased
egg excretion and increased mortality observed in mMT
mice are due directly to the absence of B cells or their
products but operate via mechanisms that are independent
of FcR signaling events.

Discussion

In this study we demonstrate that B cell–deficient mice
as well as animals lacking the common FcR g chain develop
exacerbated egg pathology during both acute and chronic
infection with S. mansoni and fail to display the downregu-
lation in granuloma formation typically observed in WT
animals. Surprisingly, this augmented pathology occurs in

the absence of any appreciable change in T cell prolifera-
tive response or shift in Th1/Th2 balance even though
egg-induced inflammation is known to be a CD41 T cell–
dependent host reaction. Thus, it appears that Ig/FcR in-
teractions play a major regulatory role in the pathogenesis
of experimental schistosomiasis mansoni independent of
the level and quality of T cell responsiveness.

When quantitatively infected with S. mansoni, mMT mice
gave the same adult worm and tissue egg recoveries as WT
animals (Fig. 1). These findings confirm previously pub-
lished results involving anti–m treated mice, indicating that
worm development and egg deposition during primary in-
fection are not significantly influenced by the host Ab re-
sponse (11, 32). Nevertheless, our data do not agree with
two prior and themselves conflicting reports indicating that
in the absence of IgE worm recoveries are either decreased
(33) or increased (34) versus control animals. At present the
explanation for the observed discrepancy amongst these
and our results is unclear, although in the case of our ex-
periments we can definitively exclude the possibility of a
residual Ab response of IgE or any isotype in the B cell–
deficient animals. Interestingly, however, infected mMT,
but not FcRg KO, mice differed from control animals in
displaying a marked reduction in the number of eggs ex-
creted into the feces. The latter finding is consistent with

Figure 8. Comparison of hepatic cytokine mRNA expression in in-
fected mMT and WT animals. At 8 and 16 wk after infection, liver tissue
from individual mice (n 5 3–4 per group) were assayed for IL-4, IL-5,
IL-10, and IL-13 mRNA expression by reverse transcriptase PCR. Values
represent the mean fold increase (as a multiple of control value) 6 SE
over uninfected WT control liver mRNA expression.

Figure 9. Augmented egg granuloma formation in livers of S. mansoni–
infected FcR g chain KO mice. Upper panels: mean (6 SEM) liver gran-
uloma volumes of WT and FcRg KO mice at 8 (left panel) and 16 (right
panel) wk after infection. The data shown are pooled from three individ-
ual experiments in which both acute and chronic animals were analyzed,
and each point represents the value for an individual mouse. Lower left
panel: mean (6 SEM) eosinophil composition of liver granulomas at 8 wk
after infection. Lower right panel: tissue fibrosis (hydroxyproline) mea-
sured in two experiments at 16 wk. No significant differences between
the WT and FcRg KO mice were detected in lymphocyte proliferation,
Th1/Th2 cytokine expression, or anti-SEA Ab titers in these experiments
(data not shown).



626 A B Cell– and FcR-dependent Mechanism Regulating Granulomatous Pathology

previous reports indicating that Ab facilitate the transport
of eggs across the intestinal wall into the lumen (28) and
suggest that FcR interactions involving FcgRI, FcgRIII,
and FceRI are not required for this process. Together the
data support the hypothesis that the Ab response, rather
than limiting worm development, plays an important phys-
iological role in the maintenance of the parasite life cycle.

Another aspect in which infected mMT differed from
both WT and FcRg KO animals was in the increased mor-
tality of the former strain. This pathologic consequence of
B cell deficiency, which is associated with hemorrhaging
into the gut, is at present poorly understood. It is unlikely
to be the cause of the observed exacerbation of hepatic pa-
thology, since that phenomenon was demonstrated in sur-
vivors that did not display obvious intestinal pathology as
well as in the infected FcRg KO mice that failed to exhibit
significant mortality. One possibility is that in WT (as well
as FcRg KO) animals, Ab produced against endotoxins
protect the host against toxic inflammatory responses trig-
gered by gut bacteria that, in the setting of the intestinal al-
terations induced by schistosomiasis, lead to increased mor-
tality in individual mice (35).

The most striking effects of B cell and FcRg deficiencies
in S. mansoni infection occurred at the level of the down-
modulation of hepatic pathology. A large volume of previ-
ous work has indicated that the intensity of the host re-
sponse to schistosome eggs diminishes with the length of
the infection. In mice this immunomodulation is evidenced
by the decreased size of newly formed granulomas in
chronic disease, a phenomenon that has been closely linked
to a concomitant decline in T cell responsiveness to egg
Ag. A variety of different mechanisms have been proposed
to explain the downmodulation of granulomatous hyper-
sensitivity in schistosomiasis, all of which involve active
suppression of T cell function. The most extensively inves-
tigated mechanisms have been those involving downregu-
lation by CD81 suppressor cells (3, 4, 9) or inhibitory cy-
tokines produced by cross-regulatory CD41 Th cells (4, 6–9).
However, recent experiments studying the modulation of
schistosome pathology in gene KO mice argue against a re-
quirement for either of these pathways. Thus, mice lacking
functional CD8 activity (36) or the major cross-regulatory
cytokines IFN-g (36) or IL-10 (36a) display normal down-
modulation of both pathology and T cell responsiveness.
The latter findings support the involvement of a previously
unappreciated mechanism in the immunoregulation of the
granulomatous response.

The present study reveals that B cells may provide a crucial
activity necessary for the downmodulation of schistosome
egg pathology. The observed failure of these mice to
downregulate granuloma formation is in fact consistent
with several previous observations. First, it is clear that in
both mice and humans Ab titers to parasite Ag increase
substantially as the infection moves from the acute to the
chronic stage (37, 38) and that in the murine model this
change is reflected in an expansion in the number of B cells
present in the granulomatous lesions themselves (39). Sec-

ondly, we have previously observed that mice rendered B
cell deficient by treatment with anti-m sera also develop
larger granulomas which are not downmodulated (11).
However, these experiments were uninterpretable because
of the known peripheral effects of anti-m treatment on T
cell responses (40).

Surprisingly, although downmodulation of egg pathol-
ogy was absent in mMT mice, normal downregulation of T
cell proliferative and lymphokine responses was observed in
the same animals. This finding provides striking evidence
for a dissociation of the two phenomena and argues against
a direct causal relationship. Interestingly, the absence of B
cells also resulted in elevated granuloma formation during
the acute stage of infection as well as enhanced fibrosis
(collagen deposition) at both of the time periods analyzed.
Again, the in vitro responses of mesenteric LN cells mea-
sured during the acute phase in B cell–deficient mice
closely resembled those observed in WT animals with the
exception of a decrease in the levels of IL-4 and IL-10 pro-
duced. This finding is reminiscent of previously reported
results on S. mansoni infection in B cell–deficient (JHD)
mice (41), in which decreased IL-4 and IL-10 production
in vitro was also described at 7.5–8 wk after infection (42).
No analysis of the chronic stage of disease or tissue fibrosis
was performed in that study. Nevertheless, the results re-
ported do diverge from those presented here in that no dif-
ference in granuloma size was detected between KO and
WT animals in acute infection, a discrepancy that could re-
late to different genetic backgrounds or types of B cell–
deficient mouse strains used (13, 43). Furthermore, in the
case of our experiments, the observed differences in cyto-
kine production between acutely infected WT and mMT
did not reflect a wholesale switch to a Th1 cytokine pat-
tern, since the amounts of both IFN-g and IL-5 protein se-
creted in vitro were indistinguishable in the two strains, as
were the levels of IL-4, IL-5, IL-10, and IL-13 mRNAs
expressed in liver tissue. IL-12, which has been previously
demonstrated to suppress hepatic pathology when adminis-
tered exogenously (44), was not measured in these experi-
ments because it is only minimally expressed endogenously
in schistosome infected mice (44, 42).

Because our findings clearly indicated a role for B cells in
the downmodulation in liver pathology occurring in
chronic infection, we went on to address possible mecha-
nisms. The major immunoregulatory products of B cells are
likely to be either immunoglobulins or cytokines. In the
case of cytokines, B lymphocyte–produced IL-10 has been
proposed as a mediator of granuloma downmodulation by
Vellupillai and Harn (45), who demonstrated the induction
of such a response by schistosome carbohydrates in vitro.
This mechanism is unlikely to explain the effects of the lack
of B cells on egg pathology, since IL-10 mRNA expression
in liver was found to be increased rather than diminished in
chronically infected mMT mice. Moreover, recent studies
(36a) indicate that IL-10 KO mice undergo normal down-
modulation of granuloma formation in late S. mansoni in-
fection. Thus, although it is impossible at present to ex-
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clude the role of other cytokines produced by B cells, it is
highly likely that Ab themselves are the B cell products re-
sponsible for immunoregulation. This conclusion is sup-
ported by the results of preliminary experiments in which
sera from chronically infected WT mice transferred a reduc-
tion in granuloma size to acutely infected mMT animals
(data not shown).

There are two obvious mechanisms by which Ab could
control the granulomatous response to schistosome eggs: by
neutralizing egg derived inflammatory molecules, or by
triggering the production of antiinflammatory mediators
from FcR1 cells. The involvement of the latter pathway is
strongly suggested by our observation that FcRg-deficient
mice display a nearly identical phenotype to B cell–defi-
cient animals in terms of augmented tissue pathology and
the failure to downmodulate granuloma formation during
chronic infection. Additionally, infected FcRg-deficient
mice showed no evidence of aberrant T cell function (data
not shown). FcRg-deficient mice do not express the major
cell surface receptors involved in Ig binding and cell signal-
ing (FcgRI, which preferentially binds IgG2a; FcgRIII,
which binds the immune complexes formed with the Ab of
most IgG isotypes; and FceRI, the high-affinity receptor
for IgE). At present, it is unclear which of these three FcRs
participate in the immunoregulatory pathway responsible
for the downregulation of granulomatous pathology. Be-
cause IgG2a Abs are only marginally induced in mice
chronically infected with S. mansoni, the involvement of
FcgRI is unlikely. Instead, as the dominant isotypes ob-
served in such animals are IgG1 and IgE, FcgRIII and
FceRI are more likely to play a role. Interestingly, we have
recently demonstrated that during the acute stage of S.
mansoni infection, FceRI-deficient mice (46) also show in-

creased egg pathology (47), suggesting that FceRI is one of
the receptors involved. Because chronic granuloma forma-
tion was not evaluated in that study, it is unclear whether
FceRI is also important for downmodulation. Experiments
are in progress in which we are systematically comparing
egg pathology in S. mansoni–infected FceRI-, FcgRII- (48)
and FcgRIII-deficient mice (49) in order to evaluate the
contribution of each receptor.

Regardless of the particular FcR that mediates the regu-
latory response, it is clear from data reported here that the
humoral Ab production can influence granulomatous pa-
thology independent of detectable effects on CD41 T cell
responsiveness. Possible mediators of this antiinflammatory
effect include prostaglandins, phospholipase A, and TGF-b.
Interestingly, histamine, which is normally associated with
the induction of inflammation, has been shown in previous
studies to play a downregulatory role in acute schistosome
granuloma formation (50) and is therefore an important
candidate for an FcR induced pharmacological mediator of
this process. Inherent in these earlier findings as well as in
those reported here is the seemingly contradictory concept
that FcR-dependent responses that in most settings mediate
inflammation (51) can in other contexts be antiinflamma-
tory. In the case of the schistosome infection model studied
here, the context is that of a CD41 T cell–dependent gran-
ulomatous tissue reaction. It remains to be seen whether
other cell-mediated tissue responses may be negatively reg-
ulated through the same humoral mechanism. Interestingly,
B cell–deficient mice have been reported to display exacer-
bated inflammatory responses to myelin basic protein (52),
suggesting that this pathway could also contribute to the
regulation of autoimmune tissue pathology.
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