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The CD28-CD80/CD86-mediated T-cell costimulatory pathway has been variably implicated in infectious
immunity. In this study, we investigated the role of this costimulatory pathway in resistance to Trypanosoma
cruzi infection by using CD28-deficient mice and blocking antibodies against CD80 and CD86. CD28-deficient
mice exhibited markedly exacerbated T. cruzi infection, as evidenced by unrelenting parasitemia and 100%
mortality after infection with doses that are nonlethal in wild-type mice. The blockade of both CD80 and CD86
by administering specific monoclonal antibodies also exacerbated T. cruzi infection in wild-type mice. Spleno-
cytes from T. cruzi-infected, CD28-deficient mice exhibited greatly impaired gamma interferon production in
response to T. cruzi antigen stimulation in vitro compared to those from infected wild-type mice. The induction
of T. cruzi antigen-specific CD8� T cells was also impaired in T. cruzi-infected, CD28-deficient mice. In addition
to these defects in natural protection against T. cruzi infection, CD28-deficient mice were also defective in the
induction of CD8�-T-cell-mediated protective immunity against T. cruzi infection by DNA vaccination. These
results demonstrate, for the first time, a critical contribution of the CD28-CD80/CD86 costimulatory pathway
not only to natural protection against primary T. cruzi infection but also to DNA vaccine-induced protective
immunity to Chagas’ disease.

Trypanosoma cruzi is the etiological agent of Chagas’ disease
in Central and South America (7, 17, 18, 35). As it invades and
replicates in essentially all nucleated cells of mammalian hosts,
T-cell-mediated immunity is critical for resolving infection (3,
9). In accordance with this notion, the depletion of CD8� or
CD4� T cells results in unrelenting parasitemia and a fatal
outcome in mice (37, 44, 45, 46). Considering the paucity of
therapeutic drugs against T. cruzi (49), the development of a
vaccine to induce effective T-cell-mediated immunity to con-
trol the infection has been eagerly expected. We recently iden-
tified a major epitope of trans-sialidase surface antigen (TSSA)
recognized by CD8� T cells in T. cruzi-infected C57BL/6 (B6)
mice. We demonstrated that vaccination with plasmid DNA
encoding TSSA can induce CD8�-T-cell-mediated protective
immunity against lethal T. cruzi infection, although sterile im-
munity has never been achieved (15, 29).

Costimulatory molecules are essential for effective T-cell
activation and differentiation (19, 33, 39, 52). CD28, together
with its ligands CD80 and CD86, is one of the most pivotal
costimulatory molecules for inducing functional T-cell re-
sponses (20, 38). Stimulation of T cells in the absence of CD28-
CD80/CD86-mediated costimulation results in impaired pro-
liferation, reduced cytokine production, and altered Th1/Th2
balance (22, 42, 47). CD28-deficient mice fail to develop ger-
minal centers and exhibit impaired specific antibody produc-

tion (11, 42). A pivotal role of the CD28 costimulatory path-
way in protective immunity against microbial infections has
been also demonstrated, since CD28-deficient mice exhibit
increased susceptibility to Salmonella enterica serovar Typhimu-
rium (23) and Listeria monocytogenes (24). However, CD28-
deficient mice are normally resistant to various infections such
as Leishmania major infection (4, 10) or primary Toxoplasma
gondii infection (50). These findings indicate that the contri-
bution of the CD28 costimulatory pathway to protective im-
munity varies depending on the type of infectious agent (4, 10,
23, 24, 43, 50, 52). Involvement of the CD28 costimulatory
pathway in protective immunity against T. cruzi has not been
determined.

In the present study we demonstrate a critical role of the
CD28 costimulatory pathway in natural protective immunity
against T. cruzi infection by using CD28-deficient mice and
anti-CD80/CD86 blocking antibodies. We also found a critical
contribution of the CD28 pathway to the induction of pro-
tective immunity against T. cruzi by DNA vaccination. These
findings provide a new basis for improving vaccine strategies
against Chagas’ disease.

MATERIALS AND METHODS

Animals and parasite. Female, 5- to 8-week-old B6 (H-2b) mice were pur-
chased from Japan SLC (Hamamatsu, Shizuoka, Japan). Genetically manipu-
lated female CD28-deficient mice were bred and reared in the specific-pathogen-
free animal facility at the Science University of Tokyo (Noda City, Chiba, Japan).
Blood-form trypomastigotes of T. cruzi Tulahuen strain (25) were maintained in
outbred CD1 or inbred BALB/c mice by intramuscular (i.m.) inoculation of 5,000
trypomastigotes into naive mice every 2 weeks. Tissue culture trypomastigotes of
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T. cruzi Sylvio X10/4 clone (25) were produced from Swiss 3T3 cell culture as
previously described (28).

Cells and culture. The B6-derived thymoma cell line EL-4 was used as antigen-
presenting cells for CD8�-T-cell cultures and assays. These cells were cultured in
high-glucose Dulbecco modified Eagle medium (DMEM; Life Technologies/
BRL, Rockville, Md.) supplemented with 10% fetal calf serum, 2 g of sodium
bicarbonate (Sigma, St. Louis, Mo.)/liter, 200 mg of L-arginine hydrochloride
(Life Technologies/BRL)/liter, 36 mg of L-asparagine (Life Technologies/BRL)/
liter, 2.6 g of HEPES (Sigma)/liter, 5 � 10�5 M 2-mercaptoethanol (Sigma), and
antibiotics (complete DMEM). The medium used for enzyme-linked immuno-
spot (ELISPOT) assays and the culture of lymphocytes was supplemented with
phorbol myristate acetate-stimulated EL-4 cell culture supernatant as a source of
30 U of interleukin-2/ml (complete DMEM–IL-2). Insect-form (epimastigotes)
of T. cruzi Sylvio X10/4 clone or Tulahuen strain were cultured in LIT medium
(2) and incubated at 27°C. Tulahuen strain of T. cruzi epimastigotes were har-
vested from LIT culture, washed three times with sterile phosphate-buffered
saline (PBS), suspended in PBS at 3 � 108 per ml, subjected to three rounds of
freeze-thaw at �80°C, homogenized, and filter sterilized for use in the cytokine
assay.

Plasmid DNA and peptide. A pCMV-tag epitope tagging mammalian expres-
sion vector (pCMV; Stratagene) was used to construct a T. cruzi TSSA gene-
expressing plasmid DNA, and this was designated pTSSA (15, 29). A CD8�-T-
cell-inducing, H-2Kb-restricted peptide, ANYNFTLV, derived from TSSA (15,
29), was used for immunological assays.

Protection assay and evaluation of protective efficacy. For protection assays,
naive mice were infected either i.m. with 10 blood-form trypomastigotes of
T. cruzi Tulahuen strain or intraperitoneally (i.p.) with 106 tissue culture trypo-
mastigotes of T. cruzi Sylvio X10/4 clone. Blood from all infected mice was
obtained periodically from the tail vein, and the number of parasites in 5 �l of
blood (parasitemia) was counted microscopically. The survival of host mice was
monitored daily.

Administration of anti-CD80 and/or anti-CD86 MAbs. Anti-mouse CD80
(B7-1) monoclonal antibody (MAb; hybridoma 1G10, rat immunoglobulin G2a
[IgG2a]) and anti-mouse CD86 (B7-2) MAb (GL1, rat IgG2a) were purchased
from Pharmingen (San Diego, Calif.) and used to treat mice in vivo as described
previously (41) with slight modifications. B6 mice were administered a 200 �g per
dose i.p. of either anti-mouse CD80 or anti-mouse CD86 alone or both three
times per week for 4 weeks. As a control, mice were administered the same dose
of naive rat IgG (Sigma-Aldrich Chemical Co.). All mice were infected i.m. with
10 blood-form trypomastigotes of T. cruzi Tulahuen strain on the day of the first
antibody administration.

In vitro stimulation of T. cruzi-infected-mouse-derived splenocytes and cyto-
kine enzyme-linked immunosorbent assay. Whole splenocytes were isolated
from T. cruzi-infected CD28-deficient or B6 mice 15 days after infection, cultured
in complete DMEM at a cell density of 5 � 104 cells per well in 96-well
round-bottom plates, and stimulated with 20 �g of soluble T. cruzi epimastigote
antigen for 48 h/ml. Cell culture supernatants were analyzed for the cytokines
gamma interferon (IFN-�) and IL-4 as described previously (1) by using OptEIA
kits (Pharmingen) according to the manufacturer’s instructions.

Quantification of antigen-specific T cells by ELISPOT assay. The frequency of
T. cruzi antigen-specific T cells was determined by ELISPOT assay for IFN-�-
secreting cells essentially as described previously (6, 26). Briefly, serial dilutions
of splenocytes or T cells (1 � 104 to 100 � 104) were cocultured with irradiated
EL-4 cells that had been pulsed with 1 �M peptide in anti-IFN-� MAb-coated
plates for 24 to 28 h. The spots formed by IFN-�-secreting cells were detected
with biotinylated anti-IFN-� MAb, followed by the addition of peroxidase-la-
beled streptavidin and diaminobenzidine. The developed spots were counted
under a microscope and are expressed as the number of spots per 106 cells.

DNA vaccination schedule, dosages, and challenge infection. For the induction
of immune T cells by DNA immunization, mice were injected i.m. with 100 �g of
pTSSA or control pCMV vector suspended in 50 �l of sterile PBS into the right
hind leg quadriceps twice at an 11-day interval. The mice were sacrificed 12 days
after the second immunization, and their spleens were removed. The number of
ANYNFTLV-specific CD8� T cells was quantified by ELISPOT assay. The
immunized mice were challenged i.p. with 5,000 Tulahuen strain of T. cruzi
blood-form trypomastigotes 9 days after the last immunization. Blood from all
infected mice was obtained periodically from the tail vein, and the number of
parasites in 5 �l of blood (parasitemia) was counted microscopically. Survival of
host mice was monitored daily.

Statistical analyses. Statistical analyses were performed by using the unpaired
Student t test or Dunnett two-tailed t test for the ELISPOT assays and for the
counts of parasitemia. The unpaired Mann-Whitney U test determined signifi-
cant differences in survival data. P values of �0.05 were considered significant.

RESULTS

CD28 deficiency increases the susceptibility of mice to
T. cruzi infection. In order to clarify the role of CD28 costimu-
latory molecule in resistance to T. cruzi infection, we first
monitored the disease course of T. cruzi infection in naive
CD28-deficient mice. T. cruzi Tulahuen is one of the most
virulent strains exhibiting patent parasitemia and death 2 to 4
weeks postinfection. However, the infection usually becomes
sublethal in naive B6 mice at infection doses of 10 or fewer
trypomastigotes per mouse. When both CD28-deficient and B6
mice were infected i.m. with blood-form T. cruzi Tulahuen
strain trypomastigotes at a dose of 10 per mouse, CD28 defi-
ciency resulted in unrelenting parasitemia (Fig. 1A) and 100%
mortality (Fig. 1B), whereas the wild-type mice eventually sup-
pressed the rising parasitemia, and all survived the infection
(Fig. 1A and B). The increased susceptibility of CD28-deficient
mice to primary T. cruzi infection was confirmed by infecting
mice i.p. with 106 tissue culture trypomastigotes of the low-
virulence T. cruzi Sylvio X10/4 clone. Infection with this clone
rarely results in patent parasitemia and is typically nonlethal in
acute infection even upon infection of naive B6 mice with �106

trypomastigotes (34). However, CD28 deficiency results in un-

FIG. 1. CD28-deficient mice succumb to sublethal T. cruzi infec-
tion. CD28-deficient (F) or wild-type (E) B6 mice were infected i.m.
with 10 blood-form trypomastigotes of T. cruzi Tulahuen strain (n � 6)
(A and B) or i.p. with 106 tissue-culture trypomastigotes of T. cruzi
Sylvio X10/4 clone (n � 3) (C and D). The number of parasites in 5 �l
of peripheral blood (parasitemia) was counted periodically (panels A
and C), and survival was monitored daily (panels B and D). ❋ , P � 0.01
compared to wild-type mice (as determined by unpaired Student t test)
(A and C). The survival of B6 mice was significantly different (P � 0.05
[unpaired Mann-Whitney U test]) from that of CD28-deficient mice (B
and D).
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relenting parasitemia (Fig. 1C) and 100% mortality (Fig. 1D)
even in T. cruzi X10/4 infection.

Blockade of both the CD80 and CD86 molecules results in
exacerbated T. cruzi infection. Since it is well established that
the CD28 molecule interacts with two distinct ligands, CD80
(B7-1) and CD86 (B7-2), expressed on antigen-presenting cells
(APCs) (20), we next tested whether one molecule or the other
is more important and responsible for the increased suscepti-
bility of mice to T. cruzi infection. When we administered
specific MAbs into mice during T. cruzi infection, we found
that the simultaneous blockade of CD80 and CD86 molecules
significantly exacerbated infection, as assessed by analyzing
parasitemia (Fig. 2A) and mortality (Fig. 2B). In contrast, the
blockade of either molecule alone did not alter the progression
of T. cruzi infection compared to rat IgG-treated mice as re-
flected by parasitemia and mortality (Fig. 2).

CD28 deficiency results in impaired T. cruzi antigen-specific
IFN-� secretion from infected mouse splenocytes. It has been
shown that increased susceptibility to Salmonella infection is
attributable in part to reduced antigen-specific IFN-� produc-
tion from splenocytes derived from CD28-deficient mice (23).
We therefore tested the possibility that a similar immunolog-
ical mechanism is responsible for the increased susceptibility of
CD28-deficient mice to T. cruzi infection. We isolated spleno-
cytes from T. cruzi-infected CD28-deficient or wild-type mice
at either 11 or 15 days postinfection. The mean values of
parasitemia (per 5 �l of blood) were 37 	 21 in CD28-deficient
mice and 47 	 38 in wild-type mice at 11 days postinfection
and 2,550 	 1,348 in CD28-deficient mice and 1,130 	 641 in
wild-type mice at 15 days postinfection. The antigen-specific
secretion of IFN-� in the culture supernatant from T. cruzi-
infected wild-type mouse-derived splenocytes 15 days postin-
fection increased to 7,732 	 923 pg/ml, whereas that from T.
cruzi-infected, CD28-deficient mouse-derived splenocytes was

significantly lower at 756 	 91 pg/ml (P � 0.05) (Fig. 3).
Similar results were obtained at 11 days postinfection, al-
though the secretion of IFN-� into the culture supernatant was
much lower (data not shown). The antigen-specific secretion of
IL-4 in the same samples exhibited no significant difference
between the groups (data not shown), suggesting that the ca-
pacity for antigen-specific cytokine secretion is not always im-
paired in CD28-deficient mice.

Impaired induction of antigen-specific CD8� T cells in
CD28-deficient mice upon T. cruzi infection. CD28 deficiency
resulted in a reduced induction of epitope-specific CD8� T
cells upon Listeria (24) or lymphocytic choriomeningitis virus
(LCMV) (43) infection. We therefore tested whether the in-
creased susceptibility of CD28-deficient mice to T. cruzi infec-
tion could also be explained in part by the impaired induction
of epitope specific CD8� T cells. We isolated splenocytes from
either T. cruzi-infected CD28-deficient or wild-type mice 13
days or 16 days postinfection and performed ELISPOT assays
to enumerate ANYNFTLV-specific CD8� T cells (6, 26). The
mean values of parasitemia were 200 	 115 in CD28-deficient
mice and 400 	 271 in wild-type mice at 13 days postinfection
and 1,550 	 778 in CD28-deficient mice and 875 	 263 in wild-
type mice at 16 days postinfection. We detected few ANYNF
TLV-specific CD8� T cells in splenocytes that were stimulated
in vitro for 1 week with antigen derived from CD28-deficient or
wild-type mice at 13 days postinfection (data not shown). In
the same assay with splenocytes derived from mice 16 days
postinfection, we observed extensive deaths of in vitro antigen-
stimulated splenocytes from both T. cruzi-infected CD28-defi-
cient and wild-type mice compared to the ones derived from
noninfected wild-type mice. This was assessed by the trypan
blue dye exclusion test, which could constantly determine
about one-fifth of 1-week-antigen-stimulated splenocytes
derived from noninfected mice as viable cells. In contrast,

FIG. 2. Simultaneous administration of anti-CD80 and anti-CD86
MAbs exacerbates T. cruzi infection. Wild-type B6 mice (n � 4 in each
group) were administered 200 �g of anti-CD80 MAb (‚), anti-CD86
MAb (ƒ), both anti-CD80 and anti-CD86 MAbs (F), or control rat
IgG (E) i.p. three times per week for 4 weeks. Mice were infected i.m.
with 10 blood-form trypomastigotes of T. cruzi Tulahuen strain on the
day of the first antibody inoculation. The number of parasites in 5 �l
of peripheral blood (parasitemia) was counted periodically (A), and
survival was monitored daily (B). ❋ , P � 0.05 compared to control
IgG-treated mice (as determined by Dunnett two-tailed t test) (A).
The survival of mice administered both anti-CD80 and anti-CD86
MAbs was significantly different (P � 0.05 [unpaired Mann-Whitney U
test]) from that of control IgG-treated mice (B).

FIG. 3. T. cruzi antigen-specific IFN-� production by splenocytes is
impaired in CD28-deficient mice. Wild-type or CD28-deficient B6
mice were infected i.m. with 10 Tulahuen strain T. cruzi blood-form
trypomastigotes and sacrificed 15 days later. Uninfected mice were
also included as controls. Splenocytes from infected CD28-deficient
mice (parasitemia � 2,550 	 1,348), wild-type mice (parasitemia �
1,130 	 641), or uninfected mice were cultured with or without 20 �g
of T. cruzi epimastigote-soluble antigen/ml for 48 h. The concentration
of IFN-� in the culture supernatants was measured by enzyme-linked
immunosorbent assay. The data represent the means 	 the standard
deviations (SDs) of three mice in each group. ❋ , P � 0.05 (as deter-
mined by unpaired Student t test).
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the same test with T. cruzi-infected-mouse-derived spleno-
cytes, which were isolated when the T. cruzi parasitemia
level reached generally more than 1,000 trypomastigotes per 5
�l of blood, revealed that only 1/40 or 1/50 of the cells were
determined to be viable. This phenomenon is probably due to
the presence of active T. cruzi infection and increased activa-
tion-induced cell death as reported previously (21, 31). Despite
the perturbed cell condition due to the progression of active
disease, the ELISPOT assay detected 273 	 190 ANYNFTLV-
specific CD8� T cells per 106 1-week antigen-stimulated
wild-type mouse-derived splenocytes (P � 0.05 compared to
those derived from noninfected wild-type mice), whereas few
ANYNFTLV-specific CD8� T cells were detected in CD28-
deficient mouse-derived splenocytes (Fig. 4).

pTSSA vaccine-induced protective immune responses are
completely abrogated in CD28-deficient mice. Finally, we ex-
amined the immunological role of the CD28 molecule in
DNA vaccine-induced adaptive immunity. CD28-deficient and
wild-type mice were immunized twice with pTSSA or control
pCMV at an 11-day interval. At 9 days after the second im-
munization, the mice were infected i.p. with a lethal dose of
T. cruzi, and the immunological efficacy of DNA vaccination
depending on CD28 costimulation was evaluated. When epi-
tope-specific CD8� T cells were enumerated by ELISPOT
assay 12 days after the second immunization, no induction of
ANYNFTLV-specific CD8� T cells was detected in CD28-
deficient mice under conditions in which the cells were signif-
icantly induced in wild-type mice (P � 0.05) (Fig. 5A). In
accordance with the impaired CD8�-T-cell responses in CD28-
deficient mice, pTSSA vaccination was totally ineffective in
conferring protective immunity in CD28-deficient mice, as ev-
idenced by the unrelenting parasitemia (Fig. 5B) and 100%
mortality (Fig. 5C).

DISCUSSION

We evaluated here the immunological role of the CD28-
CD80/CD86 costimulatory pathway in T. cruzi infection. As
expected rationally in consideration of its pivotal role in T-cell
activation and differentiation (14, 19, 33, 39, 51, 52), CD28
deficiency exacerbated T. cruzi infection (Fig. 1). In addition,
the blockade of the CD80 and CD86 molecules by specific

FIG. 4. Expansion of T. cruzi antigen-specific CD8� T cells is im-
paired in CD28-deficient mice. Wild-type or CD28-deficient B6 mice
were infected i.m. with 10 Tulahuen strain T. cruzi blood-form trypo-
mastigotes. Uninfected wild-type mice were also included as a control.
The mice were sacrificed 16 days postinfection, and their spleens were
removed. Splenocytes from individual mice were cultured with irradi-
ated EL-4 cells pulsed with ANYNFTLV peptide for 1 week and then
subjected to ELISPOT assay for IFN-�-producing cells in response to
ANYNFTLV peptide-pulsed EL-4 cells. The number of IFN-�-secret-
ing cells/106 cells was counted 24 h later. The number of IFN-�-secret-
ing cells that appeared in response to peptide-unpulsed EL-4 was
subtracted from the number of IFN-�-secreting cells that appeared in
response to peptide-pulsed EL-4. Data represent the means 	 the SDs
of four mice in each group. ❋ , P � 0.05 compared to uninfected
wild-type mice (as determined by Dunnett two-tailed t test).

FIG. 5. CD28 deficiency abrogates the induction of ANYNFTLV-
specific CD8� T cells and protective immunity against T. cruzi infec-
tion by DNA vaccination. (A) Wild-type or CD28-deficient B6 mice
were immunized i.m. with 100 �g of pTSSA or pCMV twice at an 11-
day interval into the right hind leg quadriceps. The mice were sacri-
ficed 12 days after the second immunization, and their spleens were
removed. Splenocytes from individual mice were cultured with irradi-
ated EL-4 cells pulsed with ANYNFTLV peptide for 1 week. The an-
tigenic stimulation was repeated for one more week, and the stimu-
lated splenocytes were then subjected to the ELISPOT assay as
described in the legend to Fig. 4. Data represent the means 	 the SDs
of three mice in each group. ❋ , P � 0.05 (as determined by unpaired
Student t test). (B and C) Wild-type or CD28-deficient B6 mice were
immunized as described above and infected i.p. with 5,000 Tulahuen
strain T. cruzi blood-form trypomastigotes 9 days after the second
DNA immunization. The number of parasites in 5 �l of peripheral
blood (parasitemia) was counted; the data represent the means 	 the
SDs of four mice in each group (B), and survival was monitored daily
(C). The symbols represent parasitemia and survival of wild-type mice
immunized with pTSSA (Œ), wild-type mice immunized with pCMV
(‚), CD28-deficient mice immunized with pTSSA (F), and CD28-
deficient mice immunized with pCMV (E). ❋ , P � 0.05 compared to
the pCMV-immunized wild-type mice (as determined by the Dunnett
two-tailed t test) (B). The longer survival of pTSSA-immunized wild-
type mice and the shorter survival of CD28-deficient mice immunized
with either pTSSA or pCMV were significantly different (P � 0.05 as
determined by the unpaired Mann-Whitney U test) from that of
pCMV-immunized wild-type mice (C).
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MAbs also resulted in the exacerbation of T. cruzi infection
(Fig. 2). The results, at a glance, do not seem surprising and
look quite rational; however, the phenomenon is unique com-
pared to other protozoan diseases such as Leishmania major
(4, 10) or primary Toxoplasma gondii (50) infection, in which
CD28 deficiency does not exacerbate infection. Earlier work
has suggested that CD28 is also uninvolved in the case of other
viral infectious agents such as LCMV (42), toward which
CD28-deficient mice exhibit no significant difference in suscep-
tibility in vivo compared to wild-type littermates. In contrast,
Mittrucker et al. demonstrated that CD28 deficiency results in
the exacerbation of Salmonella (23) and Listeria (24) infec-
tions. In this regard, T. cruzi is grouped among infectious
diseases in which CD28 plays a critical role in resolving the
infection. Furthermore, although CD80/CD86 can interact
with the CTLA-4 molecule to promote the appropriate T-cell
activation and differentiation (20), the results shown in Fig. 1
and 2 suggest that signal transduction via the CD28-CD80/
CD86 pathways is critical for conferring resistance to T. cruzi
infection.

As for the immunological mechanisms that cause the in-
creased susceptibility of CD28-deficient mice to T. cruzi infec-
tion, we demonstrated reduced antigen-specific IFN-� secre-
tion and impaired antigen-specific CD8�-T-cell responses as
possible determining factors in host susceptibility (Fig. 3 and
4). Since IFN-� is regarded as one of the most crucial cytokines
for resolving intracellular infections, including infection by
T. cruzi (5, 16), the reduced secretion of IFN-� during T. cruzi
infection might play a role in the increased susceptibility and
disease outcome of CD28-deficient mice to T. cruzi infection.
Similar results have been reported in the cases of Salmonella
(23) and Listeria (24) infections, in which the increased sus-
ceptibility of CD28-deficient mice was explained in part by the
impaired production of IFN-�. However, since IFN-� is also
regarded critical for resolving L. major or T. gondii infection,
only the impaired IFN-� production in CD28-deficient mice
could not fully explain the drastic difference of disease suscep-
tibility against these three protozoan infections. Even if CD28-
CD80/CD86 interactions are not essential for eliciting primary
CD8�-T-cell responses after LCMV infection, the induction of
antigen-specific CD8� T cells in CD28-deficient mice is con-
sistently lower than in wild-type mice (43). Reduced antigen-
specific CD8�-T-cell responses have also been reported in the
case of Listeria infection (24), suggesting the indispensable role
of the CD28-CD80/CD86 costimulatory pathway for the opti-
mal induction of CD8� T cells (52). The variation in ANYNF
TLV-specific CD8�-T-cell enumeration was quite large, as
shown in Fig. 4; this is probably due to the presence of active
T. cruzi infection. However, we believe that the reduced induc-
tion of epitope-specific CD8� T cells can explain, at least in
part, the increased susceptibility of CD28-deficient mice to T.
cruzi infection and probably is more important than reduced
IFN-� secretion for the determination of disease susceptibility.

In addition to the defective protective immune responses
against primary T. cruzi infection in CD28-deficient mice, we
found that CD28 deficiency also impairs DNA vaccine-induced
protective immune responses against lethal T. cruzi infection
(Fig. 5). The induction of ANYNFTLV-specific CD8�-T-cell
responses was totally abrogated in CD28-deficient mice (Fig.
5A), indicating the absolute requirement of the CD28 mole-

cule for DNA vaccine-induced protective immunity. The in-
duction of antigen-specific CD8� T cells in CD28-deficient
mice depends on the immunogens used for vaccination, among
which naked DNA-induced immune responses require CD28
costimulation (13). Our results (shown in Fig. 5) assessed by
the ELISPOT and T. cruzi protection assays in CD28-deficient
mice are therefore in agreement with the previous report (13)
that demonstrated the critical role of the CD28 molecule for
an effective DNA vaccination strategy. Although Horspool et
al. thoroughly investigated the effect of CD28 deficiency on
DNA vaccine-induced humoral and cell-mediated immunity,
they did not perform protection assays against infectious agents
(13). Our results strongly suggest that pTSSA-vaccinated
CD28-deficient mice lack vaccine-induced immunity, i.e., these
mice show no detectable ANYNFTLV-specific CD8�-T-cell
responses (Fig. 5A) and exhibit unrelenting parasitemia and
earlier death compared to pCMV-vaccinated wild-type mice
(Fig. 5B and C).

The inability to detect antigen-specific T-cell responses in
either T. cruzi-infected or pTSSA-vaccinated CD28-deficient
mice is intriguing. There might be different requirements for
costimulatory molecules in order to mount appropriate T-cell
responses depending on the infectious agent or individual im-
munogens (52). Although T. cruzi can infect essentially any
nucleated cells, it preferentially infects and proliferates in skel-
etal muscle or cardiac muscle cells. In contrast, L. major infects
mostly macrophages and dendritic cells. T. gondii also infects
any cell type; however, it vigorously infects macrophages at the
early stage of infection and later infects cells in the central
nervous system in the chronic stage. The different tissue tro-
pism of each microorganism might be linked to the different
requirements for costimulatory molecules for the optimal in-
duction of the host immune response. Considering a report
that suggests that the DNA vaccine works through local myo-
cytes functioning as APCs (12) and that myocytes express
CD80 and CD86 molecules (30, 40), the CD28-CD80/CD86
costimulatory pathway might be important for the induction of
effective T-cell-mediated immunity when myocytes work as
APCs.

It is also intriguing that the CD28-CD80/CD86 costimula-
tory pathway is required for memory responses to T. gondii
infection, since the CD28-deficient mice that were chronically
infected with a low-virulence strain of T. gondii were suscep-
tible to rechallenge with a virulent strain (50). This deficiency
in the protective memory response by CD28-deficient mice
correlated with a lack of IL-2 and IFN-� in recall responses
and reduced numbers of CD4� T cells expressing a memory
phenotype (50). The results have suggested that the require-
ment of this costimulatory pathway also depends on the stages
of infection. We could not perform similar experiments in T.
cruzi infection, since the CD28-deficient mice could not survive
its primary infection. However, it might be important to ana-
lyze how this costimulatory pathway functions during the
chronic stage of T. cruzi infection.

The present study demonstrates, for the first time, the im-
munological role of the CD28 costimulatory molecule against
T. cruzi infection. Chagas’ disease exhibits two distinct clinical
phases: the acute and chronic stages (3). T-cell-mediated im-
munity is crucial for both protective and pathogenic immune
responses in both stages (3, 9). In this respect, analyses of
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T-cell costimulation are important in order to understand the
underlying immunological mechanisms that cause specific pa-
thologies in the chronic stage. In addition, modifying costimu-
lation could be potentially useful for developing new vaccina-
tion strategies (14, 51) in order to achieve sterile immune
responses by combining vaccination with other attractive strat-
egies, such as the prime-boost strategy (27, 32, 53). Since ster-
ile immunity would be a desirable outcome from an immuni-
zation to protect from late complications of Chagas’ disease,
the recent repertoire expansion of costimulatory molecules (8,
19) provides a continuously attractive target for effective vac-
cine development, particularly in the search for an IL-12 sub-
stitute for future clinical application (36, 48). In this regard,
research on Chagas’ disease should include further efforts to
analyze other costimulatory molecules in addition to the CD28
molecule.

ACKNOWLEDGMENTS

This work was supported in part by a Grant-in-Aid for Scientific
Research (no. 14570222) from the Ministry of Education, Science,
Sports, and Culture of Japan, by the Ohyama Health Foundation to
Y.M., and also in part by a grant from the Research for the Future
Program (JSPS-RFTF-97L00701).

REFERENCES

1. Akiba, H., Y. Miyahira, M. Atsuta, K. Takeda, C. Nohara, T. Futagawa, H.
Matsuda, T. Aoki, H. Yagita, and K. Okumura. 2000. Critical contribution of
OX40 ligand to T helper cell type 2 differentiation in experimental leish-
maniasis. J. Exp. Med. 191:375–380.

2. Bone, G. J., and M. Steinert. 1956. Isotopes incorporated in the nucleic acids
of Trypanosoma mega. Nature 178:308–309.

3. Brener, Z., and R. T. Gazzinelli. 1997. Immunological control of Trypano-
soma cruzi infection and pathogenesis of Chagas’ disease. Int. Arch. Allergy
Immunol. 114:103–110.

4. Brown, D. R., J. M. Green, N. H. Moskowitz, M. Davis, C. B. Thompson, and
S. L. Reiner. 1996. Limited role of CD28-mediated signals in T helper subset
differentiation. J. Exp. Med. 184:803–810.

5. Cardillo, F., J. C. Voltarelli, S. G. Reed, and J. S. Silva. 1996. Regulation of
Trypanosoma cruzi infection in mice by gamma interferon and interleukin 10:
role of NK cells. Infect. Immun. 64:128–134.

6. Carvalho, L. H., J. C. R. Hafalla, and F. Zavala. 2001. ELISPOT assay to
measure antigen-specific murine CD8� T cell responses. J. Immunol. Meth-
ods 252:207–218.

7. Chagas, C. 1909. Nova tripanozomiaze humana: estudos sobre a morfolojia
e o ciclo evolutivo do Schizotrypanum cruzi n. gen., n. sp., agente etiolojico
de nova entidade morbida do homem. Mem. Inst. Oswaldo Cruz 1:159–218.

8. Croft, M., and C. Dubey. 1997. Accessory molecule and costimulation re-
quirements for CD4 T cell response. Crit. Rev. Immunol. 17:89–118.

9. DosReis, G. A. 1997. Cell-mediated immunity in experimental Trypanosoma
cruzi infection. Parasitol. Today 13:335–342.

10. Elloso, M. M., and P. Scott. 1999. Expression and contribution of B7–1
(CD80) and B7–2 (CD86) in the early immune response to Leishmania major
infection. J. Immunol. 162:6708–6715.

11. Ferguson, S. E., S. Han, G. Kelsoe, and C. B. Thompson. 1996. CD28 is
required for germinal center formation. J. Immunol. 156:4576–4581.

12. Gurunathan, S., D. M. Klinman, and R. A. Seder. 2000. DNA vaccines:
immunology, application, and optimization. Annu. Rev. Immunol. 18:927–
974.

13. Horspool, J. H., P. J. Perrin, J. B. Woodcock, J. H. Cox, C. L. King, C. H.
June, D. M. Harlan, D. C. St. Louis, and K. P. Lee. 1998. Nucleic acid
vaccine-induced immune responses require CD28 costimulation and are
regulated by CTLA4. J. Immunol. 160:2706–2714.

14. Hurwitz, A. A., E. D. Kwon, and A. van Elsas. 2000. Costimulatory wars: the
tumor menace. Curr. Opin. Immunol. 12:589–596.

15. Katae, M., Y. Miyahira, K. Takeda, H. Matsuda, H. Yagita, K. Okumura, T.
Takeuchi, T. Kamiyama, A. Ohwada, Y. Fukuchi, and T. Aoki. 2002. Co-
administration of interleukin-12 gene with a Trypanosoma cruzi gene im-
proves vaccine efficacy. Infect. Immun. 70:4833–4840.

16. Katze, M. G., Y. He, and M. Gale, Jr. 2002. Viruses and interferon: a fight
for supremacy. Nat. Rev. Immunol. 2:675–687.

17. Kirchhoff, L. V. 1990. Trypanosoma species (American trypanosomiasis,
Chagas disease): biology of trypanosomes, p. 2077–2084. In G. L. Mandell,
R. G. Douglas, Jr., and J. E. Bennett (ed.), Principles and practice of
infectious diseases, 3rd ed. Churchill Livingstone, New York, N.Y.

18. Kirchhoff, L. V. American trypanosomiasis (Chagas’ disease): a tropical
disease now in the United States. N. Engl. J. Med. 329:639–644.

19. Kobata, T., M. Azuma, H. Yagita, and K. Okumura. 2000. Role of costimu-
latory molecules in autoimmunity. Rev. Immunogenet. 2:74–80.

20. Lenschow, D. J., T. L. Walunas, and J. A. Bluestone. 1996. CD28/B7 system
of T cell costimulation. Annu. Rev. Immunol. 14:233–258.

21. Lopes, M. F., V. F. da Veiga, A. R. Santos, M. E. Fonseca, and G. A. DosReis.
1995. Activation-induced CD4� T cell death by apoptosis in experimental
Chagas’ disease. J. Immunol. 154:744–752.

22. Lucas, P. J., I. Negishi, K. Nakayama, L. E. Fields, and D. Y. Loh. 1995.
Naive CD28-deficient T cells can initiate but not sustain an in vitro antigen-
specific immune response. J. Immunol. 154:5757–5768.

23. Mittrucker, H. W., A. Kohler, T. W. Mak, and S. H. Kaufmann. 1999. Critical
role of CD28 in protective immunity against Salmonella typhimurium. J. Im-
munol. 163:6769–6776.

24. Mittrucker, H. W., M. Kursar, A. Kohler, R. Hurwitz, and S. H. Kaufmann.
2001. Role of CD28 for the generation and expansion of antigen-specific
CD8� T lymphocytes during infection with Listeria monocytogenes. J. Immu-
nol. 167:5620–5627.

25. Miyahira, Y., and J. A. Dvorak. 1994. Kinetoplastidae display naturally oc-
curring ancillary DNA-containing structures. Mol. Biochem. Parasitol. 65:
339–349.

26. Miyahira, Y., K. Murata, D. Rodriguez, J. R. Rodriguez, M. Esteban, M. M.
Rodrigues, and F. Zavala. 1995. Quantification of antigen specific CD8� T
cells using an ELISPOT assay. J. Immunol. Methods 181:45–54.

27. Miyahira, Y., A. Garcia-Sastre, D. Rodriguez, J. R. Rodriguez, K. Murata,
M. Tsuji, P. Palese, M. Esteban, F. Zavala, and R. S. Nussenzweig. 1998.
Recombinant viruses expressing a human malaria antigen can elicit poten-
tially protective immune CD8� responses in mice. Proc. Natl. Acad. Sci.
USA 95:3954–3959.

28. Miyahira, Y., S. Kobayashi, T. Takeuchi, T. Kamiyama, T. Nara, J. Naka-
jima-Shimada, and T. Aoki. 1999. Induction of CD8� T cell-mediated pro-
tective immunity against Trypanosoma cruzi. Int. Immunol. 11:133–141.

29. Miyahira, Y., M. Katae, K. Takeda, H. Yagita, K. Okumura, S. Kobayashi,
T. Takeuchi, T. Kamiyama, Y. Fukuchi, and T. Aoki. 2003. Activation of
natural killer T cells by 
-galactosylceramide impairs DNA vaccine-induced
protective immunity against Trypanosoma cruzi. Infect. Immun. 71:1234–
1241.

30. Nagaraju, K., N. Raben, M. L. Villalba, C. Danning, L. A. Loeffler, E. Lee, N.
Tresser, A. Abati, P. Fetsch, and P. H. Plotz. 1999. Costimulatory markers in
muscle of patients with idiopathic inflammatory myopathies and in cultured
muscle cells. Clin. Immunol. 92:161–169.

31. Nunes, M. P., R. M. Andrade, M. F. Lopes, and G. A. DosReis. 1998.
Activation-induced T cell death exacerbates Trypanosoma cruzi replication in
macrophages cocultured with CD4� T lymphocytes from infected hosts.
J. Immunol. 160:1313–1319.

32. Oliveira-Ferreira, J., Y. Miyahira, G. T. Layton, N. Savage, M. Esteban, D.
Rodriguez, J. R. Rodriguez, R. S. Nussenzweig, and F. Zavala. 2000. Immu-
nogenicity of Ty-VLP bearing a CD8� T cell epitope of the CS protein of
Plasmodium yoelii: enhanced memory response by boosting with recombi-
nant vaccinia virus. Vaccine 17:1863–1869.

33. Pasquini, S., Z. Xiang, Y. Wang, Z. He, H. Deng, M. Blaszczyk-Thurin, and
H. C. Ertl. 1997. Cytokines and costimulatory molecules as genetic adjuvants.
Immunol. Cell Biol. 75:397–401.

34. Postan, M., J. J. Bailey, J. A. Dvorak, J. P. McDaniel, and E. W. Pottala.
1987. Studies of Trypanosoma cruzi clones in inbred mice. III. Histopatho-
logical and electrocardiographical responses to chronic infection. Am. J.
Trop. Med. Hyg. 37:541–549.

35. Prata, A. 2001. Clinical and epidemiological aspects of Chagas disease.
Lancet Infect. Dis. 1:92–100.

36. Rodolfo, M., and M. P. Colombo. 1999. Interleukin-12 as an adjuvant for
cancer immunotherapy. Methods 19:114–120.

37. Rottenberg, M. E., A. Riarte, L. Sorrong, J. Altcheh, P. Petray, A. M. Ruiz,
and H. Wigzell. 1995. Outcome of infection with different strains of Trypano-
soma cruzi in mice lacking CD4 and/or CD8. Immunol. Lett. 45:53–60.

38. Salomon, B., and J. A. Bluestone. 2001. Complexities of CD28/B7: CTLA-4
costimulatory pathways in autoimmunity and transplantation. Annu. Rev.
Immunol. 19:225–252.

39. Schwartz, J.-C. D., X. Zhang, S. G. Nathenson, and S. C. Almo. 2002.
Structural mechanisms of costimulation. Nat. Immunol. 3:427–434.

40. Seko, Y., N. Takahashi, S. Ishiyama, T. Nishikawa, T. Kasajima, M. Hiroe,
S. Suzuki, S. Ishiwata, S. Kawai, M. Azuma, H. Yagita, K. Okumura, and Y.
Yazaki. 1998. Expression of costimulatory molecules B7–1, B7–2, and CD40
in the heart of patients with acute myocarditis and dilated cardiomyopathy.
Circulation 97:637–639.

41. Seko, Y., N. Takahashi, H. Yagita, K. Okumura, M. Azuma, and Y. Yazaki.
1999. Effects of in vivo administration of anti-B7–1/B7–2 monoclonal anti-
bodies on the survival of mice with chronic ongoing myocarditis caused by
coxsackievirus B3. J. Pathol. 188:107–112.

42. Shahinian, A., K. Pfeffer, K. P. Lee, T. M. Kundig, K. Kishihara, A. Wake-
ham, K. Kawai, P. S. Ohashi, C. B. Thompson, and T. W. Mak. 1993.

3136 MIYAHIRA ET AL. INFECT. IMMUN.



Differential T cell costimulatory requirements in CD28-deficient mice. Sci-
ence 261:609–612.

43. Suresh, M., J. K. Whitmire, L. E. Harrington, C. P. Larsen, T. C. Pearson,
J. D. Altman, and R. Ahmed. 2001. Role of CD28-B7 interactions in gener-
ation and maintenance of CD8 T cell memory. J. Immunol. 167:5565–5573.

44. Tarleton, R. L. 1990. Depletion of CD8� T cells increases susceptibility and
reverses vaccine-induced immunity in mice infected with Trypanosoma cruzi.
J. Immunol. 144:717–724.

45. Tarleton, R. L., B. H. Koller, A. Latour, and M. Postan. 1992. Susceptibility
of �2-microglobulin-deficient mice to Trypanosoma cruzi infection. Nature
356:338–340.

46. Tarleton, R. L., M. J. Grusby, M. Postan, and L. H. Glimcher. 1996. Trypano-
soma cruzi infection in MHC-deficient mice: further evidence for the role of
both class I- and class II-restricted T cells in immune resistance and disease.
Int. Immunol. 8:13–22.

47. Thompson, C. B. 1995. Distinct roles for the costimulatory ligands B7–1 and
B7–2 in T helper cell differentiation? Cell 81:979–982.

48. Trinchieri, G. 1998. Immunobiology of interleukin-12. Immunol. Res. 17:
269–278.

49. Urbina, J. A. 1999. Chemotherapy of Chagas’ disease: the how and the why.
J. Mol. Med. 77:332–338.

50. Villegas, E. N., M. M. Elloso, G. Reichmann, R. Peach, and C. A. Hunter.
1999. Role of CD28 in the generation of effector and memory responses
required for resistance to Toxoplasma gondii. J. Immunol. 163:3344–3353.

51. Weinberg, A. D. 2002. OX40: targeted immunotherapy-implications for tem-
pering autoimmunity and enhancing vaccines. Trends Immunol. 23:102–109.

52. Whitmire, J. K., and R. Ahmed. 2000. Costimulation in antiviral immunity:
differential requirements for CD4� and CD8� T cell responses. Curr. Opin.
Immunol. 12:448–455.

53. Zavala, F., M. Rodrigues, D. Rodriguez, J. R. Rodriguez, R. S. Nussenzweig,
and M. Esteban. 2001. A striking property of recombinant poxviruses: effi-
cient inducers of in vivo expansion of primed CD8� T cells. Virology 280:
155–159.

Editor: W. A. Petri, Jr.

VOL. 71, 2003 CD28 COSTIMULATION AGAINST T. CRUZI INFECTION 3137


