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Coordinated Control of Immunity to Muscle Stage
Trichinella spiralis by IL-10, Regulatory T Cells, and TGF-g'

Daniel P. Beiting,* Lucille F. Gagliardo,* Matthias Hesse,” Susan K. Bliss,*

Diana Meskill,* and Judith A. Appleton®"

We previously demonstrated that IL-10 is critical in the control of acute inflammation during development of Trichinella spiralis
in the muscle. In this study, we use gene-targeted knockout mice, adoptive transfer of specific T cell populations, and in vivo Ab
treatments to determine the mechanisms by which inflammation is controlled and effector T cell responses are moderated during
muscle infection. We report that CD4* CD25~ effector T cells, rather than CD4* CD25* regulatory T cells, suppress inflammation
by an IL-10-dependent mechanism that limits IFN-y production and local inducible NO synthase induction. Conversely, we show
that depletion of regulatory T cells during infection results in exaggerated Th2 responses. Finally, we provide evidence that, in the
absence of IL-10, TGF-p participates in control of local inflammation in infected muscle and promotes parasite survival. The

Journal of Immunology, 2007, 178: 1039-1047.

richinella spiralis is a natural pathogen of rodents that
establishes chronic infection in skeletal muscle and is well

suited for the study of helminth-induced immune suppres-
sion. During a relatively brief intestinal phase, adult female worms
release newborn larvae (NBL)® that rapidly enter mesenteric
venules (1), disseminate throughout the host, and eventually enter
skeletal muscle. The diaphragm, tongue, and masseter muscles are
all preferred sites of infection in mice (2). Each NBL invades a
single, terminally differentiated muscle cell (myotube) and, over a
period of 20 days, both the parasite and the host cell undergo a process
of coordinated growth and development, marked by dramatic host cell
remodeling (3—6). If larvae survive this developmental period, they
establish a chronic infection that is essential for transmission. To in-
vestigate the mechanisms that control T cell responses specifically to
muscle stage T. spiralis, we synchronously infected mice with NBL
delivered i.v. Using this route of infection, we can evaluate the im-
mune response to muscle larvae without the confounding influences
of intestinal adult worm survival and fecundity.

Chronic helminth infections are often associated with polarized
Th2 responses and the production of the anti-inflammatory cyto-
kines IL-10 and TGF-p (7-9). It is unclear which cell types serve
as critical sources of IL-10 to regulate inflammation and limit T
cell responses in vivo. Moreover, there is a paucity of studies that
have addressed the importance of IL-10/TGF-f3 cooperation in
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vivo during infection. Understanding the specific cell types re-
quired for IL-10-mediated suppression during helminth infection
and the additional cytokine signals important for this process will
help to elucidate the mechanisms of long-term T cell modulation.

Naturally occurring regulatory T cells (Treg), defined by the
surface expression of CD4 and the IL-2R «-chain (CD2S5) and
intracellular expression of the transcription factor forkhead box
P3 (Foxp3), regulate Thl-driven intestinal inflammation through
mechanisms that require IL-10 and TGF-B (10, 11). In recent
years, these suppressive cells have been implicated as potential
regulators of helminth-induced responses, but the nature of Treg-
mediated suppression and the role of IL-10 in this process remain
controversial. For example, in mice immunized with eggs from the
human helminth parasite Schistosoma mansoni, the Treg cell pop-
ulation expands in parallel with effector T cells (Teff) and limits
both Thl and Th2 responses in an IL-10-independent manner (12,
13). In contrast, earlier studies conducted in S. mansoni-infected
mice showed that both CD4*CD25™ Treg and CD4"CD25~ Teff
isolated from liver granulomas produced IL-10 in response to egg
Ags (14, 15) and suppressed egg-specific IFN-y production after
adoptive transfer into IL-10~/~ mice (15). Conversely, when
Treg were depleted in mice infected with the filarial parasite
Litomosoides sigmodontis, production of the Th2 cytokines I1L-4
and IL-5, as well as IL-10, were increased (16). These varying
results underscore the importance of examining Treg-mediated
suppression during other helminth infections to more completely
understand the mechanisms by which regulation of effector func-
tion is achieved.

In addition to limiting inflammation, tight regulation of Teff
responses can promote parasite persistence. It is clear that TH2
responses are protective against intestine-dwelling helminth para-
sites (17). IL-4 and IL-13 promote mastocytosis (18), smooth mus-
cle hypercontractility (19), goblet cell hyperplasia, and mucus se-
cretion that are critical to the timely expulsion of nematodes from
the gut (20-22). In the absence of IL-10, the intestinal nematode
Trichuris muris induces more pronounced Thl responses, thereby
limiting Th2-driven expulsion, prolonging infection and causing
increased mortality (23). Helminth parasites often have tissue mi-
gratory phases and occupy more than one anatomical niche during
the life cycle, yet little is known about what constitutes a protective
response against parenteral stages of helminths where the pathogen
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must often be destroyed rather than simply displaced from its hab-
itat. Although the S. mansoni granuloma has been invaluable in
understanding how IL-10 limits tissue pathology (24), egg deposition
in the liver is not essential to the completion of the S. mansoni life
cycle, making it difficult to link the control of immunity with survival
and transmission of the parasite.

In this study, we use gene-targeted knockout (KO) mice, adop-
tive transfer of specific T cell populations, and in vivo Ab treat-
ments to determine the mechanisms by which inflammation is con-
trolled and Teff responses are regulated during muscle infection
with 7. spiralis. The results reveal a cooperative interplay among
IL-10, TGF-B, Teft, and Treg that ensures parasite survival while
protecting the host from inflammatory disease.

Materials and Methods

Rats and mice

Adult Albino Oxford strain rats were produced and maintained in the
James A. Baker Institute Vivarium. C57BL/10S8SnAi~®oIL10 (1 _10~/7)
and C57BL/105eSnAI~(kolLI0=(koRAGZ (RAG2 ™/~ X TL-107/7) were bred
at the Cornell Transgenic Mouse Core Facility and maintained at the James
A. Baker Institute. Six-week-old C.129S2-STAT6"™S™/J (STAT6 /")
mice were obtained from The Jackson Laboratory. Age- and gender-
matched C57BL/1058574iT4¢ and BALB/cA"™"*¢ mice were obtained from
Taconic Farms. RAG2 ™/~ X IL-10~/~ were maintained in a Bioclean iso-
lation unit (Lab Products). Mice and rats were fed autoclaved, pelleted
ration (5K67; The Jackson Laboratory), and acidified water (pH 3). Animal
care was in accordance with the guidelines of the American Association for
Accreditation of Laboratory Animal Care and experiments were performed
with the approval of the Institutional Animal Care and Use Committee of
Cornell University.

Parasite

T. spiralis (pig strain) infectious larvae (L) were recovered from muscles
of irradiated Albino Oxford rats by digestion with 1% pepsin in acidified
water as described by Crum et al. (25). Newborn larvae were recovered
from adult worm cultures prepared as described previously (26). Mice were
administered a single injection into the lateral tail vein of 25,000 NBL
suspended in 0.25 ml of serum-free DMEM (Mediatech). Infection by this
route bypasses the intestinal phase of infection, eliminating the intestinal
immune response as a confounding variable. In addition, injection of NBL
results in synchronous development of nurse cells and the host response to
muscle infection. Typically, we find that approximately one-half of the
NBL injected establish chronic infection (data not shown). In other exper-
iments, mice were injected with 5,000 NBL, rested for 3 mo, and then
challenged i.v. with 20,000 NBL. Mice were euthanized by CO, inhalation
at the times indicated in each experiment. Muscle larvae burdens were
determined as described previously (26). To evaluate infectivity of para-
sites that developed in experimental mice, muscle larvae recovered from
individual mice were pooled and C57BL/10 mice were infected with 250
L,. At ~30 days after oral infection, muscle burdens were determined to
confirm that larvae from different treatment groups were equally infective.
Somatic Ags from mature muscle larvae were prepared from whole larval
homogenate as described previously (27).

Antibodies

Rat mAb to the IL-2R a-chain (CD25; IgG1, clone PC61 (28)); mouse
mAb to TGF-f (IgGl, clone 1D11 (29); American Type Culture Collec-
tion); and mouse mAb to equine influenza virus (IgG1, clone 5 (30)) were
affinity purified from culture supernatant using protein G and fast perfor-
mance liquid chromatography (Akta FPLC; Amersham Biosciences). The
column was equilibrated with 0.02 M sodium phosphate (pH 7.0), and
bound protein was eluted with 0.1 M glycine-HCI (pH 2.7). Fractions were
neutralized with 1 M Tris-HCI (pH 9.0). Purified Ab was dialyzed against
PBS. Total rat Ig was precipitated from normal sera with 40% ammonium
sulfate (Sigma-Aldrich) and dialyzed as described above. After endotoxin
removal over polymyxin B columns (Detoxi-Gel; Pierce), all Ab prepara-
tions contained <<1.0 unit endotoxin/mg as determined using the Limulus
amebocyte lysate pyrochrome assay (Associates of Cape Cod).

For flow cytometry experiments, FITC-conjugated anti-CD4 (clone
GK1.5, 1 pg/ml; eBioscience), allophycocyanin-conjugated anti-Foxp3
(clone FIK-16s, 5 pg/ml), biotinylated anti-CD25 (clone 7D4; recognizes
an epitope distinct from that bound by clone PC61, 1 ug/ml; BD Pharm-
ingen), and streptavidin-PE (1 ug/ml; eBioscience) were used. For immu-

nohistochemistry, rabbit polyclonal Ab raised against the C terminus of
mouse inducible NO synthase (iNOS, 0.34 ug/ml; Lab Vision) was de-
tected with biotinylated goat anti-rabbit Ig (1 wg/ml; Vector Laboratories).
Negative control sections were treated with either biotinylated mouse anti-
Ilama IgG1 (31) or normal rabbit serum.

Histology and immunohistochemistry

Histochemical staining was conducted as described previously (26). For
immunohistochemistry, formalin-fixed, paraffin-embedded sections were
mounted on poly-L-lysine-coated glass slides, deparaffinized for 10 min in
xylene, and rehydrated through graded alcohol baths. Ag retrieval was
conducted by steaming tissue sections in a rice steamer (Black & Decker)
for 40 min in 10 mM citric acid (pH 6.0). Sections were allowed to cool for
20 min at room temperature. Staining was conducted as described previ-
ously (26). Slides were dehydrated through graded alcohol baths, cleared in
xylene, and mounted in Permount (Fisher Scientific).

Recovery and culture of lymphocytes from cervical lymph
nodes (CLN)

CLN drain the tongue and masseter muscles in the mouse and were used to
monitor the immune response to muscle infection. CLN were excised from
infected mice and kept on ice in DMEM supplemented with 10% FCS
(Atlanta Biologicals), 0.1 M nonessential amino acids (Invitrogen Life
Technologies), 30 mM HEPES (Invitrogen Life Technologies), and 50 uM
2-ME (Sigma-Aldrich). CLN from individual mice were manually dis-
persed, under aseptic conditions, in petri dishes using a 12-ml syringe
pestle. Cells were passed through sterile 100-um screens, washed with
medium, and cell number was determined using a Coulter Counter (model
72; Beckman Coulter). Cells were plated in triplicate at 1 X 10° cells/well
in 200 wl on 96-well tissue culture plates (Costar, Corning) and stimulated
with 10 wg/well somatic larval Ag to elicit cytokine secretion from para-
site-specific T cells. Additional triplicate wells were cultured either in the
absence of Ag (medium only) or in the presence of plate-bound anti-CD3
(no azide, low endotoxin; clone 145-2C11, BD Pharmingen) as a pan-T cell
stimulus. Cells were incubated in 8% CO, and supernatants were collected
after 72 h and stored at —20°C.

Cytokine-specific ELISA

ELISA to measure concentrations of IL-4, IL-5, IL-10 and IFN-y was
conducted as described previously (32). IL-13 ELISA used capture (clone
38321, 2 pug/ml) and detecting Abs (goat polyclonal, 0.1 wg/ml) from R&D
Systems. The sensitivities of the assays were 100 pg/ml (IL-5, 10, 13 and
IFN-v) or 20 pg/ml (IL-4).

Flow cytometry

Cells were recovered from individual diaphragms by digestion in collagenase
I and stained for flow cytometric analysis as described previously (26).

Adoptive transfer experiments

Single-cell suspensions were prepared from CLN recovered from wild-type
(WT; n = 8) and IL-10~"~ (n = 8) donor mice at 20 days postinjection
(dpi) as described above. CD4"CD25" and CD4"CD25™ cells were pu-
rified from CLN using the Mouse Regulatory T Cell Isolation kit (Miltenyi
Biotec) and an AutoMACS magnetic cell separator. CLN cells were sub-
jected to two rounds of negative selection for CD4" T cells and were 97%
pure in flow cytometric analysis (data not shown). CD25% Treg and
CD25™ Teff populations were then enriched by positive and negative
selection. Treg carried 6% CD4"CD25 cells and Teff cells carried
3% CD4"CD25" cells. RAG2™/7/IL10™"~ mice received 1 X 10* CD4"
CD25" cells and 1 X 10° CD4*CD25~ cells i.p. Mice were i.v. infected with
25,000 NBL the following day. At 13 dpi, CLN cells and tongue were col-
lected for cytokine assays and histochemistry, respectively.

In vivo Ab treatments

For depletion of CD25™ cells, mice were injected once i.p. with 750 ug of
anti-CD25 or rat Ig (control). The following day, mice were injected with
25,000 NBL. At 20 dpi, cells were recovered from diaphragm and stained
for flow cytometric analysis to confirm extent of Treg depletion. In separate
experiments, mice were administered 1 mg of neutralizing Ab to TGF-£ or
mouse anti-influenza (control) each week beginning on day —1. Mice
were infected on day O and sera collected at 20 dpi were assayed for
active TGF-B.
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Luminescence-based TGF-f bioassay

Active TGF-f3 was assayed in sera as described previously (16) using mink
lung epithelial cells (clone 32, provided by Dr. D. Rifkin, New York
University Medical Center, New York, NY) cultured in X-VIVO-15
serum-free medium (Cambrex). Luminescence was measured using the
luminescent substrate system (Promega) and a Veritas Microplate Lumi-
nometer equipped with reagent injectors (Turner). The concentration of
active or total TGF-$ in sera was determined using a standard curve pre-
pared with recombinant human TGF-B1 (Roche Diagnostic Systems).

Statistical analysis

Each experiment was conducted two or three times. Means and SDs were
calculated from data collected from individual mice. Significance was de-
termined using a Student’s ¢ test or one-way ANOVA with Tukey’s post
hoc analysis. Statistical analysis was performed with GraphPad Prism 4
software.

Results
Influence of IL-10 on the development of the T cell response to
muscle infection

We previously demonstrated that IL-10 limits inflammation during
parasite development in the muscle, but does not contribute to
immune modulation during chronic infection (26). To better define
the influence of IL-10 on the cellular response to muscle infection,
we examined the cytokine secretion profile of CLN cells recovered
from WT and IL-10~/~ mice during parasite development (8 dpi;
acute muscle infection) and at the completion of parasite develop-
ment (21 dpi; transition to chronic infection). After stimulation
with somatic larval Ags, WT CLN cells produced IL-10 and IFN-y
(Fig. 1A) at 8 dpi. At 21 dpi, IL-10 production was increased, IL-5
and IL-13 production was detectable, and IFN-y production was
unchanged (Fig. 1B). In the absence of IL-10, cells produced
nearly eight times more IFN-+y at 8 dpi (Fig. 1C) and 21 dpi (Fig.
1D), compared with WT counterparts. In contrast, Th2 cytokine
production was not significantly influenced by IL-10 deficiency.
Parallel cultures stimulated with anti-CD3 yielded similar cytokine
profiles, although the magnitude of the responses was greater than
that obtained with specific Ag stimulation (data not shown). We
did not detect significant levels of 1L-4, IL-5, IL-10, IL-13, or
IFN-v in uninfected WT or IL-10~/~ mice after stimulation with
somatic Ag (data not shown).

IFN-v is a potent activator of macrophage activity, stimulating
production of iNOS and enhanced generation of reactive oxygen
intermediates. We have shown previously that the cellular infiltrate
recruited to infected muscle is rich in macrophages. Sections of
infected tongue were stained with Ab to iNOS to determine
whether the increase in IFN-vy observed in IL-10~/~ mice would
translate to enhanced macrophage activation in vivo. Nurse cells in
WT mice rarely had iNOS™ cells at 21 dpi (Fig. 1E). In contrast,
iNOS-producing cells were abundant near infected myotubes of
IL-10~"~ mice (Fig. 1F). These data suggest that IL-10 limits in-
flammation during parasite development by suppressing IFN-y
levels and limiting local iNOS production, but does not influence
the development of a Th2 response later in infection.

Influence of Th2 cytokines on the inflammatory response to
muscle infection

To further investigate the influence of Th2 cytokines during mus-
cle infection, we infected mice that were deficient in STATG6.
These mice are on a BALB/c background. BALB/c mice would be
expected to mount a stronger Th2 response than the C57BL/10
mice used in previous experiments. STAT6 is required to trans-
duce signals from IL-4 and IL-13 bound to surface receptors (33).
STAT6™'~ (n = 6) or BALB/c (n = 5) control mice were syn-
chronously infected. Tongues recovered from BALB/c mice at 18
dpi contained numerous mature larvae and fully developed nurse
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FIGURE 1. The influence of IL-10 on development of the T cell re-
sponse to muscle infection. A—D, Cytokines produced by CLN collected
from C57BL/10 (WT) mice and IL-10~'~ mice at 8 and 21 dpi. Cells were
stimulated with somatic larval Ag. Means and SDs are shown from groups
of three to five mice. N.D., Not detected. E and F, Immunohistochemical
detection of iNOS at 21 dpi in WT (E) and IL-10"/" (F) mice. iNOS-
producing cells are brown. Scale bars, 25 um.

cells surrounded by focal infiltrates (Fig. 2A4). In contrast, nurse
cells of STAT6™'~ mice had markedly reduced inflammatory in-
filtrates around infected cells (Fig. 2B) and reduced numbers of
CLN cells (Fig. 2D). When cultured in the presence of somatic
larval Ags, CLN cells from BALB/c mice at 18 dpi produced sig-
nificantly more IL-4, IL-5, and IL-13, but less IFN-vy, compared
with their STAT6 /" counterparts (Fig. 2C). IL-10 concentrations
were comparable in BALB/c and STAT6™/~ mice. These results
support the conclusion that even in the absence of Th2 cytokines,
IL-10 controls the proinflammatory effects of a Thl response. In
other experiments, we infected IL-10/4 double KO mice and ob-
served a phenotype similar to that of IL-10~'~ mice (data not
shown), confirming that IL-10 controls the proinflammatory effects
of a Thl response. Finally, despite impairment of Th2 responses
and inflammation in STAT6 /™ mice, larval burdens were similar
to those in BALB/c mice (Fig. 2E). Larvae recovered from
BALB/c and STAT6 '~ mice were equally infective for normal
mice, producing muscle burdens of 25,867 = 6,275 L, (n = 3) and
17,133 £ 4,868 L, (n = 3), respectively.

Depletion of naturally occurring Treg during muscle infection

Treg can suppress Thl-driven intestinal inflammation through
mechanisms that require IL-10 (10, 11). To determine whether
naturally occurring Treg were required for the IL-10-dependent
suppression of IFN-y during muscle infection, C57BL/10 mice
were injected with Ab to CD25 (clone PC61). This treatment has
been reported to deplete Treg; however, recent evidence suggests
that anti-CD25 functionally inactivates Treg by inducing the
down-regulation of the IL-2 receptor (34). To determine the extent
of Treg depletion/inactivation, we recovered cells that infiltrated
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FIGURE 2. The influence of STAT6 signaling on the inflammatory re-
sponse to muscle infection. A and B, H&E-stained tissue sections of
tongues from BALB/c (A) and STAT6 '~ (B) mice at 18 dpi. C, Cytokines
produced after somatic Ag stimulation of CLN cells from STAT6 '~ (n =
6) and BALB/c mice (n = 5). D, CLN cell numbers, 18 dpi. E, Larval
burdens, 18 dpi. Symbols in D and E represent individual mice. Scale bars,
50 wm. Significance was determined by Student’s ¢ test.

uninf.

the diaphragms of Treg-depleted or control mice at 20 dpi. Cells
were stained with Abs to CD4, CD25, and Foxp3 for analysis by
flow cytometry. We found that 8.4 = 1.5% of diaphragm leuko-
cytes expressed CD25 at 20 dpi. Treatment with anti-CD25 re-
duced this percentage to 4.6 = 1.0% (p < 0.01). In addition to
being expressed on the surfaces of Treg, CD25 is also transiently
up-regulated on the surfaces of Teff after activation (35, 36). To
confirm that anti-CD25 treatment depleted Treg, we analyzed the
proportion of diaphragm CD4 ™ cells that expressed Foxp3 at 20
dpi. Staining of diaphragm cells with anti-CD4 and anti-Foxp3
yielded a distinct CD4 " Foxp3™ cell population (Fig. 3A). In dia-
phragms of uninfected mice, ~7% of the CD4 " cells expressed
Foxp3 (Fig. 3B). This percentage increased to ~14% at 20 dpi and
was reduced by one-half by in vivo treatment with anti-CD25 (Fig.
3B). Reduction of Foxp3™ cells correlated with dramatically ele-
vated production of IL-4, IL-5, IL-10, and IL-13 by CLN cells
stimulated with parasite Ag (Fig. 3, C and D). A modest but sig-
nificant increase in IFN-y was also detected. Despite exaggerated
Th2 responses, cellularity in CLN and larval burdens were un-
changed (Fig. 3, E and F). Larvae recovered from Treg-depleted
and control mice at 20 dpi were equally infective when passaged
into WT mice, producing muscle burdens of 40,250 *= 8,826 L,
(n = 4) and 38,333 £ 6,691 L, (n = 3), respectively. These data
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FIGURE 3. Depletion of naturally occurring Treg during muscle infec-
tion. A, Representative dot plot of diaphragm cells showing CD4" and
CD4*Foxp3™ cells as a percentage of gated lymphocytes at 20 dpi. B,
Foxp3™ cells as a percentage of CD4" cells from uninfected and 20 dpi
diaphragm from rat Ig-treated and anti-CD25-treated mice. C and D, IL-4,
IL-5, IL-10, IL-13, and IFN-vy produced after Ag-specific stimulation of
CLN cells from mice treated with anti-CD25 (n = 10) or rat Ig (n = 11).
E, CLN cell numbers, 20 dpi. F, Larval burden in muscles, 20 dpi. Sig-
nificance was determined by one-way ANOVA with Tukey’s post hoc
analysis (B) or Student’s 7 test (C and D); *, p = 0.016 and *x*, p < 0.001.
Symbols in B, E, and F represent individual mice.

show that naturally occurring Treg accumulate in infected muscle.
Reducing this population of cells by in vivo Ab treatment led to a
significant increase in Th2 cytokine responses but did not alter the
numbers of CLN cells. In these ways, the results of Treg depletion
were dramatically different from IL-10 deficiency.

Teff-derived IL-10 is sufficient to suppress local inflammation
and IFN-vy production during muscle infection

To determine the cell type responsible for IL-10-mediated sup-
pression of local inflammation during infection, we established an
adoptive transfer system in which we could limit the source of
IL-10 to donor-derived Treg or Teff. Enriched Treg and Teff pop-
ulations were prepared from CLN recovered from WT and IL-
10~’~ mice at 20 dpi. A total of 1 X 10* Treg was transferred
along with 1 X 10° Teff, a ratio that is normally found in mice
(37). Recipient RAG2™/7/IL10~/~ mice are deficient in T and B
lymphocytes and have no endogenous source of IL-10. Thus,
transferred Treg or Teff were the only source of IL-10. Mice that
received WT Teff were able to control myositis, regardless of
whether these cells were transferred along with WT (Fig. 4A) or
IL-107'~ Treg (Fig. 4B). In contrast, mice receiving IL-10"'~
Teff, whether in combination with WT (Fig. 4C) or IL-107"" Treg
(Fig. 4D), had more extensive myositis. Ag-induced IFN-vy pro-
duction (Fig. 4E) and local iNOS synthesis (data not shown) were
observed only in mice that received Teff from IL-10~'~ donors,
irrespective of the source of Treg. These findings suggests that
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FIGURE 4. Contributions of CD4*CD25~ and CD4"CD25" cells to
IL-10-mediated suppression of inflammation in infected muscle. A-D,
H&E-stained sections of diaphragm from RAG2 ™/~ /IL-10~/~ mice at 13
dpi that received the following: A, CD4*CD25 and CD4"CD25™" cells
from WT donor mice; B, WT CD4"CD25~ cells and IL-107/"
CD4*CD25" cells; C, IL-10~"~ CD4"CD25~ cells and WT CD4*CD25*
cells; or D, CD4"CD25~ and CD4*CD25™ cells from IL-10~/~ donors. E,
IFN-vy produced by CLN cells from recipient mice after stimulation with
somatic Ags. Symbols represent individual mice. Significance was de-
termined by one-way ANOVA with Tukey’s post hoc analysis. Scale
bars, 50 wm.

IL-10 produced by CD4"CD25™ cells is sufficient to suppress my-
ositis and IFN-vy.

Effect of TGF-B neutralization on the cytokine and inflammatory
response to muscle infection

Both surface-bound and secreted TGF- have been shown to be
important mechanisms of Treg-mediated control of Teff (38—40).
To evaluate a role for TGF-f in control of myositis, we neutralized
this cytokine in vivo by weekly administration of a mAb (clone
1D11) that neutralizes activity of TGF-1 and 2 isoforms (29).
We determined the extent of neutralization using a bioassay that
measures the active form of TGF-8 (41). Muscle infection with T.
spiralis induced a significant elevation of active TGF-f in sera of
IL-107"~ but not WT mice (Fig. 5A). Treatment with TGF-£-
neutralizing Ab reduced circulating levels of the active cytokine to
preinfection levels (Fig. 5A). CLN from WT mice treated with
anti-TGF-B produced significantly more IL-13 and less IFN-y
compared with control Ig-treated WT mice (Fig. 5B). In contrast,
neutralization of TGF-B in IL-10"/~ mice caused a reduction in
IL-13 production (Fig. 5C).

As expected, WT mice treated with control Ig had limited my-
ositis at 20 dpi, whereas IL-10~" mice treated with control Ig had
larger infiltrates surrounding nurse cells (Fig. 5, D and F). Cellular
infiltration was moderate in WT mice treated with anti-TGF-8
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FIGURE 5. Influence of TGF-B on muscle infection in WT and IL-
107/~ mice. A, Active TGF-B in sera of uninfected (n = 5) and 20 dpi WT
and IL10~"~ mice. B and C, Cytokines produced after somatic Ag stimu-
lation of CLN cells from WT mice treated with anti-TGF- (n = 7) or
control Ig (n = 8) (B), or IL-10~/~ mice treated with anti-TGF-$ (n = 8)
or control Ig (n = 6) (C). N.D., Not detected. *, p < 0.05 and *x*, p < 0.001
as determined by Student’s 7 test. D-G, H&E-stained tongue sections col-
lected at 20 dpi from WT and IL-10"/~ (KO) mice treated with control Ig
or anti-TGF-B. H, CLN cell numbers, 20 dpi. 7, Larval burdens in muscles,
20 dpi. Scale bars, 50 wm. Symbols represent individual mice in A and 1.
Significance was determined by one-way ANOVA and Tukey’s post hoc test.

(Fig. 5E). Mice deficient in IL-10 and treated with anti-TGF-f3 had
the most extensive cellular infiltration of muscle (Fig. 5G) and the
most cellular CLN (Fig. 5SH). Although IL-10 or TGF-£ alone did
not significantly protect muscle larvae from destruction, the combined
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FIGURE 6. Response to NBL challenge. A, Cytokines produced after
somatic Ag stimulation of CLN cells recovered from WT and IL-10""~
mice 8 days postchallenge. B, Larval burdens in muscles, 21 dpi. C-F,
H&E-stained sections of tongue from C57BL/10 (WT) and IL-10"/" mice
receiving prime and challenge (1°/2°) or only the secondary infection (—/
2°). G and H, Immunohistochemical detection of iNOS in sections of di-
aphragm from WT (G) and IL-10"/~ (H) mice. I, CLN cell numbers, 8 dpi.
Arrows, Immature larvae. Scale bars, 50 wm. Symbols represent individual
mice in B and /. *, p = 0.023 as determined by Student’s ¢ test.

deficiency in both cytokines resulted in a significant reduction in
muscle larvae burden compared with WT mice treated with control
Ig (Fig. 5I). Viable larvae recovered from all four groups of mice
were equally infective when passaged into normal mice (n = 5 for
each group) producing muscle burdens of 15,200 = 4,361 L, (WT,
control Ig); 23,600 = 4,347 L, (WT, anti-TGF-B); 25,880 =
11,140 L, (IL-10~'7, control Ig); and 16,240 *+ 6,121 L, (IL-
107/~ anti-TGF-p).

Effects of Th2-polarized or mixed Th1/Th2 responses on survival
of muscle stage parasites

We reasoned that T cell responses capable of destroying larvae
would serve as logical targets of suppression during infection. To
better understand the type of immune response that is required for
destruction of muscle larvae, we developed an in vivo challenge
model in which WT and IL-10~/" mice were first infected with a
low dose of parasites (5,000 NBL), rested for 3 mo to allow the
larvae to establish a chronic infection, and then challenged with
20,000 NBL to elicit a memory response (primary/secondary (1°/
2°)). For controls, additional mice received either the priming dose
only (1°/—), or the challenge dose only (—/2°). WT mice receiving
both priming and challenge infections mounted a polarized Th2
response characterized by IL-5, IL-10, and IL-13 production, with
little IFN-y (Fig. 6A). In contrast, cells from IL-10~"" mice pro-
duced significantly more IFN-vy, but similar quantities of IL-5 and
IL-13, compared with WT mice (Fig. 6A). If larvae survived the
Th2-polarized response to challenge infection in WT mice, we
would expect 1°/2° mice to harbor the combined burdens of the 1°
infection (2,221 £ 575 L,) and the 2° infection (9,066 * 2,505 L)
to give an expected burden of ~11,287 L, yet 1°/2° WT mice had
a mean muscle burden of only 8,874 L, = 3,679 at 20 days post-
challenge (Fig. 6B). If larvae survived the mixed response to chal-
lenge in IL-10~/~ mice, we would expect 1°/2° mice yield worm
burdens of ~9,432 L,, rather than the observed mean burden of
4,915 *= 2,878 (48% killing; Fig. 6B).

Although the worm burdens in the challenge groups were not
reduced sufficiently to achieve statistical significance, killing of
larvae was evident in histological sections of the diaphragm. WT
mice receiving only the secondary infection had no cellular infil-
trate surrounding developing larvae at 8 dpi (Fig. 6C). In contrast,
WT 1°/2° mice had extensive infiltrates in muscle (Fig. 6E), char-
acterized by a cellular infiltrate rich in eosinophils (Fig. 6E, inset).
Compared with WT mice, IL-10~'~ mice receiving only a sec-
ondary infection had more intense inflammatory reactions sur-
rounding developing larvae (Fig. 6D). The most severe myositis
was seen in IL-107/~ 1°/2° mice (Fig. 6F), in which an infiltrate
largely comprised of mononuclear cells and nearly devoid of eo-
sinophils (Fig. 6F, inset) incarcerated some larvae. Entry of large
numbers of inflammatory cells into the nurse cell occurs during
nurse cell destruction and parasite death. Large numbers of iNOS-
producing cells were detected in the diaphragms of primed and
challenged IL-10~/~ (Fig. 6H) but not WT mice (Fig. 6G). Sig-
nificant increases in CLN size occurred along with increased my-
ositis, with 1°/2° IL-10~~ mice having the most cellular CLN
(Fig. 61). Thus, the exaggerated local Th1 response was associated
with larval killing.

Discussion

Our previous work demonstrated a role for IL-10 in limiting in-
flammation during 7. spiralis development in the muscle, yet the
cell types responsible for this modulation, as well as the mecha-
nism by which IL-10 effected suppression, were not identified. The
data presented here show that IL-10 limits acute inflammation,
suppresses IFN-v levels, and prevents iNOS production by inflam-
matory cells recruited to the site of infection. In our system, IL-10
deficiency does not influence the production of IL-4, IL-5, or IL-13
during muscle infection, nor does it impair the generation of par-
asite-specific IgG1 (26), suggesting that IL-10-producing cells spe-
cifically suppress Thl responses during muscle infection. Our re-
sults contrast with findings reported from S. mansoni-infected
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mice, where IL-10 limits not only IFN-vy production, but also pro-
duction of the Th2 cytokines IL-4 and IL-5 (42, 43). This differ-
ence in the targets of regulation may relate to the different habitats
occupied by the two organisms. Although S. mansoni eggs are
extracellular in liver and gut, larval 7. spiralis are intracellular in
muscle. The suppression of Thl responses by IL-10 during 7.
spiralis infection may reflect a biological adaptation to limit
intracellular killing mechanisms during larval development
within muscle cells.

Our data are compatible with a role for IFN-y in promoting
inflammation observed in IL-10~'~ mice but do not eliminate pos-
sible influences of other proinflammatory mediators (e.g., TNF-c).
In a murine model of Thl-driven intestinal inflammation, neutral-
ization of IFN-y in IL-10~/~ animals was effective in preventing
colitis if given early, but did not ameliorate established disease if
administered later (44, 45), suggesting that IFN-vy drives inflam-
mation, but may not sustain it. IL-10 also preferentially limits Th1
responses induced by filarial nematodes (46). Thl stimuli have
been investigated in filarial nematodes, and it has been reported
that surface Ags of the endosymbiotic bacterium Wolbachia sp.
stimulate Thl responses by engaging TLR2 and TLR4 (47).
Similar endosymbionts have not been identified in the genus
Trichinella and the stimulus for Thl cells has not been investi-
gated. We observed that the Th1 response is prominent only during
acute infection, a time that is coincident with significant damage to
host muscle cells caused by parasite migration and growth. It has
been reported that tissue damage releases extracellular matrix pro-
teins that can trigger activation of dendritic cells and macrophages.
For example, heparan sulfate, a major component of extracellular
matrix and cell membranes, stimulates TLR4-dependent matura-
tion of dendritic cells resulting in production of proinflammatory
cytokines TNF-a, IL-6, and IL-1f3 (48, 49). Skeletal muscle and T.
spiralis nurse cells are rich in heparan sulfate (50). Leukocytes
recruited to sites of infection may be exposed to cytoplasmic con-
tents of muscle cells that stimulate production of proinflammatory
cytokines. IL-10 may be produced to control such pathological
responses to tissue damage.

Treg have been shown to require IL-10 to mediate protection
from Thl-driven intestinal inflammation (10, 11); therefore, we
investigated whether this cell population was important in control
of Th1 responses and myositis during 7. spiralis infection. Infec-
tion induced an enrichment of CD4 Foxp3™ Treg in the dia-
phragm. We found that reducing the proportion of Treg in the
infected diaphragm by anti-CD25 treatment was associated with
increased parasite-specific Th2 cytokine production but did not
influence myositis. Because anti-CD25 treatment did not deplete
all Foxp3™ cells, it is possible that the residual Treg may have
limited the inflammatory response in depleted mice; however, the
contrasting responses in IL-10~/~ and Treg-depleted mice suggest
that the two modulators work independently.

We took a mechanistic approach to identifying cells that medi-
ate IL-10-dependent suppression of inflammation. Focusing on
CD4 T cell populations, we conducted adoptive transfer experi-
ments with CD4*"CD25~ and CD4"CD25" cells derived from
infected WT and IL-10"/~ donors. Because recipient mice were
RAG2 /7 /IL-10"/", the source of IL-10 was restricted to donor
Treg and/or Teff. We found that IL-10 production by CD4*
CD25" cells was sufficient to control myositis and IFN-vy produc-
tion. IL-10 production has been described in suppressive CD4 T
cell populations that may cosecrete Th2 and/or Th1 cytokines (re-
viewed in Ref. 51). These cells typically do not express CD25, and
it is possible they may contribute to the suppressive effects we
observed with CD4"CD25~ cells. Regardless, our results clearly
illustrate that the CD4™ Th cell population must simultaneously
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balance effector function with control of inflammation during mus-
cle infection, and that IL-10 production contributes to this control.

TGF-B and IL-10 have been shown to have an additive effect in
the suppression of T cell activity in vitro (52) and to reduce the in
vitro larvicidal activity of IFN-y-activated macrophages against
schistosomula (53), yet few studies have examined this coopera-
tive relationship in vivo during infection. Neutralization of TGF-£3
in IL-10~/" mice infected with 7. spiralis resulted in myositis that
was more severe than that seen in mice deficient in IL-10 or
TGF- alone. More importantly, this treatment resulted in parasite
killing. This constitutes the first demonstration of cooperation be-
tween TGF-S and IL-10 that promotes parasite survival while pro-
tecting host tissue. TGF-f is a pleiotropic cytokine and our data
raise interesting questions about the nature of its effect on 7. spi-
ralis infection. TGF- 3 signaling regulates the development of free-
living nematodes, and there is great interest in understanding
whether parasitic nematodes might depend upon host cytokines for
growth and development (54). We did not observe a significant
effect on parasite survival when TGF-$3 was neutralized in WT
mice; therefore, our data argue against a requirement for host
TGF-B in development of 7. spiralis in the muscle. Although
IL-10 and TGF- both limited myositis, the two had very different
effects on the cytokine response during infection. TGF-f3 appeared
to attenuate the predominant cytokine response whereas IL-10 spe-
cifically targeted the Thl response.

To better understand the types of T cell responses associated
with parasite killing, we primed and challenged WT and IL-10~/~
mice with NBL. We found that in WT mice, the memory response
to infection was Th2 polarized and was associated with only mod-
est reduction in muscle larvae. These results were similar to those
obtained in Treg-depleted mice, where an enhanced Th2 response
occurred in the absence of parasite killing. In contrast, in chal-
lenged, IL-10-deficient mice, Th2 responses were maintained
while IFN-vy was markedly increased, resulting in a mixed memory
response that was associated with evidence of parasite killing.
Similarly, enhanced Thl responses in IL-10/TGF-B-deficient mice
destroyed larvae during primary infection. In aggregate, our results
show that poorly regulated Thl responses can destroy larvae,
whereas Th2 responses are largely not destructive. Our results
differ from those obtained with Brugia pahangi (55) and Lito-
mosoides sigmodontis (16), in which elevated Th2 responses after
Treg depletion resulted in parasite clearance. In the case of L.
sigmodontis, Treg depletion resulted in elimination of >70% of
the parasite burden (16).

Tissue distribution and intracellular vs extracellular location of
worms may influence the requirements for parasite destruction
(56). Extracellular filarial nematodes are highly susceptible to eosi-
nophil-mediated killing (57, 58), while there is limited and con-
tradictory evidence that intracellular 7. spiralis muscle larvae are
vulnerable to attack by eosinophils (59-61). Several expressed
sequence tag clusters encoding antioxidants were found in mature
T. spiralis muscle larvae, but not in NBL (62), suggesting that
immature larvae may be vulnerable to oxidative or nitrosative
damage. Indeed, it has been reported that NBL are highly suscep-
tible to oxidative killing (63). Evidence from in vitro studies has
shown that TGF-f3 can impair NO generation in macrophages by
reducing the stability and translation of iNOS mRNA and increas-
ing degradation of iNOS protein (64). We hypothesize that IL-10
and TGF-f cooperate to limit oxidative and/or nitrosative damage
to the developing muscle larva or the host muscle cell. The role of
iNOS in parasite killing can be tested using specific inhibitors. It
is important to note that parasite death in the muscle was not as-
sociated with significant host morbidity, allowing us to test our
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hypothesis and examine potential killing mechanisms in otherwise
healthy animals.

Collectively, our data support a model of T cell suppression
during muscle infection whereby Teff-derived IL-10 limits acute
myositis, IFN-vy levels, and local iNOS production. In the presence
of IL-10, Th2 cytokines are produced and that production is reg-
ulated by CD4*Foxp3™ cells. TGF-p, produced by unknown cell
types, helps balance the T cell response and limits inflammation. In
combination, these modulatory influences protect parasites in the
muscle and limit tissue damage.
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