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In general, gamma interferon (IFN-vy)-producing CD4* Thl1 cells are important for the immunological con-
trol of intracellular pathogens. We previously demonstrated an association between parasite-specific induction
of IFN-vy responses and resistance to the intracellular protozoan Trypanosoma cruzi. To investigate a potential
causal relationship between Th1 responses and T. cruzi resistance, we studied the ability of Th1 cells to protect
susceptible BALB/c mice against virulent parasite challenges. We developed immunization protocols capable
of inducing polarized Th1 and Th2 responses in vivo. Induction of parasite-specific Th1 responses, but not Th2
responses, protected BALB/c mice against virulent T. cruzi challenges. We generated T. cruzi-specific CD4* Thl
and Th2 cell lines from BALB/c mice that were activated by infected macrophages to produce their correspond-
ing cytokine response profiles. Th1 cells, but not Th2 cells, induced nitric oxide production and inhibited intra-
cellular parasite replication in 7. cruzi-infected macrophages. Despite the ability to inhibit parasite replication
in vitro, Th1 cells alone could not adoptively transfer protection against 7. cruzi to SCID mice. In addition, des-
pite the fact that the adoptive transfer of CD4™ T lymphocytes was shown to be necessary for the development of
immunity protective against primary 7. cruzi infection in our SCID mouse model, protective secondary effector
functions could be transferred to SCID mice from memory-immune BALB/c mice in the absence of CD4™ T
lymphocytes. These results indicate that, although CD4" Thl cells can directly inhibit intracellular parasite
replication, a more important role for these cells in 7. cruzi systemic immunity may be to provide helper activity for

the development of other effector functions protective in vivo.

Trypanosoma cruzi is the protozoan parasite causing Chagas’
disease in South and Central America. The 7. cruzi life cycle is
complex and includes both extracellular and intracellular forms
in the mammalian host. Extracellular blood form trypomasti-
gotes (BFT) circulate in the blood and lymph and can infect
many different types of nucleated mammalian target cells. Af-
ter infection of host cells, BFT differentiate into intracellular
amastigotes (AMA), the life stage of 7. cruzi responsible for
replication within the mammalian host. During the first few
weeks of 7. cruzi infection in humans, BFT may be detected by
microscopic examination of fresh blood. By the end of the first
2 months of infection, BFT decrease to undetectable levels as
intracellular AMA proliferation is controlled by innate and
adaptive immune responses, but low levels of intracellular tis-
sue parasitism persist for the life of the host (18, 40). Mice
infected with 7. cruzi have been used as a model for the human
disease because they also develop detectable parasitemias dur-
ing acute infection, followed by chronic tissue parasitism. Dif-
ferent strains of mice exhibit various patterns of acute disease,
which also vary depending on the different isolates of 7. cruzi
used. BALB/c mice are relatively susceptible to infection with
the Tulahuén strain of 7. cruzi in that they develop high-level
parasitemias which can lead to mortality in a large proportion
of animals after challenge with infective parasites (3, 31, 43, 49,
52). C57BL/6 mice are relatively resistant to similar challenges
(26, 35, 36, 48, 49). Patterns of susceptibility and resistance to
T. cruzi have been shown to be determined by factors other
than the genetic haplotype at the H-2 locus alone (47, 53).
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Comparisons of immune responses activated by the Tulahuén
strain of T. cruzi infection in these different mouse strains can
be useful as one model system for the identification of factors
associated with resistance.

CD4" Th1 lymphocytes that produce the cytokines interleu-
kin-2 (IL-2) and gamma interferon (IFN-vy) have been shown
to be important for systemic protection against a wide spec-
trum of intracellular pathogens (reviewed in reference 1). This
type of CD4 ™" T cell induces macrophage activation leading to
the inhibition of intracellular replication of many pathogens. In
addition, CD4" Th1 cells can be directly cytolytic for infected
cells and can help in the expansion of cytotoxic CD8" T lym-
phocytes, which recognize and destroy infected cells. There-
fore, it is predicted that CD4" Th1 lymphocytes are important
for protection against 7. cruzi infection. IFN-y has been iden-
tified as a resistance factor in 7. cruzi infections (20, 32, 46).
The administration of recombinant IFN-y to mice increases
their resistance, while the in vivo neutralization of IFN-y with
monoclonal antibodies increases susceptibility. These studies
demonstrated that circulating IFN-y is crucial for the control
of an ongoing acute 7. cruzi infection but did not address the
potential relevance of IFN-y responses for memory immunity
induced by protective vaccines. Parasite antigens have been
shown to induce increased IFN-y mRNA and protein levels in
lymphocytes from 7. cruzi-infected mice, indicating that anti-
gen-specific immune cells capable of secreting IFN-y are pres-
ent during parasite infection (27). Furthermore, we have shown
that during acute T. cruzi infection, antigen-specific lympho-
cytes that secrete high levels of IFN-y after stimulation with
parasite lysate in vitro develop in 7. cruzi-resistant C57BL/6
mice but not in susceptible BALB/c mice (9). These results
suggest that the induction of T. cruzi-specific CD4* Th1 lym-
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phocytes by vaccines prior to 7. cruzi infection could be pro-
tective against parasite challenge.

In the present work, we have extended these earlier obser-
vations by directly investigating the relationship between par-
asite-specific CD4" Th1 responses and protection against
T. cruzi infection. We first examined the ability of immuniza-
tion protocols that induce 7. cruzi-specific CD4" Th1 cell re-
sponses to protect relatively susceptible BALB/c mice against
virulent parasite challenges. We generated stable parasite-spe-
cific Th1 and Th2 cell lines and studied the ability of these cells
to inhibit 7. cruzi replication in vitro. We also investigated the
ability of our T. cruzi-specific CD4 " Th1 cell lines to adoptively
transfer protection against 7. cruzi infection. Finally, we stud-
ied total and CD4-depleted, naive and memory immune lym-
phocytes for their ability to transfer protection to SCID mice.
The combined results of these experiments indicate that al-
though CD4™" Thl cells can mediate both direct effector and
helper functions for protective 7. cruzi immunity, the helper
functions may be more important in vivo.

MATERIALS AND METHODS

Cytokine, antibody, and antigen reagents. Recombinant murine IFN-y was
supplied by Genentech, Inc. (South San Francisco, Calif.) and had a specific
activity of 9.8 X 10° U/ml (7.35 X 10° U/mg). Recombinant murine IL-12 (5.6 X
10° U/mg) was obtained from Stanley F. Wolf (Genetics Institute, Cambridge,
Mass.). Concentrated recombinant murine IL-4 was produced in a Cellmax cham-
ber (Spectrum, Laguna Hills, Calif.) inoculated with P815 cells transfected with
the murine IL-4 ¢cDNA (obtained from H. Karasuyama, Tokyo Metropolitan
Institute of Medical Science, Tokyo, Japan [11]). Murine IL-2 was purchased from
Boehringer Mannheim Corp., Indianapolis, Ind. The recombinant murine cyto-
kines IL-4, IL-5, and IL-10 were purchased from Genzyme Corp., Cambridge,
Mass. The hybridoma cell lines producing the IFN-y- and IL-4-neutralizing
monoclonal antibodies R4-6A2 and 11B11, respectively, were obtained from the
American Type Culture Collection (ATCC) and were grown in Cellmax cham-
bers (Spectrum) to produce concentrated antibodies. The monoclonal antibodies
GK1.5, Lyt2, and PK136 were prepared similarly from hybridoma cells obtained
from ATCC. Antigenic lysates of T. cruzi culture-derived metacyclic trypomas-
tigotes grown in Grace’s media were prepared as described previously (9).

Parasites, mice, and 7. cruzi challenge protocols. The life cycle of the Tu-
lahuén strain of 7. cruzi was maintained by passage through mice and the
reduviid vector Dipetalogaster maximus (16). To collect insect-derived metacyclic
trypomastigotes (IMT), infected reduviid bugs were allowed to feed on anesthe-
tized mice and then engorged insects were incubated in glass vials for 3 to 4 h.
Excreta from multiple reduviids were pooled, and the concentration of IMT was
determined by direct hemocytometer count. BFT were maintained by intraperi-
toneal passage in BALB/c mice. To prepare BFT for virulent challenges, C.B-17
SCID mice were infected intraperitoneally with 20,000 to 50,000 BFT and 2 to 3
weeks later these animals were sacrificed by decapitation and bled into 50-ml
conical tubes containing 5 pl of preservative-free heparin (1,000 U/ml) per
animal. The mononuclear cell layers of heparinized blood containing 7. cruzi
BFT were purified over Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden)
density gradients spun at 800 X g for 15 min at room temperature. After the
purified cells were washed with PBS, the concentrations of BFT were determined
by hemocytometer.

BALB/c female mice were obtained from Harlan Sprague-Dawley, Inc. (Indi-
anapolis, Ind.) at 6 to 8 weeks of age and were housed in pathogen-free condi-
tions in the Department of Comparative Medicine at Saint Louis University.
C.B-17 SCID mice were obtained from Charles River Laboratories (Wilmington,
Mass.) and housed in sterile pathogen-free conditions. SCID mice used in adop-
tive transfer experiments were 4- to 6-week-old weanlings.

An aggressive challenge with T. cruzi BFT was used in immunocompetent
BALB/c mice to study systemic protective immunity. BALB/c mice were injected
subcutaneously with 5,000 to 20,000 BFT, and parasitemia and mortality levels
were assessed. After adoptive transfer of different immune-cell preparations to
C.B-17 SCID mice, these animals were challenged with either 1,000 IMT or 5,000
to 20,000 BFT subcutaneously in the base of the tail. The IMT challenge was
chosen for experiments involving transfers of Thl cells alone or naive BALB/c
mouse spleen cells. This challenge was found in preliminary experiments to be
universally fatal to control SCID mice but sublethal to naive BALB/c mice and
to SCID mice reconstituted with total naive BALB/c mouse spleen cells. The
BFT challenge was used in SCID mice adoptively transferred with lymphocytes
from memory-immune mice. This challenge was lethal for naive control BALB/c
mice, but BALB/c mice previously surviving a 7. cruzi challenge (memory im-
mune) almost always survived.

Preparation of lymphocyte populations. Lymphocytes were harvested from
control and memory-immune BALB/c mice. Memory immune BALB/c mice had
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survived acute T. cruzi infection and had been rechallenged subcutaneously with
5,000 to 20,000 BFT 2 weeks before harvesting the draining lymph nodes and/or
spleen cells. In studies of the cytokine responses produced by purified CD4" T
cells from immunized mice and in experiments involving adoptive transfers of
different fractions of BALB/c splenic lymphocytes into C.B-17 SCID mice, im-
munomagnetic purifications and depletions of CD4" T cells were performed.
Draining lymph node cells from immunized mice or spleen cells from uninfected
mice and memory immune mice were incubated with Miltenyi anti-CD4 Mi-
croBeads, and then CD4" and CD4~ cells were separated in MiniMACS col-
umns as recommended by the manufacturer (Miltenyi Biotec Inc., Auburn,
Calif.). Fractionated populations were passed through a second set of Mini-
MACS columns, resulting in greater than 99% purity of CD4 ™" T-cell populations
and greater than 99% depletion of CD4* T cells from the CD4~ populations.

Induction of T. cruzi-specific Thl and Th2 cell responses in vivo. Several
variations of Thl and Th2 immunization bias protocols were studied in early
experiments. Vaccination parameters investigated included intraperitoneal ver-
sus subcutaneous routes, the delivery of cytokines for 1 to 3 days with each
immunization, and doses of cytokine-neutralizing antibodies. Later experiments
focused on the following protocols found to yield the most reproducible results.
BALB/c mice were immunized subcutaneously with 10 to 25 ug of T. cruzi whole
lysate in 50 .l of phosphate-buffered saline. To bias for Thl responses, 1 pg of
recombinant IL-12 was injected subcutaneously on three consecutive days be-
ginning 1 day prior to immunization (mixed with antigen on the day of immu-
nization). For additional Th1 bias, 0.5 mg of 11B11 monoclonal anti-IL-4 was
injected intraperitoneally 1 day before and then again 2 days after immunization.
To bias for Th2 responses, 500 U of recombinant IL-4 was injected subcutane-
ously on three consecutive days beginning 1 day prior to immunization (mixed
with antigen on the day of immunization). For additional Th2 bias, 0.5 mg of
R4-6A2 monoclonal anti-IFN-y was injected intraperitoneally 1 day before and
then again 2 days after immunization. Draining lymph node and spleen cells from
immunized animals were harvested 3 to 14 days later and stimulated in vitro with
2 or 20 pg of T. cruzi whole lysate/ml without IL-12, IL-4, or cytokine-specific
antibodies. After 3 to 4 days of incubation at 37°C with 5% CO,, culture
supernatants were harvested and tested for levels of IFN-y and IL-4 as previously
described (9). In immunization and challenge experiments BALB/c mice re-
ceived three vaccinations (the first two with, and the third without, cytokines
and/or antibodies) 10 to 14 days apart prior to challenge with T. cruzi BFT 2 to
4 weeks after the last immunization.

Generation of T. cruzi-specific CD4" Th1l and Th2 cell lines. BALB/c mice
were immunized three times with 25 g of 7. cruzi whole lysate including the Th1
and Th2 biasing protocols described above. Ten days after the last immunization,
draining lymph node cells were harvested and stimulated in vitro (4 x 10°
cells/ml) with parasite lysate (10 pg/ml) in 24-well tissue culture plates plus IL-12
(1 ng/ml) for Thl bias or IL-4 (100 U/ml) for Th2 bias. One week later viable
cells were purified over Ficoll-Paque (Pharmacia Biotech) and expanded with
recombinant IL-2 in fresh media. Two weeks after the initial in vitro stimulation,
this 2-week cycle of parasite lysate plus either IL-12 or IL-4 stimulation followed
by IL-2 expansion was repeated. On the day of parasite lysate antigen stimula-
tion, irradiated syngeneic spleen cells from normal BALB/c mice were added as
antigen-presenting cells (APC). After these first two antigen stimulation cycles,
T cells were passaged with alternating weekly schedules of parasite lysate stim-
ulation (without IL-12 or IL-4) followed by IL-2 expansion. Similar results were
obtained when spleen cells from BALB/c mice hyperimmunized by multiple T.
cruzi infectious challenges were harvested and subjected to the same in vitro Th1
and Th2 bias protocols.

After at least four cycles of in vitro expansion, T-cell supernatants were
evaluated 2 days after stimulation with antigen and irradiated APC for IFN-y
and IL-4 levels with the methods described above. To determine the subset of T
cells present in established T-cell lines, viable cells were stained with fluores-
cently labeled anti-CD3, anti-CD4, and anti-CD8 antibodies (PharMingen, San
Diego, Calif.) 2 weeks after the last antigen stimulation and analyzed by three-
color flow cytometry (see below). SCID mice were subjected to adoptive transfer
with 5 X 10° of the Th1 cells 14 days after antigen stimulation and 7 days after
IL-2 expansion. SCID mice were challenged with T. cruzi 1 day after adoptive
transfer with T-cell populations.

In vitro protection assays. BALB/c mice were given 100 pg of concanavalin A
intraperitoneally to activate peritoneal macrophages. Four days later, the peri-
toneal exudate macrophages (PEM) were harvested from these mice and cul-
tured in eight-well tissue culture slide chambers (Nalge Nunc International,
Naperville, T11.) at 1.25 X 10° cells/well in 500-p.1 of Dulbecco modified Eagle
medium (DMEM)-10% fetal calf serum (FCS). PEM were allowed to adhere for
2 to 5 h at 37°C, washed twice with DMEM-2% FCS, and infected with 6.25 X
10° culture-derived metacyclic trypomastigotes (multiplicity of infection of 5).
These cultures were incubated 3 h longer at 37°C and then washed three times
to remove extracellular parasites. Ficoll-Paque-purified T cells were added at 5 X
10* cells/well. Forty-eight hours after the addition of T cells, supernatants were
collected from these cocultures. Adherent PEM were then fixed with 1% for-
malin and Giemsa stained (Diff Quik; Dade International Inc., Miami, Fla.). The
number of infected cells per 200 total cells and the average number of intracel-
lular AMA per infected cell were determined by microscopic examination of the
stained slides. IFN-y and IL-4 levels in the culture supernatants were measured
by enzyme-linked immunosorbent assay as described previously (9), and nitric
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FIG. 1. Immunization protocols including cytokines and cytokine-neutraliz-
ing monoclonal antibodies as biological modifiers can induce highly polarized T.
cruzi-specific Th1l and Th2 responses. BALB/c mice were immunized subcutane-
ously with 7. cruzi lysate and either IL-12 plus the IL-4-neutralizing monoclonal
antibody 11B11 (Th1) or IL-4 plus the IFN-y-neutralizing monoclonal antibody
R4-6A2 (Th2). Two weeks later, half of the animals were given a booster
immunization identical to their first immunization. Two weeks after the booster
vaccinations (4 weeks after the primary vaccinations), all mice were injected
subcutaneously with 7. cruzi lysate alone. Three days later, spleen cells were
harvested from these different groups of immunized mice and were stimulated in
vitro with T. cruzi lysate. The levels of IFN-y and IL-4 secreted into culture
supernatants were compared. Th1X1 and Th2X1, responses from mice given
single vaccinations with cytokine bias; Th1X2 and Th2X2, responses from mice
given booster vaccinations with cytokine bias. Shown are the mean (= standard
errors) levels of cytokines in culture supernatants from one experiment repre-
sentative of three separate experiments. LNC, lymph node cells.

oxide (NO) levels in the supernatants were measured by a modified Greiss
reaction (7, 8). Controls included uninfected wells to confirm the antigen spec-
ificity of cytokine production and wells to which T cells were not added to
determine the level of infection in the absence of any immune response. Inhi-
bitions of the percentage of cells infected and the average number of AMA/
infected cell were defined as 1 — (value with T cells/value without T cells) X 100.

Detection of T. cruzi-specific Thl cells expanded in vivo after adoptive trans-
fer. Spleen cell suspensions were prepared from adoptively transferred SCID
mice and stimulated in vitro with parasite lysate or media. After 4 days of
stimulation, culture supernatants were tested for 7. cruzi-specific induction of
IFN-v and IL-4 as described above. The spleen cell cultures were fed fresh media
and incubated for three additional days before harvesting viable mononuclear
cells over Ficoll-Paque for fluorescence-activated cell sorter (FACS) staining.

FACS analyses. Viable cells were stained with fluorescently labeled antibodies
specific for T- and B-cell surface markers and analyzed by two- or three-color
flow analysis with a Becton Dickinson FACSCalibur flow cytometer. The follow-
ing antibody combinations were used: (i) anti-CD3-fluorescein isothiocyanate
(FITC), anti-CD4-phosphatidylethanolamine (PE), and anti-CD8-Cy-Chrome;
(ii) anti-CD3-FITC and anti-CD4-PE; (iii) anti-CD8-FITC and anti-CD4-PE;
and (iv) anti-CD3-FITC and anti-B220-PE. All antibodies were obtained from
PharMingen. Lymphocytes were selected for analysis based upon appropriate
forward- and side-scatter gating, and the percentages of positively stained cells
with each lymphocyte surface marker were determined by using isotype-matched
fluorescent control antibodies to set quadrant demarcations in two-parameter
dot plots.

RESULTS

Induction of T. cruzi-specific Th1 and Th2 cell responses in
vivo. To directly address a potential causal relationship be-
tween CD4" Thl cells and natural resistance to T. cruzi, we
developed immunization protocols that could differentially in-
duce Thl and Th2 cells specific for T. cruzi antigens. BALB/c
mice were immunized with whole T. cruzi lysate mixed with
cytokines and anticytokine antibodies as described in Materials
and Methods. Total draining lymph node cells and purified
CD4" T cells were harvested from these mice after immuni-
zation and were stimulated in vitro with whole 7. cruzi lysate
prior to testing the culture supernatants for levels of IFN-y and
IL-4. Figure 1 shows the results of one typical immunization
experiment. Immunization with parasite lysate, IL-12, and neu-
tralizing anti-IL-4 monoclonal antibody resulted in CD4" T
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cells capable of producing high levels of IFN-y but no IL-4
after in vitro stimulation. After immunization with parasite
lysate, IL-4, and neutralizing anti-IFN-y monoclonal antibody,
CD4" T cells produced IL-4 and not IFN-y in vitro. These
polarized cytokine response profiles were reproducibly seen
especially after identical booster vaccinations (see Th1X2 re-
sponses in Fig. 1). Cytokine supernatants containing IFN-y
without IL-4 were also found to contain IL-2 but not IL-5 or
IL-10, while cytokine supernatants containing IL-4 without
IFN-y were found to contain IL-5 and IL-10 but not IL-2 (data
not shown). The latter results further document the selective
Thl and Th2 cytokine profiles induced by these differential
immunization protocols.

Immunization protocols inducing 7. cruzi-specific Thl cells
are protective against parasite challenge. After developing
immunization protocols that could induce differential Th1 and
Th2 parasite-specific responses prior to infection, we next stud-
ied the effects of these immunization protocols on the levels of
protective immunity against 7. cruzi challenge. BALB/c mice
were immunized with the Th1 and Th2 immunization protocols
described above three times 10 to 14 days apart and challenged
with 5,000 to 20,000 7. cruzi BFT. Presented in Table 1 are the
parasitemia and overall mortality results, and presented in Fig.
2 are the detailed survival curves from one representative ex-
periment. Unimmunized negative-control mice all died of over-
whelming parasitemias within the first 2 months after BFT
challenge. Mice immunized with parasite lysate alone or with
the Th2-inducing immunization protocol also developed high-
level parasitemias and almost all died. However, all mice im-
munized with the protocol known to induce Th1 cell responses
were protected against the 7. cruzi challenge. Mean peak par-
asitemia levels were 1 log unit lower in the Thl induction
group, and 100% of these animals survived for more than 4
months after 7. cruzi challenge. Furthermore, the parasitemias
detected in the Th2 bias group, but not in the control immu-
nized group, were significantly increased compared with the
parasitemias detected in the Thl bias group (P < 0.05 by ¢
test), suggesting that the induction of Th2 responses actually
led to a decrease in protective immunity. Similar results were
seen in multiple experiments with the following cumulative
results for mortality in the experimental groups: (i) controls, 14
of 15 died; (ii) immunization with Th1 bias, 1 of 15 died; and
(iii) immunization with Th2 bias, 9 of 10 died. Survival was
significantly greater in the Th1 bias group than in either of the
other groups, as determined by two-tailed Fisher exact tests

TABLE 1. Thl immunizations are protective against
lethal T. cruzi challenge®

Mean peak parasitemia® Mortality® 2 mo

Immunization (BFT/ml) = SE postchallenge (%)
None (negative control) >2 X 10° 5/5 (100)
T. cruzi lysate 9.9 X 10° +3 x 10° 4/5 (80)
T. cruzi lysate + Thl bias? 1.5 X 10° = 5.4 X 10* 0/5 (0)
T. cruzi lysate + Th2 bias? 2 X 10° + 8.7 X 10° 4/5 (80)

“ Shown are the results of one representative immunization and challenge
experiment. Mice were unimmunized negative-control mice or mice immunized
three times with parasite lysate. The first two immunizations were biased for Th1
or Th2 response, as described in Materials and Methods. Two weeks after the
last immunization, mice were challenged with 7. cruzi BFT.

b Parasitemia levels were determined by microscopic examination of fresh
blood every 3 to 4 days after 7. cruzi infection. Shown are peak parasitemia levels
which occurred between 3 and 4 weeks after challenge in all experimental groups
(n = 5 for each group). All deaths occurred within 6 weeks of infection. All
surviving mice were alive 3 months postchallenge.

¢ Number of mice that died/total number of mice in the group.

4 Th1 (Th2) bias, immunization designed to bias for a Th1 (Th2) response.
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FIG. 2. Survival after Thl- and Th2-polarized immunizations and virulent
T. cruzi challenge. Mice were immunized with 7. cruzi lysate with no bias, Thl
bias, or Th2 bias, similar to the experiments described in the legend for Fig. 1.
Each mouse received three vaccinations 2 weeks apart. The Th1l and Th2 groups
received the cytokine-antibody treatments with the first two vaccinations. All
immunized mice received only parasite lysate with the third vaccination. Two
weeks after the last vaccination, mice were challenged with virulent 7. cruzi BFT.
Cumulative survival is shown for each group (n = 5 mice/group) from one
experiment representative of three separate experiments. Tc, T. cruzi.

(P < 0.01). Overall, these results demonstrated that the selec-
tive induction of T. cruzi-specific Thl responses, but not Th2
responses, was associated with protection against a normally
lethal systemic parasite challenge.

T. cruzi-specific CD4™ T cells induced in vivo can be ex-
panded in vitro to generate stable Th1 and Th2 cell lines. Our
findings that (i) Th1 cells develop during T. cruzi infection in
resistant mice and (ii) the induction of Thl cells in relatively
susceptible mice reduces parasitemias and mortality after par-
asite challenge strongly indicated that CD4" Thl cells are
important for protective immunity against 7. cruzi. However,
previous investigators have published studies indicating that
CD8" T lymphocytes (33, 34, 44, 45) and antibody responses
(13-15, 19, 21, 36, 38, 39, 42) are important for protection
against this parasite, and the results described above have not
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addressed whether these other immune responses were impor-
tant in our resistant-mouse model or in the Th1l immunization
model. Therefore, our next goal was to study the possibility
that purified CD4" Th1 cells could protect SCID mice from
T. cruzi challenge in the absence of other antigen-specific im-
mune responses. We generated long-term CD4* Th1 and Th2
cells specific for T. cruzi whole lysate as described in Materials
and Methods. Figure 3 demonstrates that the Thl cells were
T. cruzi specific, major histocompatibility complex (MHC) re-
stricted, and greater than 99% CD3" and CD4". In the ex-
periments presented in Fig. 3A, we stimulated the T. cruzi-spe-
cific Thl cell line with either medium alone or parasite lysate,
in the presence of irradiated normal spleen cells harvested from
either syngeneic BALB/c mice (H-2¢) or allogeneic C57BL/6
mice (H-2") as APC, and then measured the levels of IFN-y
and IL-4 secreted into the culture supernatants. The 7. cruzi-
specific T cells did not produce detectable levels of either
IFN-y or IL-4 after incubation with media alone in the pres-
ence of MHC-compatible APC or after incubation with para-
site lysate in the presence of MHC-mismatched APC. How-
ever, after stimulation with parasite lysate in the presence of
MHC-compatible APC, these same T cells produced almost 50
U of IFN-y/ml in the absence of detectable IL.-4. These results
demonstrate that these T cells are parasite antigen specific and
MHC restricted and that they produce a cytokine profile con-
sistent with the Th1 type. These T cells also produced IL-2, but
not IL-5, IL-6, or IL-10, in an antigen-specific and MHC-
restricted fashion (data not shown), further confirming their
Th1 cytokine profile. In Fig. 3B, it can be seen that virtually all
of these T cells express both the CD3 and CD4 proteins, de-
tectable by FACS, on their surfaces. Coexpression of CD8 on
these T cells was not detectable at any time point (data not
shown). These results confirm that these 7. cruzi-specific T cells
are classical CD4" Thl cells. Similar experiments confirmed
the antigen specificity, MHC restriction, and CD4" CD8~
surface phenotype of the Th2 cells generated (data not shown).

T. cruzi-specific Thl cells, but not Th2 cells, prevent intra-
cellular parasite replication in vitro. The ability of parasite-
specific Th1 and Th2 cells to protect against 7. cruzi infection
was tested in an in vitro model (Fig. 4). T cells were incubated
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FIG. 3. T. cruzi-specific and MHC-restricted Th1 cells were generated from BALB/c mice immunized with a Th1 bias protocol similar to that for the experiments
described in the legends for Fig. 1 and 2. Long-term 7. cruzi-specific Th1 cell lines were generated as described in Materials and Methods. These T cells were antigen
specific and MHC restricted and produced a Th1 cytokine profile (A). This T-cell line was incubated with either medium alone or parasite lysate in the presence of
irradiated spleen cells harvested from either syngeneic BALB/c (H-2¢) or allogeneic C57BL/6 mice (H-2°), and then the levels of IFN-y and IL-4 secreted into the
culture supernatants were measured. (B) Results of FACS staining confirming that essentially all of the T cells present in this 7. cruzi-specific Th1 cell line were CD3™
and CD4*. Three-color analyses demonstrated that these T cells did not coexpress CD8 (data not shown). Ag, antigen.



VoL. 68, 2000

A
600

" }FN-gamma
.4

[ ©w P (%]
[=] o o o
o o o (=)

Units/ml of Cytokine Produced

=y
(=]
o

None Th1 Th2

T cells

60
infected PEM
50 I ntracellular AMA

40

30

% Inhibition

20

10

Th1 Th2

T cells

with T. cruzi-infected macrophages, and cytokine and NO re-
sponses were measured as described in Materials and Meth-
ods. Cocultures of Thl or Th2 cells with uninfected macro-
phages did not produce IFN-y or IL-4 levels above background
(data not shown). In addition, infected macrophages cultured
in the absence of T cells did not produce IFN-v, IL-4, or NO
levels above background (Fig. 4A and B), and as many as 50 to
75% of these macrophages were found to contain intracellular
AMA by Giemsa staining. However, the supernatants of co-
cultures of parasite-specific Thl cells and infected macro-
phages contained high levels of IFN-y (Fig. 4A) and NO (Fig.
4B). Associated with these increases in IFN-y and NO produc-
tion in Th1 cell cultures were 50% reductions in the proportion
of infected macrophages and 50% reductions in the average
number of intracellular AMA in each infected cell, compared
with control cultures incubated in the absence of T cells (Fig.
4C). Cocultures of parasite-specific Th2 cells with infected
macrophages contained high levels of IL-4 (Fig. 4A), confirm-
ing that these Th2 cells could recognize parasite antigens ex-
pressed during infection. However, the Th2 cells did not in-
duce infected macrophages to produce NO (Fig. 4B), and only
minimal decreases in infection were detected microscopically
compared with control cultures without T cells (Fig. 4C). In
addition to these experiments analyzed microscopically after
48 h of incubation, similar cocultures of T cells and infected
macrophages were set up and incubated at 37°C for more than
1 week. In the absence of T cells or in the presence of Th2 cells
that were associated with only minimal inhibition of parasite
infection at 48 h, trypomastigotes were easily detected in the
supernatants by 72 h (>8 X 10° trypomastigotes/ml). However,
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FIG. 4. T. cruzi-specific Thl cells, but not Th2 cells, inhibit intracellular
parasite replication in infected macrophages. PEM cultured in tissue culture
slide chambers were infected with T. cruzi trypomastigotes. Parasite-specific Th1
cells, Th2 cells, or no T cells were added, and these cultures were incubated for
48 h prior to harvesting supernatants for measurements of IFN-y (A) and NO
(B) production. The percentages of T. cruzi-infected macrophages and the av-
erage numbers of intracellular AMA per infected cell were determined micro-
scopically (C). The effects of added T cells on T. cruzi infection are expressed as
the percent inhibition compared with results for macrophages infected in the
absence of T cells. Shown are the means (* standard errors) from replicate
cultures. Similar results were seen in multiple experiments.

trypomastigotes were not detected in the culture supernatants,
during the entire period of observation (greater than 1 week),
from cultures of infected macrophages incubated with Thl
cells. These data indicate that parasite-specific Thl cells, but
not Th2 cells, can mediate protection against intracellular
T. cruzi infection.

T. cruzi-specific Thl cells provide an essential function but
are not sufficient for the development of immunity protective
against primary infection in vivo. To further investigate a
causal relationship between T. cruzi-specific Thl cells and pro-
tective immunity against 7. cruzi, we performed adoptive trans-
fer experiments with SCID mice (Table 2). We found that
subcutaneous injection of 1,000 7. cruzi IMT was uniformly
lethal to control SCID mice. Adoptive transfer of 5 million
total spleen cells from naive BALB/c mice into SCID mice
prior to challenge could reproducibly protect these animals
(79% survival). However, CD4-depleted spleen cells from
BALB/c mice were not protective after adoptive transfer to

TABLE 2. Adoptive transfer of immunity protective
against primary 7. cruzi infection”

Cells used for adoptive Mortality post-

transfer challenge (%)
NODIE .t sssans 15/15 (100)
. 419 (21)°
Naive CD4-depleted SC........cooemviiviniiniriicieicenencaens 10/11 (91)
THI CEIIS ettt eeesesseseaeneene 15/15 (100)
Th1 cells + naive CD4-depleted SC......ovvvrrenrenrerrerennnns 2/9 (22)°

“The indicated Thl cell lines or cells from BALB/c mice were adoptively
transferred to C.B-17 SCID mice 1 day prior to subcutaneous challenge with
1,000 T. cruzi IMT. A total of 5 X 10° cells of each cell preparation were injected
per mouse. All deaths occurred within 6 weeks of infection. Mice surviving
infection were still alive 3 months postchallenge. SC, spleen cells.

b Survival significantly greater than that of groups receiving no adoptive trans-
fer, CD4-depleted SC, and Thl1 cells alone prior to T. cruzi challenge by Fisher’s
two-tailed exact tests (P < 0.01).

¢ Number of mice that died/total number of mice in group.
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SCID mice (9% survival only). In addition, adoptive transfer of
parasite-specific Th1 cells alone did not protect against 7. cruzi
challenge. These mice died despite the fact that we could
demonstrate expansion of the parasite-specific Thl cells in
these animals by flow-cytometric and cytokine stimulation
studies. Ten to twenty percent of total spleen cells harvested 2
to 4 weeks postinfection from SCID mice transferred with Thl
cells were CD3" CD4™" (=5 to 10 million CD4™" T cells), and
these spleen cells produced 50 = 2 U of IFN-y/ml in response
to in vitro stimulation with parasite lysate. CD3* CD4 " cells
were not detectable in spleen cell preparations harvested from
untreated control SCID mice 2 to 4 weeks postinfection, and
these control SCID spleen cells did not produce IFN-y in
response to in vitro stimulation with parasite lysate. Finally, we
challenged SCID mice with 7. cruzi after adoptive transfer of
both our parasite-specific Th1 cells and CD4-depleted BALB/c
spleen cells. We found that seven of nine SCID mice recon-
structed with adoptively transferred Thl cells and CD4-de-
pleted BALB/c spleen cells were able to control their 7. cruzi
infection and survived for more than 3 months after the chal-
lenge. Overall, these results demonstrate that CD4 " T cells are
necessary for the development of immunity protective against
primary 7. cruzi infection but clearly indicate that Thl cells
alone are not sufficient for protection against even a low-level
T. cruzi challenge. Our results also have demonstrated that Th1l
cells can provide the immune function(s) required from CD4*
T cells for the development of immunity protective against
primary 7. cruzi infection. In addition, these results indicate
that the failure to develop protective immunity in SCID mice
reconstructed with Thl cells alone or CD4-depleted spleen
cells alone could not be explained by an inability of these cell
populations to provide their important immune effector func-
tions in vivo after adoptive transfer.

CD4* T cells are not required for immune memory effector
function protective against T. cruzi challenge. The previous
experiments demonstrated that CD4" T cells were necessary
as helper and/or effector immune cells for the control of pri-
mary 7. cruzi infection. We next studied in the SCID mouse
adoptive-transfer model whether CD4" T lymphocytes were
required for memory immune control of more aggressive sec-
ondary challenges with 7. cruzi. Shown in Table 3 are the
overall mortality results for three cumulative experiments com-
paring the protective effects of naive and memory immune
spleen cell populations. CD4-depleted memory immune cells
provided significant levels of protection, which were similar to
those provided by total memory immune cells. These results
indicate that CD4" T cells were not necessary for memory
immune effector functions protective in this adoptive-transfer
SCID mouse model. Our combined results presented in this
report suggest that although CD4" Th1 cells can mediate ef-
fector inhibition of intracellular 7. cruzi inside macrophages, a
more important function relevant for vaccine development
may be the ability of CD4™ Th1 cells to provide helper activity
for the development of other effector functions.

DISCUSSION

Previous investigations have documented important roles
for CD4™ T lymphocytes and IFN-y responses in T. cruzi pro-
tective immunity (4, 20, 32-34, 46). In addition, CD4" Th1
cells have been shown to adoptively transfer protective 7. cruzi
immunity into resistant C57BL/6 mice (23, 28, 29). However,
previous studies have not clearly defined the relative impor-
tance of CD4" Th1 and Th2 cells for 7. cruzi systemic immunity.

The ability of highly purified parasite-specific Thl cells to
protect relatively resistant C57BL/6 mice demonstrates that
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TABLE 3. Adoptive transfer of memory immunity against
secondary 7. cruzi challenges”

Cells used for adoptive Mortality post-

transfer challenge (%)
INODIC .ottt nenee 9/9 (100)
Naive total SC......cviiiiiiiiiiiiiiiiee 8/8 (100)
Memory CD4™" SC ... eeene 4/4 (100)
Memory CD4-depleted SC 2/6 (33)"
Memory CD4" + memory CD4-depleted SC.........oveeneee 1/6 (17)°
MemOTY tOLAl SC.ueeuumrereeeiierieeintisesireeiseeseeise e neeesesesesseees 2/8 (25)°

“No cells or the indicated BALB/c mouse spleen cells (SC) were adoptively
transferred to C.B-17 SCID mice prior to subcutaneous challenge with 5,000 to
20,000 7. cruzi BFT. A total of 2.5 X 107 cells were injected per mouse. All deaths
occurred within 6 weeks of infection. Mice surviving infection were still alive 3
months postchallenge.

® Survival significantly greater than that of groups receiving no adoptive trans-
fer or total naive SC prior to 7. cruzi challenge by Fisher’s two-tailed exact tests
(P = 0.01).

¢ Number of mice that died/total number of mice in the group.

this immune subset is involved in natural 7. cruzi systemic
resistance. Of potentially greater significance, we have shown
that the induction of predominant Th1 immunity can protect a
highly susceptible murine strain against 7. cruzi challenge. The
induction of T. cruzi-specific Thl cell responses, and not Th2
responses, in susceptible BALB/c mice was associated with
lower-level parasitemias and nearly universal survival after vir-
ulent parasite challenges (Table 1 and Fig. 2). These data in-
dicate that a 7. cruzi vaccine strategy capable of biasing for Th1
immunity may be useful in populations with variable levels of
natural resistance and susceptibility. The ability to induce pro-
tective immune responses in heterogeneous outbred popula-
tions, including highly susceptible individuals, will be an im-
portant requirement for any human vaccine strategy.

To more specifically address the importance, in susceptible
mice, of differential CD4™ T-cell responses for T. cruzi sys-
temic immunity, we generated highly polarized Th1 and Th2
cell lines reactive with parasite antigens from BALB/c lympho-
cytes. We studied the ability of these Th1 and Th2 cell lines to
inhibit intracellular 7. cruzi replication in vitro (Fig. 4) and to
protect SCID mice against 7. cruzi challenge in vivo (Table 2).
Th1, but not Th2, cells induced NO production and inhibited
T. cruzi intracellular replication in infected macrophages. De-
spite their ability to prevent intracellular parasite replication in
vitro, these Thl cells were not protective when transferred
alone into SCID mice. However, when transferred with naive
CD4-depleted spleen cell populations into SCID mice, these
same Thl cells were shown to provide an essential immune
function required for the development of natural primary im-
munity protective against 7. cruzi infection. Therefore, CD4™
Thl cells appear to be necessary but not sufficient for the
initial control of 7. cruzi infection in mice. These results
suggested to us that CD4™" Th1 cells perform a critical helper
function for the development of initial adaptive immune re-
sponses protective against 7. cruzi.

To explore the possibility that Thl cells are required as
effector cells for 7. cruzi immunity in vivo, we conducted adop-
tive-transfer experiments reconstituting SCID mice with spleen
cells from memory-immune BALB/c mice (Table 3). The spleen
cell donors had survived challenge multiple times with virulent
T. cruzi BFT and were found to develop potent Thl cell re-
sponses early after parasite rechallenge (data not shown). We
found that similar levels of protection were transferred by
memory immune cells depleted of essentially all CD4™ T cells
and by total memory immune cells. Therefore, CD4™ Th1 cells
were not required for the secondary effector functions protec-
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tive against 7. cruzi in this SCID mouse adoptive-transfer
model. Combined with the results shown in Table 2, these data
indicate that helper functions associated with Th1 cells may be
more important for 7. cruzi immunity than direct effector func-
tions mediated by these cells.

T. cruzi infects many different types of nucleated mammalian
cells, including nonhematopoietic cells that do not normally
express surface MHC class II molecules. Recognition and de-
struction of infected cells not expressing MHC class 11 prob-
ably require CD8" cytotoxic T lymphocytes (CTL), which
respond to parasite peptides presented by MHC class I mole-
cules. Previous investigations have demonstrated that CTL are
important for 7. cruzi protective immunity in mice (30, 33, 34,
44, 45). The cytoplasmic location of 7. cruzi replication may
bias for antigen presentation through the endogenous process-
ing pathway, making CTL even more important for the recog-
nition and destruction of 7. cruzi-infected cells. Our results
demonstrating that CD4™ Th1 lymphocytes provide an essen-
tial immune function necessary for primary but not memory
T. cruzi immunity could be explained by a role for Thl cells in
the optimal induction of protective CTL responses. Other
studies of a wide variety of antigenic systems have indicated
that CD4 " T lymphocytes can provide important helper func-
tions for the generation of effective CTL (2, 5, 6, 10, 12, 22, 25,
37, 41, 50, 51).

CD4" Th1 cells could provide an important helper function
for the development of protective humoral immune responses.
Generally, humoral immune mechanisms are important for the
control of extracellular pathogens. Extracellular life stages of
T. cruzi infect mucosal surfaces and circulate in the blood and
lymph during acute systemic infection, and therefore humo-
ral immunity may be required for optimal protection against
T. cruzi infection. Passive transfer of immune serum has been
shown to protect against aggressive intraperitoneal challenges
with large doses of extracellular BFT (17). However, natural
transmission of 7. cruzi through infected reduviid excreta or
even from contaminated blood transfusions does not involve
large numbers of extracellular parasites introduced directly
into the systemic circulation. In addition, all BFT must mature
intracellularly, such that immunity capable of targeting 7.
cruzi-infected cells should be sufficient to protect against this
parasite. Previous investigators demonstrated that vaccine-in-
duced immunity protective against 7. cruzi could be adoptively
transferred with B-cell-depleted lymphocyte populations (24).
We also have found that the adoptive transfer of B-cell-de-
pleted spleen cells from naive BALB/c mice can protect SCID
mice against primary 7. cruzi systemic challenge (data not
shown). Further studies are required to determine whether or
not mucosal antibody responses (e.g., secretory immunoglob-
ulin A) could be important for the prevention of initial 7. cruzi
mucosal infection.

In summary, we have shown that the induction of predom-
inant Th1 immunity can be protective against systemic 7. cruzi
infection, even in highly susceptible mice. Future investigations
will need to determine the effector immune mechanisms crit-
ical for the protective immunity induced by our Thl immuni-
zation protocol. Immunocompetent mice can generate multi-
ple subsets of CD4" T lymphocytes, CD8" T lymphocytes,
CD4~ CD8™ offTCR™ T cells, ySTCR™ T cells, and B cells,
any of which may be involved in a Thl-biased immune re-
sponse. Regardless of which immune subsets are the final ef-
fector cells that prevent parasite growth in vivo, our results
indicate that CD4" Th1 responses are involved in the devel-
opment of protective T. cruzi systemic immunity, and immuni-
zation strategies designed to bias for Th1 responses should be
included in future vaccine trials.
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