








ered 13,402 � 2,638 larvae from WT mice (n � 7), compared
to 13,862 � 4,016 larvae from IL-10�/� mice (n � 9). Larva
burdens in muscles remained similar at 55 days p.i. (WT [n �
3], 20,826 � 5,230; IL-10�/� [n � 4], 17,790 � 4,472). Worms
recovered from IL-10�/� mice were motile and morphologi-
cally identical to their counterparts recovered from WT mice
(normal cuticle structure, coiled conformation, and full sticho-
cyte [secretory organ] development). Although the infectivity
of larvae recovered from the muscles of IL-10�/� mice was not
directly evaluated, the larvae survived pepsin-HCl digestion, a
key criterion in evaluation of physical maturity and infectivity
for T. spiralis. In addition, larvae resident in muscles of both
groups of mice induced high titers of tyvelose-specific antibod-
ies, confirming the secretion or excretion of tyvelose-bearing
glycoproteins, a hallmark of infective first-stage larvae. Mice in
both groups maintained normal body weight throughout the
course of the experiments (data not shown).

Composition of cellular infiltrates associated with nurse
cells. Despite the difference in intensity of inflammation in all
tissues examined from WT and IL-10�/� mice, the cellular
composition of the infiltrates was similar: predominantly
CD11b� cells (data not shown), MHCII� cells, and CD45�

cells (Fig. 2A), with fewer CD4� cells and CD8� cells and rare
B220� cells (Fig. 2B). Small clusters of syndecan-1� plasma
cells were observed in proximity to nurse cells (data not
shown). MHCII� and CD45� cells were mononuclear and
were presumed to be macrophages.

Expansion of lymphoid aggregates and nodules associated
with superficial aspects of the diaphragm following infection
with T. spiralis. Appreciating the preference for infection of
the diaphragm by T. spiralis and the unique properties of this

muscle with regard to lymph drainage, we explored the inflam-
matory response at this site in greater detail.

Diaphragms of uninfected WT and IL-10�/� mice were cov-
ered with an intact and normal mesothelial layer (Fig. 3i,
panels A and B). Small lymphocytic foci were occasionally
present in the associated adipose tissue as well as in the me-
sothelium of uninfected WT and IL-10�/� mice. The mesothe-
lium of WT mice at 20 days p.i. had a mild cellular infiltrate
extending into lymphatic lacunae (panel C, arrow). Small lym-
phoid nodules present in uninfected mice were enlarged in
infected WT mice (panel E). Germinal centers were evident in
the nodules of WT (Fig. 3ii) and IL-10�/� mice. IL-10�/� mice
had larger and more numerous lymphoid nodules (Fig. 3i,
panel F), together with a more pronounced cellular infiltrate of
the mesothelium (panel D). By 55 days p.i., enlarged lymphoid
nodules and infiltrates were no longer evident in either WT or
IL-10�/� mice (data not shown).

Quantification of cellular responses in the diaphragms of
IL-10�/� mice. To quantify the inflammatory response, we
recovered cells by digesting diaphragms with collagenase I.
Figure 3iii shows the mean fold increase in diaphragm-associ-
ated cell numbers at 0, 20, and 100 days p.i. At 20 days p.i.,
there was a significant, 3.6-fold increase in the number of cells
recovered from diaphragms of IL-10�/� mice compared with
those from WT mice (� � 0.05). By 100 days p.i., the ratio had
returned to the preinfection value.

Expansion of B- and T-cell populations in the pleural cav-
ities in IL-10�/� mice. To evaluate the body cavity response to
muscle infection, cells were enumerated in pleural and perito-
neal exudates collected from WT and IL-10�/� mice at 0 and
20 days p.i. WT mice did not undergo significant expansion of

FIG. 2. IL-10 influences the intensity but not the composition of local infiltrates. Sections of tongues recovered from WT and IL-10�/� mice
at 20 days p.i. were stained with antibodies. (A) Macrophages (MHCII�, CD45�) dominate the focal response around the nurse cell. (B) Infil-
trating lymphocytes are largely CD4�, with fewer CD8� T cells and rare B cells. Bars, 50 �m.
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body cavity cell populations in response to infection. IL-10�/�

mice demonstrated a greater than threefold expansion in the
number of pleural exudate cells (P � 0.01) in response to
infection (Fig. 4). Uninfected IL-10�/� mice yielded greater
numbers of peritoneal exudate cells than did WT mice, but this
number did not change significantly on infection (P � 0.1)

Flow cytometric analysis of exudates from infected IL-10�/�

mice revealed modest increases in peritoneal B- and T-cell
numbers, while pleural B- and T-cell numbers increased six-
and ninefold, respectively (Fig. 5A). In addition to conven-
tional B lymphocytes, or B-2 cells, body cavities possess a
population of self-renewing B lymphocytes, so-called B-1 cells
(37). B-1 cells can be phenotypically distinguished from B-2
cells by their surface expression of CD11b (6). Evaluation of
body cavity B220� populations for expression of CD11b re-
vealed that IL-10 controlled the expansion of B-2 cells (11-
fold) and, to a lesser extent, B-1 cells (4-fold) in the pleural
cavity (Fig. 5B). In the peritoneal cavity, IL-10 inhibited the
expansion of B-2 cells (threefold) but appeared to be required
for maintenance of the B-1-cell population.

Antibody response to muscle infection. The antibody re-
sponse during oral infections with T. spiralis is well docu-
mented (1, 16, 44). Our method of infection allowed us to
evaluate immunity induced by muscle larvae in the absence of
antibody responses to earlier stages of infection. In addition,
synchronous arrival of larvae in the musculature may amplify
the host humoral response to muscle stage antigens. To eval-
uate the host response to synchronized muscle infection, IgG1,
IgG2a, IgG2b, IgG3, and IgM specific for somatic antigens or
ESA were measured at 0, 5, 10, 20, 24, and 55 days p.i. by
ELISA (Fig. 6).

FIG. 3. Attenuation of inflammation at the surface of the diaphragm by IL-10. (i and ii) Sections of diaphragm from 20 days p.i. (dpi) were
stained with H & E (i) or with monoclonal antibodies specific for B220 and CD4 (ii). (iii) Alternatively, cells were recovered from diaphragms by
digestion and cell suspensions from three mice of each strain were pooled, counted, and expressed as a ratio. (i) (A and B) Normal mesothelia
(arrow) cover diaphragms from uninfected WT and IL-10�/� mice; (C) mild cellular infiltration of lymphatic lacuna in the diaphragm of a WT
mouse (arrow); (D) pronounced cellular infiltrates and large lymphoid aggregates adhere to the diaphragm of an IL-10�/� mouse; (E) enlarged
lymphoid nodule from an infected WT mouse; (F) larger nodule from an infected IL-10�/� mouse. (ii) CD4� T cells (A) and B cells (B) detected
in the germinal center in a nodule from infected WT mouse. The arrow in panel A indicates the diaphragm. (iii) At 20 days p.i., IL-10�/� mice
had nearly four times as many infiltrating cells associated with the diaphragm as did WT mice (P � 0.05). Relative cell numbers returned to the
preinfection level by 100 days p.i. Bars, 100 �m [(i) A to D, (ii) A and B] and 200 �m [(i) E and F]. U, uninfected.

FIG. 4. Cellular response in pleural and peritoneal exudates fol-
lowing infection. At 0 and 20 days p.i. (dpi), pleural and peritoneal
exudates were collected and cells were counted (n � 4 or 5 mice per
strain). Infection induced a three fold increase in the number of pleu-
ral exudate cells in IL-10�/� mice (P � 0.01). Uninfected IL-10�/�

mice yielded greater numbers of peritoneal exudate cells than did WT
mice, but this number did not change significantly on infection (P �
0.1).
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Comparison of the responses to somatic antigens with those
to ESA revealed two distinct phases of antibody production.
The first response, mounted from 10 to 20 days p.i., produced
antibodies to somatic antigens but not to ESA. The second
response, evident at 55 days p.i., was directed at ESA. The
early response incorporated IgM, IgG2b, and IgG3. A weak
and variable IgG2a response was detected only in IL-10�/�

mice. The late response incorporated all the isotypes assayed.
Although IgG1 was absent from the early response to somatic
antigens, it was dominant in the late response.

Antibody responses in WT and IL-10�/� mice differed only
in kinetics, with IL-10�/� mice initiating IgG3 and IgG2a pro-
duction more rapidly in the early response and IgM more
rapidly in the late response. Denkers et al. (16) described the
murine antibody response to oral infection with T. spiralis as
biphasic. The early response is directed against phosphorylcho-
line, which modifies glycans on somatic glycoproteins (39),
while the late response is specific for tyvelose-bearing glyco-
proteins found in ESA. We analyzed mouse sera from our
experiments by Western blotting to determine the specificities
of the antibodies produced. We found that sera collected 55
days p.i. contained antibodies specific for tyvelose-bearing glyco-
proteins. However, antibodies in sera collected 10 to 20 days
p.i. did not bind phosphorylcholine-bearing somatic glycopro-
teins (data not shown). The specificity of antibodies produced
between 10 and 20 days p.i. remains unknown.

DISCUSSION

To address the role of IL-10 in the immune response to T.
spiralis in muscle, we synchronously infected WT and IL-10�/�

mice by intravenous injection of NBL. We chose this method
to avoid confounding influences of IL-10 on the intestinal stage
of infection, since these influences might alter the dose of NBL

FIG. 5. T and B cells recovered from the pleural and peritoneal cavities during muscle infection. Lymphocytes in pleural and peritoneal
exudates (n � 4 or 5 mice) were enumerated by flow cytometry following staining with monoclonal antibodies to TCR beta-chain and B220 (A) or,
in order to identify B-cell subsets, CD11b and B220 (B). (A) Mice lacking IL-10 showed pleural B- and T-cell populations that were expanded by
six and ninefold, respectively. A modest increase in the number of B cells (P � 0.06) and a significant increase in the number of T cells (P � 0.01)
were evident in the peritoneal cavities. (B) Numbers of B-2 cells (11-fold) and B-1 cells (4-fold) were expanded in the pleural cavities of IL-10�/�

mice following infection. In the peritoneal cavity, the number of B-2 cells expanded threefold in the absence of IL-10 while the B-1-cell population
was diminished twofold following infection. Asterisks mark statistically significant changes (Student’s t test). dpi, days p.i.

FIG. 6. Antibody response to synchronized muscle infection. Se-
rum titers of IgG1, IgG2a, IgG2b, IgG3, and IgM specific for somatic
antigen or ESA in WT and IL-10�/� mice. End-point titers were
specified as the reciprocal of the last dilution before the absorbance
fell below 0.1 U in ELISA. Geometric means and standard deviations
for end-point titers from groups of four mice are shown.
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delivered to the muscle. Concurrent investigations in our lab-
oratory showed no effect of IL-10 on the survival of intestinal
T. spiralis; however, NBL were found to induce large areas of
focal necrosis in the livers of IL-10�/� but not WT mice (7).
Contradictory results have been reported by Helmby and
Grencis (30), who described delayed worm expulsion together
with reduced muscle burdens in orally infected IL-10�/� mice.
The different outcomes may be due to differences in dose (300
versus 600 larvae given orally) or parasite isolate used in the
two studies. Helmby and Grencis concluded that reduced mus-
cle burdens result from gamma interferon-dependent immune
response directed against NBL, although it was less clear when
or where this influence is effected. The results of our synchro-
nous infections indicate that IL-10 neither promotes nor com-
promises the survival of larvae in the muscle. This outcome is
important to the interpretation of our results, since it demon-
strates that immune-deficient and WT mice acquire compara-
ble antigenic loads, eliminating this important variable as an
influence on the immune response. The survival of larvae in
the presence of the intense inflammation observed in IL-10�/�

mice suggests that T. spiralis is a highly adapted parasitic or-
ganism.

Muscle infection with T. spiralis elicited a focal cellular im-
mune response. Nurse cells were surrounded by limited infil-
trates in which macrophages were the dominant cell type. Re-
markably, parasites survived in close association with
macrophages, CD8� and CD4� T lymphocytes, and B lympho-
cytes. It will be important to characterize the functional prop-
erties of infiltrating cells in order to understand the basis for
parasite survival in what appears to be a hostile environment.
Shortly after nurse cell formation was complete, the infiltrates
decreased in intensity. We found that IL-10 limited the initial
inflammatory response to muscle infection but was not neces-
sary for the down-modulation observed around mature nurse
cells. In a similar manner, IL-10 has been shown to control
early, but not chronic, granulomatous responses to Schisto-
soma mansoni eggs (57).

The shift from IL-10-dependent to IL-10-independent con-
trol of inflammation was coincident with completion of para-
site development in the nurse cell, together with the induction
of a strong IgG1 response to tyvelose-bearing glycoproteins
that are synthesized only by mature first-stage larvae. Class-
switching from IgM to IgG1 is controlled by IL-4 (49), the
preeminent Th2 cytokine. The induction of an IgG1 response
suggests a role for Th2 cytokines in controlling inflammation
during chronic infection. A mechanism for targeted activation
of Th2 cells by tyvelose-bearing glycoproteins has not been
elucidated, although a recent report describes Th2 bias in
responses to nematode glycans (52). One outcome of an in-
tense and prolonged IgG1 response to ESA may be modula-
tion of macrophage function. Sutterwala et al. (51) have shown
that ligation of the Fc-gamma receptor I, by IgG1 complexed
to antigen, inhibits proinflammatory activities of macrophages.
Furthermore, the Th2 cytokines IL-4 and IL-13 are key signals
in the generation of alternatively activated macrophages, a cell
type implicated in the modulation of chronic inflammation in
other mouse models of helminth disease (24, 31). There is
evidence that T. spiralis infection promotes alternative activa-
tion of macrophages. Macrophages recovered from the peri-
toneal cavities of mice infected orally with T. spiralis produce

the Ym1 protein (12) and are impaired in their ability to
control the growth of intracellular Toxoplasma gondii (56).
These features are consistent with an alternatively activated
phenotype. Muscle-stage infection with T. spiralis may polarize
infiltrating macrophages toward an alternative phenotype, sup-
pressing their destructive properties. In addition, IL-13 inhibits
inflammation by enhancing the production of IL-1 receptor
antagonist (35, 55) and suppressing the production of proin-
flammatory cytokines (21, 22). In the context of anti-inflam-
matory cytokines, consideration must be given to transforming
growth factor �, a potent deactivator of macrophage activity in
vitro (54) that cooperates with IL-10 in the protection of mice
against experimentally induced colitis (27). Our future work
will investigate the function of macrophages in chronic T. spi-
ralis infection, specifically addressing the interplay among Th2
cells, macrophages, tyvelose-bearing glycoproteins, and spe-
cific antibodies.

In our model, the effects of IL-10 are likely to be exerted at
the time of immune response activation. Although it is con-
ceivable that IL-10 deficiency causes developmental defects of
the immune system, in our experiments IL-10 did not influence
the cell types recruited to or retained at the site of infection;
instead, it limited the intensity of the response. These obser-
vations are consistent with the known effects of IL-10 in sup-
pressing the activity of antigen-presenting cells (9, 20, 21, 26,
40). Our results suggest that IL-10 exerts its anti-inflammatory
effect in mice infected with T. spiralis by influencing the activ-
ities of large numbers of macrophages that surround infected
muscle cells.

In addition to moderating inflammation surrounding the
nurse cells, we found that IL-10 influenced regional inflamma-
tion during muscle infection. The unique physiology of the
diaphragm (48) prompted us to examine regional responses
during T. spiralis infection. We observed cellular infiltrates at
the surface of the diaphragm and in the body cavities following
infection. Our data indicated that aggregates and nodules ob-
served on the surface of the diaphragm were on the pleural
aspect of the muscle. We were able to recover these aggregates
by enzymatic digestion and found them to be rich in B and T
lymphocytes. When we recovered cavity lymphocytes by lavage,
we found that IL-10 limited the expansion of B-2, B-1, and T
lymphocytes in the pleural cavity. The magnitude of the re-
sponse in the pleural cavity most probably was induced by the
migration of NBL through the lungs (10). IL-10 controlled the
expansion of pleural B-cell populations but did not yield dra-
matic differences in the levels of parasite-specific serum immu-
noglobulins, although the production of some isotypes was
accelerated in IL-10�/� mice. Currently, we are evaluating the
contribution of B lymphocytes to immune modulation in syn-
chronously infected, B-cell-deficient mice.

In summary, we have found that IL-10 limits the initial
inflammatory response to muscle infection by T. spiralis. This
inhibition is evident at the site of infection and in the pleural
cavity. Although the source(s) of IL-10 was not identified,
candidates include macrophages, CD4� T cells, and B lympho-
cytes. Inhibition of inflammation during chronic muscle infec-
tion was shown to be IL-10 independent. The transition from
IL-10-dependent to IL-10-independent control of inflamma-
tion was abrupt, coinciding with parasite maturation and the
induction of a dramatic IgG1 response directed at tyvelose-
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bearing glycoproteins. Thus, muscle infection by T. spiralis
serves as a dramatic example of a chronic infection wherein the
immune response appears to be controlled in order to promote
the survival of both parasite and host.
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