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The paraflagellar rod proteins (PAR) purified from Trypanosoma cruzi epimastigotes were shown to protect
mice against an otherwise lethal challenge inoculum of 103 bloodstream-form trypomastigotes. The injection
route used for immunization was shown to have a marked impact on the development of protective immunity.
Mice receiving subcutaneous (s.c.) injections of PAR proteins had reduced bloodstream parasitemias and
showed 100% survival following challenge. In contrast, mice immunized via the intraperitoneal (i.p.) route
developed parasitemia levels equivalent to those of unimmunized controls and did not survive infection.
Western blotting (immunoblotting) demonstrated that sera from both i.p. and s.c. immunized mice reacted
specifically with PAR proteins; however, the antibody titer of the i.p. immunized mice was approximately
64-fold greater than that of the s.c. immunized mice, suggesting that the protective response in the s.c.
immunized mice is cell mediated rather than humoral.

Trypanosoma cruzi is a parasitic hemoflagellate that causes
Chagas’ disease, a major human health problem in Central and
South America (4). Chemotherapeutic agents have limited ef-
fectiveness against the disease, and no vaccines are available
for disease prevention. Experimental vaccines consisting of
attenuated forms of the parasite, crude parasite lysates, par-
tially purified proteins, and synthetic peptides derived from the
sequence of a 24-kDa excretory protein (ESA) have been
tested in laboratory animals with varying degrees of success
(reviewed in references 2, 5, 7, 16, and 22). Several of these
studies show that susceptible hosts may be partially protected
against death by vaccination prior to challenge; however, indi-
vidual antigens capable of ensuring survival against an other-
wise lethal challenge have yet to be identified.
In an attempt to identify and purify protective antigens, we

focused on proteins present in the flagellum of T. cruzi. The
rationale for this approach is based on studies demonstrating
that vaccination with crude flagellar extracts are effective in
both inducing protective immunity (i.e., 90% survival) in mice
after challenge (15, 20, 21) and reducing tissue lesions in im-
munized mice compared with nonimmunized mice following a
challenge infection (14). In contrast, immunization with a
membrane-enriched fraction from the body of the parasite was
less effective in inducing a protective response, suggesting that
the protective antigen(s) may be unique to the flagellum. A
potential candidate for such antigens is the paraflagellar rod, a
prominent structure present only in the flagellum of the par-
asite (5). We have shown that the paraflagellar rod contains
two distinct proteins, PAR 1 and PAR 2, and have determined
conditions that allow these proteins to be isolated in amounts
and purity sufficient for immunization trials (3, 18).
In this paper, we report the ability of the purified PAR proteins

to induce an immune response in mice capable of protecting
against an otherwise lethal inoculum of T. cruzi trypomastigotes.

MATERIALS AND METHODS

Parasites. The Peru strain of T. cruzi was used in all experiments. Epimasti-
gotes were grown in modified HM (9): 37 g of brain heart infusion (Difco
Laboratories, Detroit, Mich.) per liter, 2.5 g of hemin per liter, and 10% heat-
inactivated fetal calf serum. Bloodstream trypomastigotes used for challenge
inoculations of mice were obtained by cardiac puncture of female BALB/cByJ
mice at day 14 postinfection. An inoculum of 103 trypomastigotes was used for all
experiments.
Mice. Six- to 8-week-old female BALB/cByJ mice (Jackson Laboratories, Bar

Harbor, Maine) were used for all experiments.
Measurement of parasitemias. Parasitemia levels were determined as previ-

ously described (24) by removing a blood sample from the tail vein and counting
the number of trypomastigotes with a Neubauer hemocytometer.
Antigen preparation. PAR proteins were purified as described previously (18).

Briefly, 1011 Peru strain epimastigotes were harvested by centrifugation, washed
in phosphate-buffered saline (PBS), and lysed in 0.1 M Tricine (pH 8.5) con-
taining 1% Nonidet P-40. The pellet was extracted with high-salt buffer consist-
ing of 0.1 M Tricine, 1 M NaCl, and 1% Triton X-100, using sonication. This
crude flagellar pellet was successively extracted with 2.0 and 6.0 M urea in 10 mM
Tricine (pH 8.5). The resulting supernatant contains approximately 50% PAR
and 50% tubulin. The PAR proteins were separated from tubulin by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and recovered
by electroelution.
Vaccination. Female BALB/cByJ mice were immunized with 40 mg of PAR

emulsified in complete Freund’s adjuvant. Mice were boosted twice at 2-week
intervals with 20 mg of PAR emulsified in incomplete Freund’s adjuvant. Control
groups were injected with Freund’s adjuvant plus PBS or with PBS only. Two
weeks after the last injection, mice were challenged with a subcutaneous (s.c.)
injection of 103 bloodstream trypomastigotes. Mice were checked daily, and
percent survival was recorded at days postinfection. Parasitemias were moni-
tored every other day from days 7 to 28 and weekly from weeks 4 to 20.
Immunoblotting. Samples were separated by one-dimensional PAGE and

transferred to nitrocellulose by methods previously described (18), using a trans-
blot cell (Bio-Rad, Richmond, Calif.) overnight at 150 mA. Blots probed with
mouse sera were reacted with peroxidase-linked anti-mouse immunoglobulin G
(IgG) and detected with the ECL system (DuPont, Wilmington, Del.). Blots
probed with human sera were reacted with 125I-sheep anti-human IgG (Amer-
sham, Arlington Heights, Ill.).
ELISA. Sera from immunized mice were obtained via the tail vein 10 days

following the last injection. To measure PAR-specific antibody titers, 96-well
microtiter plates were coated with 50 ml of PAR protein (10 mg/ml) in PBS and
incubated overnight at room temperature. Wells were washed with distilled H2O
and blocked with PBS plus 1% bovine serum albumin; serial dilutions of anti-
PAR serum were added, and plates were incubated for 2 h at room temperature.
Wells were washed, reacted with peroxidase-conjugated anti-mouse IgG with
distilled H2O, and blocked with PBS plus 1% bovine serum albumin; serial
dilutions of anti-PAR serum were added, and plates were incubated for 2 h at
room temperature. Wells were washed, reacted with peroxidase-conjugated anti-
mouse IgG (Sigma Chemical Co., St. Louis, Mo.) and 2,29-azino-di-3-ethylbenz-
thiazoline sulfonate (ABTS) (Boehringer Mannheim Biochemicals, Indianapo-
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lis, Ind.) substrate, and read at 405 nm in an automated enzyme-linked
immunosorbent assay (ELISA) plate reader.

RESULTS AND DISCUSSION

To investigate the vaccine potential of purified PAR pro-
teins, BALB/cByJ mice, a strain highly susceptible to infection
with the Peru strain of T. cruzi (24), were immunized with PAR
proteins purified from epimastigotes (Fig. 1). Since the ability
of an antigen to induce protective immunity may be dependent
on the route of injection, two immunization routes, s.c. and
intraperitoneal (i.p.), were tested. As shown in Fig. 1, both
routes of immunization elicited an immune response as evi-
denced by serum antibodies against the PAR proteins. The
antibody response in both groups of immunized mice was en-
tirely restricted to the PAR 1 and PAR 2 proteins, and no
reaction to other parasite proteins present in total cellular
lysates was observed, indicating that the immune response was
directed solely to the PAR proteins.
The efficacy of the PAR proteins as vaccine candidates was

assessed by monitoring the survival and parasitemia burden of
immunized mice after challenge with a lethal inoculum of the
highly virulent Peru strain of T. cruzi (50% lethal dose, #10).
As shown in Fig. 2, the route of immunization was critical for
the development of protective immunity. Following a chal-
lenge with 103 bloodstream trypomastigotes, only mice that

received s.c. injections of the PAR proteins showed a reduction
in parasite burden and survived infection. In contrast, immu-
nization via the i.p. route was completely ineffective in either
reducing parasitemia burden or increasing the mean survival
time (Table 1).
As shown in Fig. 1, sera from mice immunized i.p. reacted

with a much higher intensity with the PAR proteins than sera
from mice immunized s.c., suggesting that differences existed
in the antibody titers of the two groups. Measurement of anti-
PAR antibody titers by direct ELISA shows that levels of
anti-PAR antibodies from mice immunized i.p. were 64-fold
greater than those observed in mice immunized s.c. (Fig. 3).
The reduction in antibody titer observed in the s.c. immunized
mice was accompanied by a change in the major isotype sub-
classes of anti-PAR antibodies. In i.p. immunized mice, ap-
proximately equivalent levels of IgG1, IgG2a, and IgG2b sub-
classes were observed, while in s.c. immunized mice, IgG1 was
the only detectable subclass (data not shown).
To determine whether the PAR proteins generate an im-

mune response in humans, serum samples from 16 Chagasic
patients were tested for anti-PAR antibodies by immunoblot
analysis. All of the sera tested reacted positively with the PAR
proteins (Fig. 4). Patient sera tested represent infection by four
genetically distinct zymodemes, indicating that the PAR pro-
tein may be sufficiently conserved among T. cruzi strains to
allow immunological recognition across different strains. This
possibility is strengthened by previous results which show that
the sequence of the PAR 2 protein is highly conserved (90%)
even between T. cruzi and its distant relative, T. brucei, the
causative agent of African sleeping sickness (3). Recognition of

FIG. 1. Purification and immunoreactivity of PAR proteins. Lanes a to c:
SDS-PAGE stained with Coomassie blue. Lanes d to f and g to i, Western blots
(immunoblots) reacted with serum from BALB/c mice immunized with purified
PAR via the i.p. (d to f) or s.c. (g to i) route. Lanes a, d, and g, epimastigote
whole-cell lysate; lanes b, e, and h, 6 M urea extract of flagellar pellet; lanes c, f,
and i, SDS-PAGE-purified and electroeluted PAR.

FIG. 2. Survival of PAR-immunized mice after challenge with T. cruzi. Im-
munization groups shown are as follows: PAR plus Freund’s injected s.c. (u);
PAR plus Freund’s injected i.p. (p); Freund’s adjuvant plus PBS injected s.c.
(s); Freund’s adjuvant plus PBS injected i.p. (h); PBS only (■).

FIG. 3. Measurement of anti-PAR antibody titer. The anti-PAR antibody
titers of sera from mice immunized with PAR proteins via the i.p. (Ç) or s.c. (E)
route of injection were measured by ELISA. Each point represents the mean
absorbance values of duplicate wells.

TABLE 1. Protective immunity by vaccination with PAR proteins

Vaccination No. of mice
immunized

No. of
survivors

Mean survival
time (days)

Mean para-
sitemia at day
19 (105) 6 SD

PAR, s.c. 8 8 .120 13.0 6 5.2
PAR, i.p. 9 0 20.8 66.6 6 22.6
Adjuvant 8 0 21.6 51.3 6 27.2
No adjuvant 8 0 21.1 44.8 6 9.8
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the PAR proteins by the human Chagasic sera tested also
suggests that the vaccine potential of the PAR proteins may
not be severely compromised by immunological restriction in
the human population.
The results of these studies clearly show that immunization

of mice with the PAR proteins provides significant protection
(100% survival) against an otherwise lethal challenge of the
parasite. Although these studies do not identify the immuno-
logical responses necessary for survival, they do provide some
insight into possible protective mechanisms. The observation
that the anti-PAR antibody titer in the s.c. immunized mice is
substantially lower than that found in the i.p. immunized mice
suggests that the protective response that develops follow-
ing s.c. immunization with PAR might not be antibody medi-
ated. This interpretation is consistent with the localization of
PAR proteins to an internal structure of the parasite and the
observation that anti-PAR antibodies do not bind live para-
sites, making it unlikely that anti-PAR antibodies directly af-
fect parasitemia levels or host survival by either complement-
mediated lysis of parasites or blocking of parasite penetration
of host cells. Also, given the observation that the isotype sub-
class of anti-PAR antibodies in s.c. immunized mice is also
present in i.p. immunized mice, there is no indication that
destruction of parasites in infected host cells is occurring by
antibody-dependent cell-mediated cytotoxicity.
The paucity of evidence for a protective humoral response

leads to the suggestion that survival of mice immunized with
PAR proteins involves cell-mediated immune responses. In
considering this possibility, it should be pointed out that im-
munization of mice with the schistosome protein paramyosin,
also a nonsurface protein, induces protective cell-mediated
immunity against challenge with Schistosoma mansoni (11).
The suggested involvement of cell-mediated immunity also
is consistent with results of other studies which show T cells to
be one of the major cell populations involved in providing
resistance to T. cruzi (8, 10, 19). In particular, partial elimina-
tion of CD41 or CD81 T cells by use of monoclonal antibod-
ies, or use of mice which lack CD4 or CD8 molecules as a
result of specific genomic deletions, results in mice which are
strikingly susceptible to T. cruzi infections (1, 12, 13, 17, 23).
Also consistent with the possible involvement of T cells in the
protective response elicited by immunization with the PAR
proteins is the observation that splenic T lymphocytes from
s.c. immunized mice respond to purified PAR protein in vitro
(25). The availability of purified PAR proteins and subregions
of this protein generated from the cloned PAR genes (3, 10a)

will aid further investigations of the relative contributions of
lymphocyte subpopulations in the survival of PAR-immunized
mice.
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