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Trypanosoma cruzi is a protozoan parasite that chronically infects many mammalian species and in humans
causes Chagas’ disease, a chronic inflammatory disease. The parasite expresses glycophosphoinositol (GPI),
which potently stimulates interleukin 12 (IL-12) production. During T. cruzi infection IL-12, and possibly GPI,
might stimulate NK T cells to affect the protective and chronic inflammatory responses. Here we report that
during 7. cruzi infection CD1d-restricted NK T cells are stimulated as NK T-cell-deficient mice have greater
parasitemia. Furthermore, during 7. cruzi infection the percentages of NK T cells in the liver and spleen
become decreased for prolonged periods of time, and in vitro stimulation of NK T cells derived from livers of
chronically infected mice, compared to uninfected mice, results in increased gamma interferon and IL-4
secretion. Moreover, in NK T-cell-deficient mice the chronic-phase antibody response to a GPI-modified
surface protein is decreased. These results indicate that, during the acute infection, NK T cells limit para-
sitemia and that, during the chronic phase, NK T cells augment the antibody response. Thus, during 7. cruzi
infection the quality of an individual’s NK T-cell response can affect the level of parasitemia and parasite tissue
burden, the intensity of the chronic inflammatory responses, and possibly the outcome of Chagas’ disease.

Trypanosoma cruzi chronically infects a variety of mamma-
lian species (55). In Latin America 18 million people are in-
fected (55). During the acute phase of the infection 7. cruzi
disseminates in the mammalian host and a detectable para-
sitemia occurs (55). Typically the acute phase resolves without
significant pathology, but T. cruzi infection persists for the
lifetime of the host and stimulates a chronic inflammatory
process (55). In 30% of T. cruzi-infected humans, the chronic
inflammatory process results in Chagas’ disease, a chronic in-
flammatory disease that causes significant morbidity and mor-
tality (55). The pathogenesis of the chronic inflammatory dis-
ease remains unclear.

Previous studies have demonstrated that B2-microglobu-
lin~/~ mice and mice deficient in CD4" T cells or NK1.1" cells
have increased susceptibility to acute 7. cruzi infection and
have argued that major histocompatibility complex class I-re-
stricted T cells, CD4 T cells, and NK cells provide protection
(5, 12, 44, 45, 49). In all these mice, however, NK T cells were
also depleted, and therefore these studies also support the
possibility that NK T cells provide protection against 7. cruzi.
NK T cells are a subset of T cells distinct from conventional T
cells and NK cells; they express some receptors of both cell
types, e.g., the T-cell receptor (TCR) and the NKI1.1 receptor
(20). More than 50% of NK T cells in the liver and spleen are
CD4" (20). Many NK T cells use an invariant TCR « chain (in
mice Val4-Ja281 and in humans Va24-JaQ) paired with lim-
ited TCR B chains (mostly V8.2 in mice and VB11 in humans)
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(20). In contrast with conventional T cells, NK T cells are
stimulated by glycolipids presented by the major histocompat-
ibility complex class I-like CD1d molecular complex composed
of B2-microglobulin and the nonpolymorphic CD1d chain (20).
Mice lacking CDId or TCR Ja281 genes are deficient in NK T
cells (14, 16, 39, 47). NK T cells can provide protection against
infections by rapidly producing gamma interferon (IFN-y) and
interleukin 4 (IL-4), through cytolytic activity, or by stimulating
NK cell responses (13, 19, 20). When an infection is not
present, some NK T cells appear to secrete cytokines that
inhibit self-damaging responses (20, 26). In several mouse
models of autoimmune diseases and chronic inflammatory dis-
eases, and in two human autoimmune diseases (diabetes and
systemic scleroderma), the NK T-cell population is diminished
and the ability of the cells to inhibit self-damaging responses
appears to be impaired (20, 26).

NK T cells can be stimulated by IL-12 or TCR ligation to
rapidly initiate effector functions and then, within hours, to
undergo activation-induced cell death (AICD) (18, 37). The
“natural” ligands of NK T-cell TCR remain unclear. The
marine sponge-derived glycolipid a-galactosyl ceramide (a-
GalCer) is the only known NK T-cell TCR ligand (35), and
glycophosphoinositol (GPI) has been implicated as an NK
T-cell TCR ligand (31, 46). During Plasmodium berghei infec-
tion of mice NK T cells have been reported to respond to GPI
of Plasmodium proteins by secreting IL-4 that helps the immu-
noglobulin G (IgG) response to these proteins (46). T. cruzi
expresses abundant GPI that is a potent stimulator of IL-12
production (2). Therefore, during 7. cruzi infection, parasite-
produced GPI may stimulate a protective NK T-cell response
by ligating NK T-cell TCRs or by stimulating IL-12 production
that then stimulates the NK T cells. Furthermore, if NK T cells
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FIG. 1. During acute 7. cruzi infection NK T-cell-deficient mice have increased parasitemia. In these experiments groups of five mice were
infected with T. cruzi and parasitemia was monitored. (a) C57BL/6 CD1d"/~ or CD1d/~ mice; (b) C57BL/6 CD1d*/~, CD1d /", or Ja281 '~
mice; (c) BALB/c wild-type or Ja281 '~ mice. C57BL/6 mice were infected with 10° trypomastigotes (a and b), and BALB/c mice were infected
with 5 X 10* trypomastigotes (c). (c) On day 68 of the infection (arrow) the mice received a second inoculation of 10° trypomastigotes. The mean

parasitemia and SEM (error bar) per group are shown. The cumulative parasitemia for each group was compared: (a) P < 0.005; (b) CD1d ™/~
or Ja281~/~ versus CD1d*™~, P < 0.001; (c) P < 0.001.
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FIG. 2. During T. cruzi infection liver and spleen NK T-cell and NK cell population sizes are decreased. C57BL/6 mice were infected with 103
trypomastigotes, and at the indicated days of the infection liver and spleen mononuclear cells were stained with fluorescent MAbs to NK1.1 and
CD3. (a) Each plot presents data of an individual representative mouse. (b and ¢) The mean percentages of NK T cells (CD3" NK1.1") (total bars)
or CD4" NK1.1* cells (black bars) in livers (b) and spleens (c) of several mice are shown. The numbers above the bars indicate the number of
mice analyzed on that day of the infection. (d) The mean percentages of NK cells (CD3™~ NK1.1") in livers (circles) or spleens (squares) are shown.
On the different days of the infection the same numbers of livers or spleens were analyzed as indicated in panels b and c. Symbols: *, P < 0.05;
wx, P < 0.01 versus preinfection (day 0). Error bars (b, ¢, and d), SEM.

are stimulated during 7. cruzi infection, this stimulation may
cause AICD and the subsequent impairment in the ability of
NK T cells to inhibit self-damaging chronic inflammatory re-
sponses. Here we report that Val4-Ja281 NK T cells are

stimulated to provide protection during acute 7. cruzi infection
and that during the chronic phase of the infection, Va14-Ja281
NK T cells appear to develop an increased proinflammatory
phenotype that contributes to the chronic inflammatory response.
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FIG. 2—Continued.

MATERIALS AND METHODS

T. cruzi. A recently derived clone of the CL strain subclone 3 was used (43).
Trypomastigotes were obtained from culture supernatants of infected 3T3 cells
grown in Dulbecco’s modified Eagle medium (BioWhittaker, Walkersville, Md.)
supplemented with 10% heat-inactivated calf serum (BioWhittaker) and 50,000
U of penicillin-streptomycin (BioWhittaker).

Mice. Eight- to 10-week-old female wild-type C57BL/6 and wild-type BALB/c
mice were obtained from Bantin & Kingman (Fremont, Calif.). CD1d~/~ and
CD1d™/~ mice crossed a minimum of seven times to wild-type C57BL/6 mice
were bred in the animal facilities at the University of Washington (47). C57BL/6
and BALB/c Ja2817/~ mice were crossed a minimum of nine times to either
wild-type C57BL/6 or BALB/c mice and bred in the animal facilities at the
University of Washington (16).

T. cruzi infection of mice. Mice were infected intraperitoneally (i.p.) with
trypomastigotes. The size of the trypomastigote inoculations for each experiment
is indicated in the Results section.

Parasitemia determination. Two microliters of blood, obtained by venesection
of the tail, was diluted in 18 ul of 0.89% ammonium chloride in phosphate-
buffered saline (PBS), and the trypomastigotes were counted on a hemacytom-
eter (24).

Preparation of liver and spleen mononuclear cells. Liver cells were prepared
by homogenizing the tissue using a 0.2-pm-pore-size screen, followed by centrif-
ugation of the homogenate through a 33% Percoll gradient and recovering the
cells in the pellet (22, 53). Splenocytes were prepared by disrupting spleens
between the frosted ends of glass slides. In both preparations, red blood cells
were removed by lyses in 1.66% NH,Cl solution.

Flow cytometric analysis. Liver and spleen mononuclear cell preparations
were incubated at room temperature with the anti-FcR monoclonal antibody
(MADb) 2.4G2 for 20 min and then were washed and incubated at 4°C with an
anti-NK1.1 phycoerythrin-conjugated MAb (clone PK136) (PharMingen), an
anti-CD3 TriColor-conjugated MAb (clone H57-579) (PharMingen), and an

anti-CD4 fluorescein isothiocyanate-conjugated MAb (clone GK1.5) in 50 ul of
staining buffer (4% bovine serum albumin [BSA]-PBS-0.09% sodium azide, pH
7.4). The stained cells were analyzed by flow cytometry (in a FACScan device;
Becton Dickinson, San Jose, Calif.). Minimums of 40,000 events were collected,
and the data were analyzed with Joseph Trotter’s WinMDI 2.7 (available at
http://facs.scripps.edu/software.html).

Liver and spleen cell in vitro incubations with a-GalCer. a-GalCer (kindly
provided by Y. Koezuka, Kirin Brewery Company, Gunma, Japan) was diluted in
Tween 20 (Sigma). Liver or spleen mononuclear cells were prepared from un-
infected and T. cruzi-infected C57BL/6 mice, seeded in 96-well plates (3 X 10°
cells/well in triplicate) and cultured in media with «-GalCer (100 ng/ml) or
diluent alone for 96 h. [*H]thymidine (1 .Ci/well) was added to each well for the
final 24 h of culture. The proliferation index was calculated by dividing the mean
counts per minute for samples incubated with a-GalCer by the mean counts per
minute for samples incubated with diluent only. In all experiments the mean
counts per minute for diluent-only samples was <200. IFN-y and IL-4 concen-
trations in the supernatants were analyzed by enzyme-linked immunosorbent
assays (ELISAs) according to the manufacturer’s instructions (PharMingen).
Briefly, 96-well ELISA plates were coated overnight with capture antibody
(IFN-y, clone R4-6A2; IL-4, clone BVD4-1D11); the plates were blocked with
1% BSA-PBS for 2 h at room temperature; the samples and standards were
added and incubated for 2 h at room temperature; the biotinylated antibodies
(IFN-y, clone XMG1.2; IL-4, clone BVD6-24G2) were added and incubated at
room temperature for 1 h; and after extensive washing horseradish peroxidase-
streptavidin (Genzyme) was added for 1 h, the samples were washed again, and
2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS; Kirkegaard & Perry
Laboratories, Gaithersburg, Md.) was added. The samples were analyzed at 405
nm (model EL800 device; BioTek Instruments Inc., Winooski, Vt.).

Analysis of antibody responses. Individual blood samples from 7. cruzi-in-
fected mice were collected by venesection of the tail and allowed to clot during
overnight incubation at 4°C, and sera were prepared and stored at —20°C.
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Individual sera were analyzed by antibody capture ELISAs. ELISA plates were
coated by adding PBS (50 wl/well) containing either 5 X 10° heat-inactivated
trypomastigotes (5 min at 55°C) or SA85-1.1 recombinant protein (5 pug/ml). The
preparation of SA85-1.1 recombinant protein has been described (32). After
overnight incubation at 4°C the plates were washed with PBS-Tween, blocked
with 4% BSA-PBS for 1 h at 37°C, and washed, and serum samples or anti-
SA85-1.1 MAbs diluted in 1% BSA-PBS were added. The SA85-1.1 MAbs were
used to generate the standard curves to calculate the serum antibody concen-
trations. The SA85-1.1-specific MAb used for the IgG standard curve was C1.2,
and that for the IgG2a standard curve was NP2 (33). Plates were incubated at
37°C for 3 h and washed, and either biotinylated anti-IgG (PharMingen) or
biotinylated anti-IgG2a (R19-15; PharMingen) antibodies were added (1 pg/ml
in 1% BSA-PBS). The plates were incubated for 1 h at 37°C and washed three
times, streptavidin-horseradish peroxidase (Genzyme) was added for 1 h at 37°C,
the plates were washed four times, ABTS-H,O, (Kirkegaard & Perry Labora-
tories) was added, and the plates were analyzed at 405 nm. The antibody con-
centrations of individual mice were extrapolated from the standard curves, and
the mean and standard error of the mean (SEM) were calculated using Excel
software (Microsoft Corporation, Redmond, Wash.).

Statistics. The P values were determined using Student’s ¢ test (Excel; Mi-
crosoft Corporation).

RESULTS

During acute 7. cruzi infection NK T cells lower para-
sitemia. NK T-cell responses can be stimulated by IL-12 or by
TCR glycolipid ligation (20). It has been reported that an NK
T-cell TCR ligand is GPI (46). Since T. cruzi expresses abun-
dant GPI-modified surface proteins and 7. cruzi GPI is a po-
tent stimulator of IL-12, T. cruzi might stimulate a protective
NK T-cell response (2, 33). To examine this possibility
C57BL/6 CD1d '~ mice (NK T-cell deficient) or CD1d*/~
mice were infected with 10° trypomastigotes i.p. (a sublethal
inoculum in wild-type C57BL/6 mice [data not shown]), and
parasitemia and survival were monitored. Parasitemia was sig-
nificantly higher in the CD1d ™'~ mice (Fig. la; P < 0.005 for
comparison of the total parasitemia of each group of mice).
Although the CD1d ™/~ mice appeared sicker during the para-
sitemic period (more ruffed fur and decreased activity), all the
mice survived the acute phase and beyond 150 days of the
infection. In both groups of mice parasitemia peaked on day 14
of the infection and resolved by day 23 (Fig. 1a). A similar
experiment comparing C57BL/6 CD1d/~ and wild-type mice
again resulted in an increase in the parasitemia of the
CD1d ™/~ mice (P < 0.001) (data not shown). Again, all mice
survived the infection. These data indicate that C57BL/6
CD1d™/~ mice are susceptible to increased parasitemia and
argue that the absence of NK T cells causes this susceptibility.

CD1d may provide functions unrelated to NK T-cell antigen
presentation. For example, when intestinal epithelial cells are
stimulated through CD1d, they secrete IL-10 (15). Since IL-
10~/~ mice are more susceptible to T. cruzi infection (27), a
decrease in IL-10 secretion in CD1d ™/~ mice, rather than the
absence of NK T cells, may contribute to the observed increase
in parasitemia (Fig. 1a and data not shown). To confirm that
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the increased parasitemia in CD1d ™/~ mice was due to an
absence of NK T cells rather than other CD1d functions, five
NK T-cell-deficient Ja2817/~ mice, five NK T-cell-deficient
CD1d/~ mice, and five CD1d*’~ mice were infected with 10°
trypomastigotes i.p., and parasitemia and survival were moni-
tored. In the Ja2817 '~ and CD1d ™/~ mice levels of para-
sitemia were similar and significantly higher than that in the
CD1d*"~ mice (Fig. 1b; P < 0.001 for comparison of the total
parasitemia of either group of NK T-cell-deficient mice to the
CD1d*"~ mice). All mice survived the infection. These data
indicate that Va14-Ja281 NK T cells of C57BL/6 mice limit the
parasitemia.

It is possible that the NK T cells of C57BL/6 limit the
parasitemia by secreting protective IFN-y and that during 7.
cruzi infection of BALB/c mice, a strain that is more suscepti-
ble to T. cruzi infection, the NK T cells would not limit para-
sitemia (56). Therefore, groups of BALB/c Ja281~/~ (NK T-
cell-deficient) and wild-type mice were infected with 5 X 10*
trypomastigotes (a sublethal dose in wild-type BALB/c mice
[data not shown]), and parasitemia and mortality were moni-
tored. Parasitemia was prolonged in the NK T-cell-deficient
Ja2817/~ mice (Fig. 1c, P < 0.001), indicating that Val4-
Ja281 NK T cells provide protection in BALB/c and C57BL/6
mice and arguing that during 7. cruzi infection of mice and
other mammalian species Val4-Ja281 NK T cells are stimu-
lated and they lower the parasitemia.

If during T. cruzi infection Val4-Ja281 NK T cells provide
protection by rapidly secreting cytokines while the adaptive
immune response is developing, then in mice that have already
developed a memory response, the NK T cells may not be
required for protection. To assess this possibility, NK T-cell-
deficient Ja281 /" mice and wild-type BALB/c mice that had
survived T. cruzi infection for 68 days were reinoculated with
10° trypomastigotes ip. (a lethal dose to naive wild-type
BALB/c mice [data not shown]). Following this second inocu-
lation parasitemia was not detected in either group (Fig. 1c)
and all mice survived for >120 days. This result argues that NK
T cells provide protection against 7. cruzi in naive mice but that
in mice that have developed a parasite-specific lymphocyte
memory response the NK T-cell role is diminished.

Analysis of NK T-cell populations during 7. cruzi infection.
Following NK T-cell stimulation by anti-CD3 MAD, IL-12, or
a-GalCer, liver and spleen NK T cells rapidly produce IFN-y
and IL-4, stimulate NK cell responses, undergo AICD, and
then repopulate the liver and spleen (13, 18, 19, 37). Further-
more, repeated stimulation with a-GalCer causes NK T cells to
produce decreased IFN-y and increased 1L-4 (11). Stimulation
of the Va14-Ja281 NK T cells during acute 7. cruzi infection
could result in their AICD, and during the chronic phase,
continuous stimulation of the NK T cells may prolong their
depletion, or the Va14-Ja281 NK T cells that develop in the

FIG. 3. The proliferative response following a-GalCer stimulation of liver and spleen cells isolated from 7. cruzi-infected mice. Wild-type
C57BL/6 mice were infected with 10° trypomastigotes and at different days of the infection liver (a) or spleen (b) cells were isolated and cultured
for 72 h in the presence of a-GalCer (100 ng/ml) or diluent only. [*H]thymidine was added for the last 24 h. (a and b) The mean proliferation index
and SEM of three independent experiments are presented. In each independent experiment each sample was analyzed in triplicate, and the mean
value was used to calculate the proliferation index. (¢ and d) The mean proliferation index is divided by the mean percentage of NK T cells. The
percentage of NK T cells was determined as described in the legend to Fig. 2. Symbols: =, P < 0.05; #x, P < 0.01 compared to uninfected mice

(day 0).
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FIG. 4. IFN-y and IL-4 production following a-GalCer stimulation of liver or spleen cells isolated from 7. cruzi-infected mice. (a and b) Liver
cells (closed circles) and spleen cells (open circles) were prepared from wild-type C57BL/6 mice that were uninfected or infected (10° trypomas-
tigotes) for 3 or 14 days. Data of one of three experiments with similar results are presented. (¢ and d) Cells from uninfected mice (open bars)
or mice infected (closed bars) (10° trypomastigotes) for 90 to 120 days were incubated at 3 X 10° per well for 96 h in media with a-GalCer (100
ng/ml) or diluent only, and the supernatants were analyzed by ELISA for IFN-y or IL-4. The mean data of eight mice derived from three
independent experiments are presented. The data represent cytokines detected following a-GalCer incubation minus cytokines detected following
diluent-only incubation. Following diluent-only incubation no liver IFN-y or spleen IL-4 was detected. The amounts of IL-4 detected in liver
following diluent-only incubation were as follows: uninfected mice, 59 pg/ml; day 3 of infection, 187 pg/ml; day 14 of infection, 270 pg/ml. The
amounts of IFN-y detected in spleen following diluent-only incubation were as follows: uninfected, 26 pg/ml; day 3 of infection, 0 pg/ml; day 14

of infection, 330 pg/ml.

chronically infected mouse may have altered cytokine profiles.
If the NK T cells are altered, then the ability of NK T cells to
provide protection against other infections during the chronic
phase of T. cruzi infection, or to inhibit inflammation, may be
altered.

To analyze possible alterations in the NK T-cell populations
during 7. cruzi infection, wild-type C57BL/6 mice were infected
with sublethal inocula of trypomastigotes, and at different

times the liver and spleen NK T cells were analyzed. During
the infection, alterations in the liver and spleen NK T-cell
populations were observed (Fig. 2 and Table 1). The percent-
age of liver and spleen NK T-cell populations on day 1 of the
infection appeared larger (Fig. 2a to c). After day 1, the per-
centage of liver NK T-cell population diminished, reached a
nadir at 9.8% on day 14 of the infection, and returned to
normal levels of approximately 14 to 18% by day 21 of infec-
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tion (as parasitemia resolved) (Fig. 2a and b). In the spleen,
NK T-cell populations also declined after the first day of the
infection (Fig. 2a and c). The percentage of splenic NK T cells,
in contrast to the liver NK T cells, appeared to reach a nadir of
2.1% on day 3 of the infection and then returned to normal
levels by day 14 of the infection. Although normal percentages
of NK T cells were restored to the liver and spleen after day 14
of the infection, the intensity of the NK1.1 staining of the NK
T cells between days 21 and 45 of the infection was decreased
(Fig. 2a, days 21 and 40, and data not shown), suggesting that
the NK T cells that populate the liver and spleen after the
acute phase of the infection have an altered phenotype that
might affect their function. Further analysis of the cell popu-
lations revealed that as the percentage of NK T cells declines,
the absolute number of CD3" NK1.1" cells actually increases
and reaches a maximum on day 21 of infection, when the
nonspecific polyclonal expansion of lymphocytes during T.
cruzi infection is maximal (Table 1). Together, these data sug-
gest the possibility that NK1.14™ cells on day 21 and day 45 of
infection may represent expression of NK1.1 on polyclonally
activated conventional T cells. A similar upregulation of NK1.1
on T cells has been reported during influenza virus infection
).

More than 50% of NK T cells are CD4", and CD4" NK T
cells were shown to be protective in Toxoplasma gondii infec-
tion (17). Therefore, to determine during 7. cruzi infection if
CD4*% NK T-cell populations were stimulated, the liver and
spleen CD4" NK T-cell populations were analyzed (20). In the
liver and spleen, through the first 2 weeks of the infection the
percentage of CD4™ NK T-cell populations increased and de-
creased in a similar fashion as the total NK T-cell population
(Fig. 2b and c). In the liver, from day 14 through 45 of the
infection, the percentage of CD4" NK T-cell population ap-
peared to remain decreased while the percentage of total NK
T cells returned to preinfection levels (Fig. 2b). Similarly, dur-
ing this time period the splenic percentage of CD4™" NK T cells
was disproportionately decreased compared to the percentage
of total NK T cells (Fig. 2c). In both the liver and spleen the
percentage of CD4" NK T and CD4~ NK T cells returned to
normal levels by day 90 of the infection (Fig. 2a to c). These
data indicate that during 7. cruzi infection the NK T-cell pop-
ulations (CD4~ and CD4™") undergo alterations for prolonged
periods of time, and although the biological significance re-
mains unclear, the data suggest that during the infection these
alterations may affect their function.

Analysis of NK cell populations during 7. cruzi infection.
NK cells appear to provide protection during 7. cruzi infection
(3,12, 23, 30, 52). NK cell responses can be stimulated by IL-12
or by stimulated NK T cells (9, 13, 19), and NK cells appear to
participate in the homing of NK T cells to the liver (40).
Therefore, during 7. cruzi infection, the liver and spleen NK
cell populations (NK1.1*, CD3 ™) were monitored (Fig. 2a and
d). The percentages of both liver and spleen NK cell popula-
tions become decreased by day 7 of the infection and remain
decreased on day 21 of the infection. In the liver the percent-
age of NK cells only returns to normal by day 90 (Fig. 2a and
d). The data indicate that during acute 7. cruzi infection NK
cells are stimulated and suggest that during the infection the
function of NK and NK T cells remains altered for prolonged
periods of time.
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The in vitro proliferative response to a-GalCer by liver and
spleen cells of T. cruzi-infected C57BL/6 mice. To assess during
T. cruzi infection alterations in the NK T-cell functions, mono-
nuclear cells were isolated from the liver and spleen on differ-
ent days of the infection and were stimulated in vitro with the
CDl1d-restricted NK T-cell-specific ligand, o-GalCer. Al-
though the percentage of NK T cells appears to have increased
on day 1 of the infection (Fig. 2a to c) and the absolute number
of NK1.1" CD3™ cells was increased on days 21 and 45 of
infection (Table 1), the proliferative responses of liver (Fig. 3a)
and spleen (Fig. 3b) mononuclear cells to a-GalCer were de-
creased on day 1 of the infection and remained decreased until
the chronic phase (day 90). On days 3 through 14 of the
infection in the liver and days 3 through 7 in the spleen, the
decreased a-GalCer proliferative response paralleled the de-
crease in the percentage of NK T cells (Fig. 2a to ¢ and 3a and
b). The decreased proliferation to a-GalCer on days 1 and 45
(Fig. 3a and b) suggests either that the a-GalCer-specific NK T
cells are selectively depleted while other NK1.1" T-cell subsets
expand (Fig. 2a to c) or that the in vitro proliferative response
of NK T cells to a-GalCer is inhibited. It is also interesting that
between days 21 and 45 of the infection, when the a-GalCer
proliferative response appears decreased, the NK T cells
present in the liver and spleen are CD4 ™~ and have lower levels
of NKI1.1 staining (Fig. 2a to c), again suggesting that these
cells may represent conventional T cells with upregulated
NK1.1 expression.

To further examine during the infection the liver and spleen
cell a-GalCer-specific proliferative responses, for each day of
the infection, the a-GalCer proliferation index per percentage
of NK T cells was calculated (proliferation index + percent NK
T cells) (Fig. 3c and d). These data demonstrate that during
acute 7. cruzi infection, the a-GalCer proliferative responses
decrease more than the percentage of NK T cells decreases.
This suggests that during the acute infection, a-GalCer-specific
NK T cells are preferentially eliminated and that the NK T
cells that remain during the acute infection are not a-GalCer
specific (Fig. 3c and d). These data also suggest that the NK T
cells within the liver and spleen by day 45 of the infection are
not a-GalCer specific but that after day 45 of the infection, the
NK T cells of the liver and spleen are a-GalCer specific (Fig.
2a and c and Fig. 3). These data support the previous data that
during 7. cruzi infection the NK T-cell populations are altered
and that these alterations are likely to affect their functions.

The in vitro IFN-y and IL-4 response to a-GalCer by liver
and spleen cells of T. cruzi-infected C57BL/6 mice. To further
analyze the response of liver and spleen NK T cells during
acute T. cruzi infection, cells from uninfected C57BL/6 mice
and C57BL/6 mice infected for 3 or 14 days were isolated and
stimulated in vitro with a-GalCer, and the production of IFN-y
and IL-4 was determined by ELISA. On day 3 of the infection,
liver a-GalCer-stimulated IFN-y and IL-4 production is simi-
lar to that of cells from uninfected mice, whereas splenic IFN-y
and IL-4 production have begun to decline (Fig. 4a). By day 14
of the infection both liver and spleen a-GalCer-stimulated
IFN-y and IL-4 production are significantly decreased (Fig.
4a). Correction of the amount of IFN-y and IL-4 produced by
the percentage of NK T cells (cytokine produced + percent
NK T cells) argues that in the liver the a-GalCer-specific NK
T cells that contribute to IFN-y production are still present on
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day 3 of the infection, but by day 14 of the infection these cells
have been selectively depleted (Fig. 4b). In the spleen, the
a-GalCer-specific NK T cells contributing to IFN-y and IL-4
production appear to be selectively depleted on day 3 of the
infection and further depleted by day 14 of the infection (Fig.
4b).

During the chronic phase of the infection, the NK T-cell
populations have the same size and a-GalCer-stimulated pro-
liferative responses as NK T-cell populations from uninfected
mice (Fig. 2a and ¢ and 3). Therefore, it was unexpected that
liver cells from chronically infected mice, when stimulated in
vitro with a-GalCer, compared to uninfected mice, produced
approximately twofold more IL-4 (P < 0.2) and threefold more
IFN-y (P < 0.06) (Fig. 4c). The sizes of the uninfected and
chronically infected NK T-cell populations were similar, and
thus similar differences were observed when the cytokines pro-
duced per percent NK T cells were calculated (Fig. 4d). Spleen
cells from chronically infected mice, compared to uninfected
mice, produced smaller increases in cytokines (Fig. 4c and d).
Finally, liver and spleen cells from uninfected and chronically
infected Ja281 ™/~ mice stimulated with a-GalCer did not pro-
duce detectable IFN-v or IL-4, demonstrating the requirement
of Va14-Ja281 a-GalCer-specific NK T cells for this cytokine
response (data not shown). Together these data argue that in
T. cruzi chronically infected mice, liver and spleen NK T-cell
stimulation leads to increased IFN-y and IL-4 production and
suggest that these increased cytokine responses may contribute
to the chronic inflammatory response.

During chronic 7. cruzi infection antibody responses of NK
T-cell-deficient mice are altered. Some studies have argued
that the GPI of GPI-modified proteins is an NK T-cell ligand
that stimulates NK T-cell cytokine production that helps the
antibody response to the GPI-modified proteins (46). Other
studies have argued that GPI is not an NK T-cell TCR ligand
and that antibody responses to GPI-modified proteins develop
independently of NK T cells (41). In vitro a-GalCer stimula-
tion of liver and spleen cells from chronically infected C57BL/6
mice produced increased IFN-y (Fig. 4c and d), suggesting that
in chronically infected mice NK T cells might stimulate more
IFN-v and thereby affect the antibody response. Previous stud-
ies have demonstrated in 7. cruzi chronically infected mice
robust IgG and IgG2a antibody responses to heat-inactivated
trypomastigotes and to the SA85-1.1 protein, a GPI-modified
protein (data not shown) (33). To investigate during 7. cruzi
infection if NK T cells affect the antibody response, the chronic-
phase IgG and IgG2a responses to the SA85-1.1 protein and
heat-inactivated trypomastigotes of CD1d~’~ or Ja281/~
mice were compared to CD1d™~ mice or wild-type mice (Fig.
5). Consistently, in both C57BL/6 and BALB/c mice, the NK
T-cell-deficient mice produced less anti-SA85-1.1 IgG and
I1gG2a (Fig. 5a). In contrast, no differences in the IgG or IgG2a
responses to heat-inactivated trypomastigotes were detected
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(Fig. 5b). These data indicate that in 7. cruzi chronically in-
fected NK T-cell-deficient mice the antibody response to one
GPI-modified protein is decreased (Fig. 5). These data argue
that Va14-Ja281 NK T cells can provide help for antibody
responses. Furthermore, these data suggest that during 7. cruzi
chronic infection NK T cells contribute to a more robust cy-
tokine response that affects the antibody response and possibly
the inflammatory pathology.

DISCUSSION

NK T cells appear able to rapidly initiate protective immune
responses against infections, to affect the adaptive immune
response against pathogens, and to prevent unwanted self-
damaging immune responses (20). In vivo stimulation of NK T
cells with a TCR ligand (a-GalCer), anti-CD3, or IL-12 alters
NK T-cell functions for prolonged periods of time (18, 37).
This report presents results on the NK T-cell response during
T. cruzi infection, a chronic infection that triggers a self-dam-
aging inflammatory response. The data presented indicate that
the NK T cells decrease the acute-phase parasitemia (Fig. 1),
that during the acute infection, the NK T cells develop altered
effector functions that persist into the chronic phase of the
infection (Fig. 2 to 4), and that the NK T cells augment a T.
cruzi-specific antibody response (Fig. 5).

It has been frequently hypothesized that NK T cells can
rapidly respond to infectious pathogens and initiate protective
immune responses (20). At this time, however, few reports
have demonstrated that NK T cells are protective during in-
fections. Several reports have demonstrated that immunization
with a-GalCer stimulates NK T cells to provide protection, but
these reports did not demonstrate a protective role for NK T
cells during the natural infection (21, 34). Other investigations
found that during Mycobacterium bovis, Salmonella sp., and
Listeria sp. infections NK T cells are not protective (20). In
addition, although it has been shown that NK T cells are
stimulated by the injection of Mycobacterium tuberculosis cell
walls, a protective role for NK T cells during M. tuberculosis
infection has not been demonstrated (4). During infection of
mice with an attenuated strain of Toxoplasma, NK T cells
stimulate a protective response, and during Plasmodium and
Leishmania infection of mice NK T cells decrease the parasite
burden (17, 29, 42). Thus, the data in this report that NK T
cells limit parasitemia caused by a strain of 7. cruzi that natu-
rally infects humans and mice provide further evidence that
Val4-Ja281 NK T cells provide protection during infections
(Fig. 1). The data also suggest that against 7. cruzi the NK
T-cell protection occurs rapidly, possible within the first day of
the infection, as a-GalCer-specific Val4-Ja281 NK T cells
appear to be absent or less responsive after the first days of the
infection (Fig. 2 to 4).

It remains unclear how NK T cells limit parasitemia (Fig. 1).

FIG. 5. Comparison of antibody responses of chronically infected NK T-cell-deficient and normal mice to GPI-modified SA85-1.1 protein.
Chronically infected NK T-cell-deficient and normal mice were infected with 7. cruzi, and during the chronic phase, serum samples from individual
mice were obtained and the anti-SA85-1.1 and anti-trypomastigote IgG and IgG2a antibody concentrations were determined. C57BL/6 mice were
infected with 10° trypomastigotes, and BALB/c mice were infected with 5 X 10* trypomastigotes. The bars represent the mean antibody
concentration of 10 C57BL/6 CD1d /", 10 C57BL/6 CD1d*/~, and 5 C57BL/6 Ja281 '~ mice and 5 BALB/c Ja281 '~ and 5 BALB/c wild-type
mice. Symbols: #, P < 0.05 for NK T-cell-deficient versus CD1d "/~ mice; #*, P < 0.001 for NK T-cell-deficient mice versus wild-type mice.
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TABLE 1. Number of cells per organ during 7. cruzi infection

No. of cells (10°)/organ (%)*

Day of No. of

. . . Liver cells Spleen cells
infection mice
Total T NKT NK Total T NKT NK
0 12 5.8 2.06 (35.6) 0.95 (16.4) 0.50 (8.6) 92 28.8 (31.3) 2.52.7) 2.7 (2.9)
1 6 53 1.89 (35.7) 0.93 (17.6) 0.40 (7.5) 75 24.5 (32.7) 2.7 (3.6) 2.1(2.8)
2 3 9.5 3.61 (38.0) 1.17 (12.3) 0.57 (6.0) 83 26.4 (31.8) 1.9 (2.3) 1.9 (2.3)
3 9 8.8 2.96 (33.6) 1.19 (13.5) 0.93 (10.6) 90 24.9 (27.7) 1.9 (2.1) 2.3(25)
7 4 22.7 13.78 (60.7) 2.36 (10.4) 1.16 (5.1) 140 35.8 (25.6) 34 (24) 1.7 (1.2)
14 5 26.9 15.55 (57.8) 2.64 (9.8) 0.91 (3.4) 242 74.8 (30.9) 8.2(3.4) 4.1 (1.7)
21 2 30.4 20.49 (67.4) 4.62 (15.2) 0.76 (2.5) 190 37.2 (19.6) 9.1 (4.8) 3.0 (1.6)
45 3 11.7 ND” 1.93 (16.5) 0.34 (2.9) 92 ND 2.7(2.9) 2.3 (25)
90 6 4.3 1.38 (32.2) 0.72 (16.7) 0.23 (5.3) 113 39.6 (35.0) 3.2(2.8) 2.4 (2.1)

“ Cells were prepared and analyzed as described in Materials and Methods. Abbreviations: T, NK1.1~ CD3™" cells; NKT, NK1.1" CD3" cells; NK, NK1.1* CD3~

cells.
> ND, not determined.

Previous studies have demonstrated a critical role for IFN-y in
controlling 7. cruzi infection (25, 38, 51). As reported here
stimulation of Va14-Ja281 NK T cells with a-GalCer results in
IFN-v secretion by liver and spleen mononuclear cells during
the first days of 7. cruzi infection (Fig. 4a and b). Thus, during
T. cruzi infection, Val4-Ja281 NK T-cell stimulation may re-
sult in early IFN-y. Alternatively, NK T-cell cytolytic activity
may limit parasitemia. In addition, previous studies have ar-
gued that during the first day of 7. cruzi infection NK cells
secrete protective IFN-y (12, 52). These studies, however, used
either an anti-NK1.1 antibody or anti-asialo GM1 antibody to
remove IFN-y-producing cells, and thus the cells removed
could have been NK T cells as well as NK cells (12, 52). Finally,
NK T cells can activate NK cells to produce IFN-y and to
become cytolytic (13, 19). Data presented here argue that NK
cells become activated and are then depleted during acute 7.
cruzi infection (Fig. 2a and d), supporting the previous studies
that NK cells provide protection (12, 52). It is possible that
during T. cruzi infection, protection provided by NK cells is
partially dependent on NK T-cell stimulation. Importantly,
other protective mechanisms develop in NK T~/~ mice, be-
cause these mice resolve parasitemia and survive through the
acute infection, unlike B2-microglobulin™/~ mice that also lack
CD8™ T cells (49).

It is unclear how during 7. cruzi infection NK T cells are
stimulated. It is known that NK T cells can be stimulated by
IL-12, TCR ligation, or NK1.1 ligation (20). During 7. cruzi
infection IL-12 expression is induced and could stimulate the
NK T-cell response (1, 2, 28). Alternatively, 7. cruzi may ex-
press glycolipids that stimulate NK T cells through ligation of
the TCR or the NK1.1 receptor, or during the infection self-
antigens capable of stimulating NK T cells, which are not
normally presented to NK T cells, may become available for
presentation to NK T cells.

Following stimulation with a-GalCer, anti-CD3 MADb, or
IL-12 NK T-cell populations are decreased (18, 37), and fol-
lowing multiple stimulations the population is decreased for a
prolonged period, and it produces altered cytokines (11, 37).
Therefore, it was of interest to observe how the NK T-cell
populations responded during 7. cruzi infection. The data ar-
gue that during the acute infection the percentage of liver and
spleen NK T cells are decreased for an extended period of time

(Fig. 2) but that the total number of NK1.1" CD3™" cells are
increased (Table 1). In addition, Va14-Ja281 NK T cells with
specificity for a-GalCer appear to be selectively decreased
early during the acute infection (Fig. 3). Reagents that can
distinguish between a-GalCer-specific NK T cells and other
NK1.17 T cells will better define these alterations in NK T-cell
populations.

The role of NK T cells in antibody responses is controversial.
Some reports support a role for NK T cells in antibody re-
sponses (6, 46). In particular, GPI has been implicated as a
ligand that stimulates NK T cells to help antibody responses
(46). Other reports, however, have not supported a role for
GPI in stimulating NK T cells or in NK T cells supporting
antibody responses (14, 39, 41, 47). Data presented in this
report demonstrate that NK T-cell-deficient C57BL/6 and
BALB/c mice chronically infected with 7. cruzi have decreased
concentrations of anti-SA85-1.1 IgG and IgG2a antibodies
(Fig. 5a). In contrast, the antibody concentrations to heat-
inactivated trypomastigotes in the NK T-cell-deficient mice are
unaltered (Fig. 5b). The SA85-1.1 protein becomes GPI mod-
ified during its synthesis (33). It remains unclear if during 7.
cruzi infection, GPI modification affects the SA85-1.1 protein
NK T-cell response or antibody response. Additional studies
comparing the antibody response during 7. cruzi infection to 7.
cruzi non-GPI-modified proteins and GPI-modified proteins
will be required. The decreased SA85-1.1 antibody response in
NK T-cell-deficient mice indicates that NK T cells can affect
antibody responses and that NK T cells can augment chronic
inflammatory responses.

It is unusual for 7. cruzi infections of humans or mammals to
result in death during the acute phase (55). Most morbidity
and mortality caused by T. cruzi are caused by chronic inflam-
mation (55). The mechanisms causing 7. cruzi-induced chronic
inflammation remain unclear. Some data argue that the in-
flammation is stimulated by persistent parasites (10, 50). Other
reports argue that the greater the acute-phase parasitemia is,
then the greater the tissue burden of persistent parasites be-
comes, and that this increased parasite tissue burden causes
greater chronic inflammation (8, 36). Thus, the demonstration
here that Val4-Ja281 NK T cells limit parasitemia (Fig. 1)
argues that the response of these NK T cells can limit the
chronic inflammatory pathology. These data also argue that
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during T. cruzi infection the level of parasitemia and the de-
velopment of chronic inflammatory sequelae may depend on
the effectiveness of an individual’s NK T response. Since prior
stimulation of NK T cells with a-GalCer can dramatically de-
crease their subsequent responses for prolonged periods of
time, then a person’s antecedent exposure to NK T-cell stim-
ulants may affect the outcome of 7. cruzi infection (37).

NK T-cell dysfunction has been associated with mouse mod-
els of autoimmune diseases and two human idiopathic chronic
inflammatory diseases (20, 26). In human systemic sclero-
derma and insulin-dependent diabetes the NK T-cell popula-
tion is decreased (48, 54). Furthermore, in insulin-dependent
diabetes the decreased NK T-cell population appears biased to
a proinflammatory phenotype (54). It has been hypothesized
that the cause of these and other idiopathic chronic inflamma-
tory diseases is related to the immune response to infections.
The data presented here suggest that NK T-cell responses in 7.
cruzi chronically infected mice are augmented. Thus, some T.
cruzi-infected individuals might have augmented NK T-cell
responses to a lifetime of infections and other environmental
stimulants that can contribute to chronic inflammatory se-
quelae. It is also possible that 7. cruzi infection compromises
NK T-cell functions that inhibit unwanted immune responses
and thus further contributes to the chronic inflammatory pro-
cess.
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