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Trypanosoma cruzi infects 15 to 20 million people in Latin America and causes Chagas disease, a chronic
inflammatory disease with fatal cardiac and gastrointestinal sequelae. How the immune response causes
Chagas disease is not clear, but during the persistent infection both proinflammatory and anti-inflammatory
responses are critical. Natural killer T (NKT) cells have been shown to regulate immune responses during
infections and autoimmune diseases. We report here that during acute T. cruzi infection NKT-cell subsets
provide distinct functions. CD1d�/� mice, which lack both invariant NKT (iNKT) cells and variant NKT
(vNKT) cells, develop a mild phenotype displaying an increase in spleen and liver mononuclear cells, anti-T.
cruzi antibody response, and muscle inflammation. In contrast, J�18�/� mice, which lack iNKT cells but have
vNKT cells, develop a robust phenotype involving prominent spleen, liver, and skeletal muscle inflammatory
infiltrates comprised of NK, dendritic, B and T cells. The inflammatory cells display activation markers;
produce more gamma interferon, tumor necrosis factor alpha, and nitric oxide; and show a diminished
antibody response. Strikingly, most J�18�/� mice die. Thus, in response to the same infection, vNKT cells
appear to augment a robust proinflammatory response, whereas the iNKT cells dampen this response, possibly
by regulating vNKT cells.

Trypanosoma cruzi, the causative agent of Chagas disease,
infects approximately 18 million individuals in Latin America
and is the major cause of heart disease in areas of endemicity
(71). Most infected individuals survive the acute phase and
then remain infected throughout their lifetime. Thirty to forty
percent of those infected develop Chagas disease, a chronic
inflammatory disease that commonly results in cardiomyopa-
thy and gastrointestinal tract dysfunction (71). The etiology of
Chagas disease appears complicated (10). Why some infected
individuals develop Chagas disease and others do not and why
the clinical manifestations of Chagas disease are highly heter-
ogeneous are unclear. A critical factor might be an individual’s
ability to regulate the anti-T. cruzi immune response that con-
trols the persistent parasites, which can also contribute to the
inflammatory damage of tissues that causes Chagas disease.

Natural killer T (NKT) cells are a class of T cells that
regulate innate and adaptive immune responses. Unlike con-
ventional T cells, NKT cells are stimulated by glycolipids pre-
sented by the major histocompatibility complex-like CD1d mo-
lecular complex that is composed of �2-microglobulin and the
nonpolymorphic CD1d chain (8). NKT-cell selection is depen-
dent on the CD1d molecular complex (8). Thus, mice lacking
the CD1d gene (CD1d�/� mice) are deficient in all CD1d-
restricted NKT cells (61). Many NKT cells express an invariant
V�14-J�18 T-cell receptor (TCR) (48). Thus, mice lacking the
J�18 gene (J�18�/� mice) are deficient in the invariant NKT
(iNKT) cells, but the T-cell repertoire of these mice includes
CD1d-restricted NKT cells that utilize diverse �� TCR and ��

TCR genes (variant NKT [vNKT] cells) (15). The regulatory
functions of NKT cells have been shown to prevent autoim-
mune diseases and to contribute to protective responses
against pathogens (28, 32, 46).

NKT cells have been shown to suppress several mouse auto-
immune diseases. In the mouse models of diabetes and systemic
lupus erythematosus, NKT-cell populations are diminished, and
increasing the number of NKT cells prevents disease (6, 31, 49,
50, 70, 76). Similarly, in several human autoimmune diseases,
including diabetes, scleroderma, systemic lupus erythematosus,
and rheumatoid arthritis, the NKT-cell population appears to be
diminished and unable to prevent self-damaging responses (64,
69, 73). During infections, NKT cells have been shown to secrete
proinflammatory cytokines that stimulate the innate and adaptive
responses that eliminate the pathogen (22, 43, 44). In contrast,
during other infections, NKT cells have been shown to secrete
anti-inflammatory cytokines that limit the infection-induced
pathology (19). It remains unclear how NKT cells during some
infections augment proinflammatory responses to control
pathogens, whereas in other infections they inhibit inflamma-
tory responses to prevent infection-induced tissue damage.

We previously demonstrated that during T. cruzi infection
NKT cells contribute to the control of the acute-phase para-
sitemia (21). We report here that during acute infection NKT
cells both augment and limit aspects of the antiparasite re-
sponse. Furthermore, our data indicate that J�18�/� mice
(deficient in only iNKT cells) suffer much greater morbidity
and mortality than CD1d�/� mice (deficient in both iNKT and
vNKT cells). These data argue that during the same infection
vNKT cells augment the antiparasite response, whereas iNKT
cells function to limit the antiparasite response. Thus, the
interaction of the two NKT-cell subsets during T. cruzi infec-
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tion appears to modulate the level of parasite persistence and
inflammatory tissue damage.

MATERIALS AND METHODS

Mice. Specific-pathogen-free, 7- to 10-week-old mice with similar preinfection
weights were used. Female mice were used except where noted. Wild-type
C57BL/6 mice were purchased from Charles River, Wilmington, Mass. C57BL/6
CD1d�/� and J�18�/� mice were bred in the animal facilities of the Corixa
Corp., Seattle, Wash. (15, 61). The CD1d�/� mice were back-crossed to C57BL/6
mice a minimum of seven generations, and the J�18�/� mice were back-crossed
to C57BL/6 mice a minimum of nine generations. All of the animal procedures
were approved by the institutional animal care and use committee.

T. cruzi. The CL strain of T. cruzi was used (77). Trypomastigotes were
obtained from culture supernatants of infected 3T3 cells grown in Dulbecco
modified Eagle medium (BioWhittaker, Walkersville, Md.) supplemented with
10% heat-inactivated calf serum (BioWhittaker) and 50,000 U of penicillin-
streptomycin (BioWhittaker). Mice were inoculated intraperitoneally with T. cruzi
trypomastigotes.

Histology. Livers and muscles were fixed in formalin (Sigma, St. Louis, Mo.),
sectioned, and either stained with hematoxylin and eosin (Sigma) or processed
for T-cell detection. For T-cell detection, 4-�m sections were placed on charged
slides (VWR International, South Plainfield, N.J.), air dried, and heated for 30
min at 59°C. Paraffin was removed by incubation in Histo-Clear (National Di-
agnostics, Atlanta, Ga.) and aqueous ethanol, and the slides were boiled in
sodium citrate buffer to “retrieve” the epitopes. The slides were washed in
phosphate-buffered saline and incubated for 30 min in 0.3% H2O2 in methanol,
followed by incubation with a polyclonal rabbit anti-human CD3 antibody that
cross-reacts with mouse CD3 or a polyclonal rabbit anti-human control antibody
(both antibodies from DakoCytomation, Glostrup, Denmark) diluted in 3%
normal goat serum and the stain developed by using a Vectastain ABC kit
(Vector Laboratories, Burlingame, Calif.).

Cell enumeration and flow cytometry. Liver and spleen mononuclear cells
were prepared as previously described (21). Cells were incubated with combina-
tions of the following fluorescent-labeled antibodies: anti-B220 (RA3-6B2), anti-
CD11c (HL3), anti-CD69 (H1.2F3), anti-NK1.1 (PK136), and anti-TCR� (H57-597)
(all from BD Pharmingen, San Diego, Calif.). Flow cytometry was performed by
using FACScan (BD Biosciences, San Jose, Calif.), and the data were analyzed with
WinMDI 2.7 (Joseph Trotter [http://facs.scripps.edu/software.html]).

IFN-�, TNF-�, and NO production. Mononuclear cells were incubated in
24-well plates (Corning, Inc., Corning, N.Y.) at 2 � 106 cells/ml in RPMI 1640
supplemented with 5% heat-inactivated fetal calf serum (BioWhittaker) and
50,000 of U penicillin-streptomycin for 48 h. Supernatants were analyzed by
using an gamma interferon (IFN-�) enzyme-linked immunosorbent assay
(ELISA; BD Pharmingen), a tumor necrosis factor alpha (TNF-�) ELISA (Duo-
Set; R&D Systems, Minneapolis, Minn.), and the Greiss reaction for nitric oxide
(NO) (52).

Antibody analyses. Individual mouse sera were analyzed by antibody capture
ELISA with a previously described anti-T. cruzi ELISA (21). Briefly, ELISA
plates (Nunc, Rochester, N.Y.) were coated with heat-killed trypomastigotes and
blocked with 1% bovine serum albumin–phosphate-buffered saline. Then, in
consecutive order, serum samples, 1 �g of biotinylated detection antibodies for
immunoglobulin G2a (IgG2a; R19-15; BD Pharmingen), streptavidin-horserad-
ish peroxidase (Genzyme, Cambridge, Mass.), and ABTS [2,2	azinobis(3-ethyl-
benzthiazolinesulfonic acid)]-H2O2 (Kirkegaard and Perry Laboratories, Gaith-
ersburg, Md.)/ml were added to the plates. Plates were analyzed at 405 nm
(ELX808; Bio-Tek Instruments, Inc., Winooski, Vt.). The antibody titers were
defined as the greatest dilution that provided an optical density at 405 nm greater
than the mean optical density at 405 nm and three standard deviations (SD) of
uninfected sera at the same dilution.

Inflammatory score. Blinded investigators obtained five random �10 images
of the left and right quadriceps muscle (10 images per mouse; Eclipse E200
microscope and Coolpix 4500 camera; Nikon, Tokyo, Japan). Blinded investiga-
tors overlaid the printed images with a grid of 49 evenly dispersed points, and the
percentage of points intersected by nuclei was determined. The percentage of
points intersected by nuclei of uninfected quadriceps images (background) was
subtracted. Three mice per group were analyzed to provide 30 scores per strain
for statistical analysis.

Statistics. The P values for Kaplan-Meier survival analysis were determined by
using a log-rank statistic method (Epi Info 2002 [http://www.cdc.gov/epiinfo/]).
All other P values were determined by using the Student t test (Microsoft Excel;
Microsoft Corp., Redmond, Wash.).

RESULTS

During T. cruzi infection two NKT-cell-deficient mouse
strains display differences in survival. We previously dem-
onstrated that two NKT-cell-deficient mouse strains (the
CD1d�/� strain that is deficient in all CD1d-restricted NKT
cells [iNKT and vNKT cells], and the J�18�/� strain that is
deficient in only iNKT cells) are more susceptible to T. cruzi
infection (21). In these previous experiments female mice were
inoculated with a sublethal dose of trypomastigotes (105) and
compared to wild-type mice, both NKT-cell-deficient strains
exhibited greater parasitemia (21). To further examine the role
of NKT cells during T. cruzi infection, wild-type, CD1d�/�, and
J�18�/� female mice were inoculated with a larger dose of
trypomastigotes (2 � 105). The combined results of three in-
dependent experiments demonstrate a striking increase in
mortality of the J�18�/� mice compared to either the wild-type
or the CD1d�/� mice (Fig. 1A). A total of 67% of the J�18�/�

mice died compared to 8% of the wild-type mice (P 
 0.005)
or 9% of the CD1d�/� mice (P 
 0.005) (Fig. 1A). In Fig. 1B,
the data of one of these independent experiments are pre-
sented. The J�18�/� mice, compared to CD1d�/� and wild-
type mice, demonstrate more severe infection-induced weight
loss and increased mortality (P 
 0.005) (Fig. 1B). In an
additional experiment, J�18�/� and CD1d�/� male mice were
inoculated with 5 � 105 trypomastigotes, and again the J�18�/�

mice suffered increased infection-induced weight loss and death
(data not shown). These data indicate that during acute T. cruzi
infection J�18�/� mice, compared to wild-type and CD1d�/�

mice, suffer more infection-induced weight loss and death.
During T. cruzi infection J�18�/� mice, compared to wild-

type and CD1d�/� mice, exhibit altered immune responses of
liver, spleen, and skeletal muscle. Since our previous data
indicated that both J�18�/� and CD1d�/� mouse strains de-
velop similarly increased parasitemia compared to wild-type
mice, we were surprised that the larger inoculum of trypomas-
tigotes resulted in a marked increase in mortality of the
J�18�/� mice (Fig. 1) (21). These data suggest that the in-
creased mortality in the J�18�/� strain is not related to the
lack of parasite control but rather is related to improper reg-
ulation of the proinflammatory response that is elicited by
T. cruzi infection (30, 39). To begin to examine the possibility
that poor immune regulation causes increased mortality of the
J�18�/� mice, we decided to analyze aspects of the liver and
spleen immune responses. These organs both contain signifi-
cant NKT-cell populations and are critically involved in the
immune response against the parasite. Wild-type, CD1d�/�,
and J�18�/� mice were infected with T. cruzi, and we examined
sections of liver stained with hematoxylin and eosin or a T-cell-
specific antibody 7, 11, and 14 days after inoculation. At day 7
of the infection, no differences were detected between strains,
but by day 11 more inflammatory foci, including T-cell-rich
infiltrates, were evident in the J�18�/� mice (data not shown).
At day 14 of the infection this difference was maximal (Fig.
2A). The J�18�/� livers contained the greatest density of in-
flammatory foci, the CD1d�/� livers contained an intermedi-
ate value, and the wild-type livers contained the fewest foci.
Comparisons of adjacent sections stained with hematoxylin
and eosin or T-cell-specific antibody indicate that all of the foci
included abundant T cells (Fig. 2A). At higher magnification,

182 DUTHIE ET AL. INFECT. IMMUN.



the T cells of the infected livers, compared to the uninfected
livers, appeared larger, suggesting that they were activated
(data not shown). These differences in T-cell-rich, inflam-
matory responses indicate that the immune response to the
parasite is regulated differently in wild type, CD1d�/�, and
J�18�/� mice.

To confirm our subjective histopathologic findings, liver
mononuclear cell density (combination of normal hepatic cell

types and inflammatory cells) was quantified on different days
of the infection. Consistent with the estimated densities of
T-cell-rich infiltrates described above, on day 21 more mono-
nuclear cells were detected in the J�18�/� mice compared to
both the wild-type mice (P 
 0.05) and the CD1d�/� mice
(P � 0.06) (Fig. 2B). Taken together, these data argue that
during the acute infection J�18�/� mice, compared to wild-
type and CD1d�/� mice, have altered regulation of their im-
mune response and reinforce the possibility that this altered
regulation might contribute to the increased morbidity and
mortality suffered by the J�18�/� mice.

When the spleens of T. cruzi-infected wild type, CD1d�/�,
and J�18�/� mice were investigated at different times of the
infection we observed strain-specific differences in spleen en-
largement (Fig. 2C). On day 7 of infection the spleens of
wild-type and CD1d�/� mice were reproducibly larger than the
spleens of the J�18�/� mice (Fig. 2C). On days 14 and 21, all
three strains continued to develop increasing splenomegaly,
but the J�18�/� spleens appeared the largest (Fig. 2C). These
data suggest the possibility that in J�18�/� mice the immune
response is initially delayed causing a lag in spleen enlarge-
ment but that, once the immune response becomes established,
it is less well controlled and results in greater splenomegaly.

To further examine the differences, splenocytes were quan-
tified. Because an inoculum of 2 � 105 trypomastigotes killed
most J�18�/� mice by day 15 of infection (Fig. 1), additional
mice were inoculated with 105 trypomastigotes so that later
time points could be analyzed. Again, in these experiments, on
day 14 of the infection the J�18�/� mice had an increased
number of splenocytes compared to CD1d�/� mice (P 
 0.05)
(Fig. 2D). On day 21 of the infection this increase in J�18�/�

splenocytes was more pronounced (P 
 0.005 for J�18�/�

mice compared to either CD1d�/� or wild-type mice) (Fig.
2D). Furthermore, the CD1d�/� mice have more splenocytes
than the wild-type mice (P 
 0.05) (Fig. 2D). These data
indicate that during the late acute phase of T. cruzi infection,
J�18�/� mice, compared to wild-type and CD1d�/� mice, have
increased splenocytes. Our data indicate that J�18�/� and
CD1d�/� mice have different immune responses and suggest
that the immune response in the J�18�/� mice is less well
controlled.

During acute infection, activated cells of the innate and
adaptive immune responses increase in J�18�/� mice. In
J�18�/� mice the large increase in spleen and liver mononu-
clear cells that occurs during T. cruzi infection might reflect
alterations in cells of the innate and adaptive immune re-
sponses, which are known to be regulated by NKT cells. There-
fore, during the acute infection spleen and liver mononuclear
cells were isolated and labeled with antibodies to quantify cell
types (anti-NK1.1 to detect NK cells, anti-TCR� to detect T
cells, anti-CD11c to detect dendritic cells, and anti-B220 to
detect B cells). In the spleens and livers of all strains of mice,
the number of B cells, T cells, NK cells, and dendritic cells
were increased on day 21 of the infection (Fig. 3). Interestingly,
for all cell types analyzed, the wild-type mice demonstrated the
smallest increase, the CD1d�/� mice an intermediate increase,
and the J�18�/� mice the largest increase (Fig. 3). On day 21
of the infection, in the spleen and liver, the J�18�/� mice
compared to the wild-type mice, demonstrated an approximate
twofold increase in B cells and T cells (Fig. 3A and B). More

FIG. 1. T. cruzi infection of J�18�/� mice, compared to CD1d�/�

mice, causes increased mortality. (A and B) Female mice were inoc-
ulated with 2 � 105 trypomastigotes. In panel A, the combined survival
data of three separate experiments that used a total of 12 J�18�/�

mice, 11 CD1d�/� mice, and 12 wild-type mice are presented. The
log-rank survival statistic was calculated, and the P values were derived
as follows: J�18�/� mice compared to wild-type mice, P 
 0.005; and
J�18�/� mice compared to CD1d�/� mice, P 
 0.005. In panel B, a
single experiment from panel A that used five mice per group is
presented. On the indicated days each mouse was weighed, and the
mean and the standard error (SE) of the percentage weight change
compared to day 0 for each group is displayed. The log-rank survival
statistic was calculated, and the P value was derived as follows: J�18�/�

mice compared to wild-type mice or CD1d�/� mice, P 
 0.005.
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FIG. 2. During T. cruzi infection J�18�/�, CD1d�/� and wild-type mice display differences in their liver and spleen immune responses. Mice
were inoculated with trypomastigotes, and on different days of the infection the livers and spleens were removed for analyses. (A) Representative
images of livers stained with hematoxylin and eosin or antibody to T cells from mice infected for 14 days (there was no staining with a control
antibody). Arrows indicate inflammatory foci. Original magnification, �40. (B) Liver mononuclear cells were quantified. (C) Spleens were removed
from mice at the indicated time of infection and photographed. The images are representative of three independent experiments and a total of
six mice per strain. (D) Splenocytes were quantified. In panels A and C, mice were inoculated with 2 � 105 trypomastigotes. In panels B and D,
mice were inoculated with 105 trypomastigotes, and each datum point represents the mean and SD of two mice. Significance: in panel B, comparing
J�18�/� to wild type, “*” indicates P 
 0.05; in panel D, comparing J�18�/� to CD1d�/�, “#” indicates P 
 0.05; comparing J�18�/� to wild
type or CD1d�/�, “**” indicates P 
 0.01; and comparing CD1d�/� to wild type, “Z” indicates P 
 0.05. Similar results were obtained in four
independent experiments.
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striking was that on day 21 of the infection, comparing either
spleen or liver cells of J�18�/� mice to wild-type mice, there
was an �3-fold increase in NK cells and dendritic cells (Fig. 3C
and D). These data indicate that during T. cruzi infection
CD1d-restricted NKT cells regulate cells of both the innate
and adaptive immune responses. These data again demon-
strate that the J�18�/� mice, which lack only iNKT cells, have
a much greater increase in cells and apparent dysregulation
than the CD1d�/� mice, which lack both iNKT and vNKT
cells. Thus, it appears that during T. cruzi infection the iNKT
cells have a distinct regulatory function from that of the
vNKT cells. The increase in innate and adaptive immune
response cells in the spleen and liver could be contributing to
a more robust inflammatory immune response that causes the
increased morbidity and mortality of the J�18�/� mice.

If the innate and adaptive cells that are increased in number
are contributing to an increase in the inflammatory response,
then they are likely to be activated. The histological analyses of

the livers argued that the T cells of the infected mice were
enlarged and therefore activated (Fig. 2A and data not shown).
To confirm our histological observations, CD69 expression,
which is increased on activated T cells and NK cells, was
examined. These data indicate that as the number of spleen
and liver T and NK cells increased, so did the number of
activated T and NK cells (Fig. 3E and F). Again, these results
are consistent with the possibility that in the J�18�/� mice, the
absence of iNKT cells and their regulatory function results in
more activated T and NK cells with associated increased mor-
bidity and mortality.

J�18�/� mice produce more IFN-�, TNF-�, and NO. The
increased number of spleen and liver inflammatory cells in
J�18�/� mice suggested that these cells might be secreting
effector molecules that were contributing to the increased mor-
bidity and mortality. To investigate this possibility, wild-type,
CD1d�/�, and J�18�/� mice were infected with T. cruzi and on
days 7, 11, 14, and 21 of the infection splenocytes were isolated

FIG. 2—Continued.
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FIG. 3. During T. cruzi infection J�18�/� mice have increased numbers of cells of the innate and adaptive immune response. Wild-type,
CD1d�/�, and J�18�/� mice were inoculated with 105 trypomastigotes and splenocytes, and liver mononuclear cells were prepared from two mice
of the three strains on days 14 and 21 of the infection. Uninfected (day 0) mice were also analyzed. The mononuclear cells were stained with directly
conjugated fluorescent monoclonal antibodies to NK1.1, TCR�, CD11c, B220, and CD69 and analyzed by flow cytometry. The mean and SD of
the number of spleen and liver B cells (A), T cells (B), NK cells (C), CD11c� cells (D), CD69� T cells (E), and CD69� NK cells (F) are shown.
Significance: comparing J�18�/� to wild type or CD1d�/�, “* indicates P 
 0.05; comparing CD1d�/� to wild type, “Z” indicates P 
 0.05. Two
mice were analyzed at each time, and the results are representative of three independent experiments.
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and cultured ex vivo for 48 h without exogenous stimulation.
The supernatants were then analyzed for IFN-�, TNF-�, and
NO. The splenocytes of J�18�/� mice isolated on day 14 of the
infection produced more IFN-� and TNF-� (Fig. 4A and B).
Furthermore, on days 11 and 14 of the infection the J�18�/�

splenocytes secreted more NO (Fig. 4C, P 
 0.05). Taken
together, these data argue that the J�18�/� mice lack iNKT
cells that control the inflammatory response and, compared to
the wild-type and CD1d�/� mice, the J�18�/� mice produce
increased amounts of IFN-�, TNF-�, and NO that might con-
tribute to increased morbidity and mortality.

Diminished antibody response in Ja18�/� mice. Previous
studies have demonstrated that NKT cells can influence the
antibody responses (25, 26, 34). The data in Fig. 4 argue that
the J�18�/� mice have an increased proinflammatory response
and suggested that they may have a diminished humoral re-
sponse. Wild-type, CD1d�/�, and J�18�/� mice were infected
with T. cruzi, and titers were determined in sera from day
21-infected mice by serial dilutions for anti-T. cruzi antibodies.
These data demonstrated a marked decrease in the anti-
T. cruzi IgG2a antibody titer of the J�18�/� mice compared to
the wild-type mice (Fig. 5). Interestingly, the CD1d�/� mice,
compared to the wild-type mice, demonstrated a slight increase
in the anti-T. cruzi IgG2a response (Fig. 5). In addition, we
examined the anti-T. cruzi IgG1 response. In each strain of
mice the IgG1 titer was much lower than the IgG2a titer, and
there was no significant difference in IgG1 titers between the
strains (data not shown). These data further support the ob-
servations that, during T. cruzi infection, wild-type, CD1d�/�,
and J�18�/� mice have different immune responses and fur-

FIG. 4. J�18�/� mouse splenocytes produce increased amounts of
proinflammatory mediators. Wild type, CD1d�/�, and J�18�/� mice
were inoculated with 105 trypomastigotes and, on the indicated day of
the infection, the splenocytes were isolated and placed in culture
without exogenous stimulation. After 48 h the culture supernatants
were assayed for IFN-� (day 14) (A), TNF-� (day 14) (B), or NO (on
the indicated days) (C). Two individual mice were analyzed at each

FIG. 5. J�18�/� mice have a diminished anti-T. cruzi antibody re-
sponse. Wild-type, CD1d�/�, and J�18�/� mice (five animals per
group) were inoculated with 105 trypomastigotes, and the IgG2a titers
of individual mice on day 21 of the infection were determined by
assaying twofold serial dilutions by using a T. cruzi ELISA. The results
are expressed as the mean and SE of the titer for each strain.

time, and the means and SD are shown. Cells of uninfected mice did
not produce detectable amounts. Significance: in panel C, comparing
J�18�/� to wild type or CD1d�/�, “*” indicates P 
 0.05; comparing
wild type to CD1d�/�, “Z” indicates P 
 0.05. Similar results were
obtained in four independent experiments.
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ther argue that the iNKT cells and vNKT cells perform differ-
ent regulatory functions. The data suggest that the increased
proinflammatory response in J�18�/� mice blunts their anti-
T. cruzi antibody response, whereas the CD1d�/� mice develop
a more tempered acute proinflammatory response that sup-
ports a larger antibody response.

NKT-cell-deficient mice develop increased infection-in-
duced muscle inflammation. During T. cruzi infection parasites
invade and replicate in muscle tissue and trigger an inflamma-
tory response that is often clinically significant. Therefore, we
analyzed the muscles of wild-type, CD1d�/�, and J�18�/�

mice that had been infected for 14 or 28 days. At day 14 of the
infection, the skeletal muscles of the J�18�/� mice exhibited
significantly greater inflammation than the muscles of both
CD1d�/� and wild-type mice (Fig. 6A and B). In addition, the
muscles of CD1d�/� mice were more inflamed than the mus-
cles of the wild-type mice (Fig. 6B). In this particular experi-
ment, mice survived to day 28 of the infection, and the J�18�/�

mice, compared to the wild-type and CD1d�/� mice, had dra-
matically increased muscle inflammation (Fig. 6A and C). In
addition, at day 28 of the infection, the CD1d�/� mice devel-
oped more inflammation than the wild-type mice (Fig. 6C).
Finally, immunohistochemistry analysis with an anti-T-cell
antibody demonstrated, as in the liver, that in wild-type,
CD1d�/�, and J�18�/� muscle the infiltrating cells appear to
be rich in T cells (Fig. 6A). Together, these data indicate that
during acute T. cruzi infection both NKT-cell-deficient mouse
strains suffer increased peripheral muscle inflammation com-
pared to wild-type mice. These data argue that during T. cruzi
infection, NKT cells absent in J�18�/� mice and CD1d�/�

mice help regulate the immune response and help control the
development of inflammation and pathology. Furthermore, the
J�18�/� mice suffered significantly more muscle inflammation
than the CD1d�/� mice. Taken together, these data suggest
that during T. cruzi infection the iNKT cells (absent in both the
J�18�/� mice and the CD1d�/� mice) are critical for down-

FIG. 6. NKT-cell-deficient mice suffer greater muscle inflammation. Mice were inoculated with 105 trypomastigotes, and 14 or 28 days later
skeletal muscles were prepared for histological analyses. (A) Representative images of muscle stained with either hematoxylin-eosin or antibody
to T cells. Original magnification, �100. (B and C) At day 14 (B) and day 28 (C) of the infection, the muscle inflammatory scores of the different
strains are presented as the mean and SE.
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regulation and control of the acute immune response, whereas
the vNKT cells (which are present in the J�18�/� mice but
absent in the CD1d�/� mice) upregulate aspects of the inflam-
matory immune response.

DISCUSSION

We used two different NKT-cell-deficient mouse strains
(J�18�/� mice and CD1d�/� mice) to investigate the function
of NKT cells during acute T. cruzi infection and found that
these two strains not only display different phenotypes than
wild-type mice but also display strikingly different phenotypes
compared to each other. During the acute infection, compared
to wild-type mice, both NKT-cell-deficient mouse strains dem-
onstrated a greater increase in mononuclear cells in the spleen
and liver. The increased mononuclear cells included NK cells,
dendritic cells, B cells, and T cells. The inflammatory infiltrates
in tissues of the NKT-cell-deficient mice appeared activated

and produced greater amounts of NO. In addition, the anti-T.
cruzi antibody responses of both NKT-cell-deficient strains de-
viated from those of wild-type mice, albeit in opposite direc-
tions. Strikingly, the J�18�/� mice, compared to the CD1d�/�

mice, demonstrated greater increases in spleen and liver
mononuclear cells; greater increases in IFN-�, TNF-�, and NO
production; and greater muscle inflammation. These data ar-
gue that the J�18�/� mice, compared to the wild-type and
CD1d�/� mice, are less able to control the immune response
against the parasite. It appears that the poor control of the
immune response by the J�18�/� mice leads to greater mor-
bidity and mortality. Taken together, these results indicate that
during T. cruzi infection iNKT cells and vNKT cells have
distinct functions: the vNKT cells, which are absent in the
CD1d�/� mice, appear to promote the acute-phase proinflam-
matory response, whereas the iNKT cells, which are absent in
both the J�18�/� and CD1d�/� mice, appear to downregulate
the acute-phase proinflammatory response.

The data presented here are consistent with our previous
results that NKT cells contribute to the immune response
against T. cruzi (21). In contrast to our results, other studies
have not demonstrated a role for NKT cells in experimental
T. cruzi infection (53, 56). This discrepancy may relate to the
different experimental systems used. Since we are interested in
understanding how the immune response against T. cruzi per-
mits parasite persistence and the evolution of Chagas disease
in people, we use the CL strain, a well-defined strain that
causes Chagas disease and permits the investigation of chronic
T. cruzi infection in mice (20, 77). In a study by Procopio et al.,
a large inoculum of Y strain parasites that resulted in death in

3 weeks was given to wild-type and CD1d�/� mice; J�18�/�

mice were not investigated (56). In these studies wild-type and
CD1d�/� mice suffered similar mortality, in agreement with
our data (56). In their study, however, no difference in para-
sitemia was detected, possibly because they used male mice,
which have increased variability in parasitemia (56). Further-
more, the large inoculum of parasites might have overwhelmed
the contribution of the NKT cells (56). In the study by Miya-
hira et al., the highly virulent Tulahuen strain was used (53).
This parasite strain does not appear to cause Chagas disease in
humans, and in mice inocula of 
100 parasites causes unre-
mitting parasitemia and death (53). Again, CD1d�/� mice, but
not J�18�/� mice, were investigated, and in agreement with
our data, their results also demonstrated that wild-type and
CD1d�/� mice have similar mortality (53). Miyahira et al. did
not detect differences in parasitemia between the wild-type and
CD1d�/� strains, and again this might be because the virulence
of the Tulahuen strain overwhelms the protective NKT-cell
response. Our data clearly indicate that during T. cruzi infec-
tion NKT cells contribute significantly to the immune re-
sponse.

In the present study, the acute-phase immune response to
T. cruzi of wild-type, CD1d�/�, and J�18�/� mice are com-
pared. The T. cruzi antibody response of the J�18�/� mice,
compared to wild-type mice, is decreased as might be expected
given that J�18�/� mice have an increased proinflammatory
response that would diminish the antibody response. Interest-
ingly, the CD1d�/� mice, compared to wild-type mice, have an
increased T. cruzi antibody response, suggesting that the lack
of both iNKT cells and vNKT cells better supports the acute

FIG. 6—Continued.
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phase antibody response. The antigens or epitopes of these
acute phase antibody responses are not known. Because T.
cruzi trans-sialidase superfamily glycoproteins are known to
stimulate acute-phase antibody responses, we investigated
the acute-phase antibody response to the SA85-1.1 protein, a
member of the trans-sialidase superfamily; we did not find a
difference in the antibody response between wild-type or either
NKT-cell-deficient mice strain (data not shown) (12, 42). In-
terestingly, in our previous investigations, during the chronic
phase of the infection both NKT-cell-deficient mouse strains
had a decreased antibody response to the SA85-1.1 glycopro-
tein, but a similar response to the whole parasite (21). Thus,
NKT cells appear to affect the antibody responses during acute
and chronic T. cruzi infection differently. Moreover, our data
and the studies of several other investigators indicate that NKT
cells can affect antibody responses (16, 25, 34, 47).

Our data indicate that during T. cruzi infection NKT-cell-
deficient mice accumulate more liver and spleen inflammatory
cells. This increase could be caused either by increased prolif-
eration or homing of cells to the spleen and liver or by de-
creased removal of cells. CD1d can function to delete activated
T cells and in the CD1d�/� mice this might account for the
increased T cells (17). Clearly, other mechanisms are required
to account for the increase in the other cell types, as well as the
increase of cells in the CD1d-sufficient J�18�/� mice. Several
reports indicate that iNKT cells can localize to inflamed tissues
and regulate immune responses (3, 40, 45). Thus, our data
support the possibility that during T. cruzi infection iNKT and
vNKT cells of the spleen and liver can regulate the homing or
proliferation of a wide variety of cells. Similarly, during the
infection NKT cells in the muscle might regulate the local
inflammatory response.

Many studies indicate that NKT cells function in the im-
mune response against various pathogens (32). During some
infections NKT cells augment the response that kills the patho-
gen (44, 55). In contrast, during some infections, NKT cells
limit the response to prevent tissue damage (19, 34, 57). These
studies suggest that functionally distinct NKT-cell subsets exist
and that during different infections different subsets are acti-
vated. NKT subsets have been defined by their TCR usage
(invariant or variant), tissue distribution, or cell surface anti-
gens (e.g., CD4, CD8, DX5, and CD69) (13, 14, 29). Our data
suggest that during T. cruzi infection different NKT-cell subsets
are activated. The J�18�/� mice lack the iNKT subset, a well-
defined subset that utilizes the V�14-J�18 TCR gene, whereas
the CD1d�/� mice lack both the iNKT and the vNKT subsets.
The cells of the vNKT subset are poorly defined. Although it is
possible that differences in tissue parasite burden might con-
tribute to differences in the muscle inflammatory response of
the different mouse strains, our data argue that the phenotype
of the J�18�/� mice is caused by a lack of iNKT cells that limit
the inflammatory response and prevent tissue damage,
whereas the vNKT cells increase the inflammatory response
that contributes to morbidity and mortality. The data suggest
that in wild-type mice a balanced immune response is achieved,
since the iNKT cells and vNKT cells provide complementary
functions. To the best of our knowledge, the present study
demonstrates for the first time that during the same infection
CD1d-resticted NKT cells contribute to both the proinflam-

matory antipathogen responses and the anti-inflammatory,
self-protective responses.

During T. cruzi infection iNKT cells appear to downregulate
the immune response, but how they do so is unclear. Anti-
inflammatory functions of NKT cells have been attributed to
their secretion of IL-4, IL-10, IL-13, and transforming growth
factor � (23, 54, 62, 66–68). These cytokines are all produced
during T. cruzi infection and could be produced or regulated by
iNKT cells (1, 2, 27, 39, 59, 60). During T. cruzi infection
J�18�/� mice develop a phenotype similar to mice deficient in
the cytokine receptor subunit WSX-1 (30). Furthermore, it has
been shown that NKT cells of WSX-1�/� mice produce in-
creased amounts of proinflammatory cytokines (75). Thus,
during T. cruzi infection the anti-inflammatory NKT cells
might require WSX-1.

Other investigations support our observation that vNKT
cells augment the proinflammatory response. Stenstrom et al.
identified vNKT cells as an aggressive, proinflammatory subset
of NKT cells (63). Also, during experimental hepatitis B virus
and coxsackievirus infections, the vNKT cells appear to cause
inflammatory-mediated tissue damage (5, 37). In the coxsack-
ievirus studies, CD1d-restricted �� T cells (vNKT cells) cause
a fatal myocarditis (38). Interestingly, during T. cruzi infection
�� T cells cause significant tissue damage, suggesting that dur-
ing T. cruzi infection CD1d-restricted �� T cells might contrib-
ute to the morbidity and mortality (58).

Our data argue that during T. cruzi infection CD1d-re-
stricted NKT cells both augment and limit the antiparasite
response (21). It is unclear how NKT cells provide these op-
posing affects during the same infection. It is possible that
self-antigens derived from different cellular compartments at
different times of the infection stimulate distinct NKT-cell
subsets (9, 18, 25, 41, 74). Alternatively, during the infection, as
NKT cells are stimulated, their phenotype might evolve from
proinflammatory to anti-inflammatory. For example, ligation
of NK1.1 on NKT cells is associated with IFN-� secretion, and
therefore during the infection decreased expression of NK1.1
might diminish IFN-� secretion (4, 33). We have observed that
during T. cruzi infection NK1.1 expression on NKT cells de-
creases, with a nadir occurring as parasitemia is controlled
(21). Thus, as parasitemia is controlled there is a decrease in
NK1.1� NKT cells, and this decrease might contribute to the
evolution of a proinflammatory NKT-cell response to an anti-
inflammatory response (11, 51, 72). Finally, we have also found
that during T. cruzi infection CD4� CD25� Treg cells help
limit the acute-phase inflammatory response (unpublished ob-
servations), and it is possible that NKT cells interact with
CD4� CD25� Treg cells to limit the acute-phase response (7,
35, 36, 65).

In summary, our data indicate that during T. cruzi infection
iNKT cells and vNKT cells perform complementary functions.
The vNKT cells appear to promote the antiparasite proinflam-
matory response and, in contrast, the iNKT cells appear to
limit the T. cruzi-induced response. In J�18�/� mice, the ab-
sence of iNKT cells leads to a striking phenotype with in-
creased inflammatory morbidity and death. Interestingly, in
CD1d�/� mice, the absence of both iNKT cells and vNKT cells
leads to a less severe phenotype, with a mild increase in in-
flammatory morbidity. Together, the data suggest the possibil-
ity that during T. cruzi infection the iNKT cells control the
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vNKT cells. The further definition of NKT-cell subsets and
functions will better enable the development of therapeutics
for inflammatory diseases.
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