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EXPERIMENTAL PARASITOLOGY 84, 156-167 (1996)
ARTICLE NO. 0101

Trypanosoma cruzi: Protective Immunity in Mice Immunized with
Paraflagellar Rod Proteins Is Associated with a T-Helper
Type 1 Response

MARK J. MILLER, RUTH A. WRIGHTSMAN,® AND JERRY E. MANNING
Department of Molecular Biology and Biochemistry, University of California at Irvine, Irvine California 92697, U.S.A

MILLER, M. J., WRIGHTSMAN, R. A., AND MANNING, J. E. 1996.Trypanosoma cruziProtective
immunity in mice immunized with paraflagellar rod proteins is associated with a T-helper type 1
responseExperimental Parasitolog$4, 156—167. We have examined the ability of mice to survive
a lethal challenge with the parasitic hemoflagelldtgpanosoma cruzfpllowing immunization with
paraflagellar rod proteins (PAR) 1 and 2 either alone or in combination with the following adjuvants:
Freund's, alum, QS-21, Ribi-700, or IL-12. PAR administered subcutaneously (sc) in combination
with Freund'’s or alum provided significant protection, 100 and 83%, respectively, againstazi
challenge. In contrast, PAR in combination with QS-21, Ribi-700, IL-12, or Freund’'s administered
intraperitoneally (ip) or PAR alone provide no protection against a challenge. PAR-specific serum
antibody titers and isotype profiles for several of the immunization regimens were determined, and
no positive correlation could be seen between a protective immune response and either antibody titer
or the subclass of antibody induced. We also examined the ability of PAR to stimulate T cells from
the spleen and lymph nodes of mice immunized with PAR in combination with Freund's (sc),
Freund’s (ip), alum, or Ribi-700. Each of the adjuvants strongly enhanced the ability of enriched T
cells to proliferate in a PAR-specific fashion, suggesting no obvious correlation between PAR-
specific T cell activation and protection. However, examination of the cytokine profiles of the
stimulated T cell groups showed that the protective groups differed from the nonprotective groups.
While all four groups showed low levels of IL-10, the Freund's (sc) and alum groups had higher
levels of IFN<y and IL-2 than Freund’s (ip) and Ribi-700 groups, and most strikingly, no IL-4 could
be detected in either the Freund’s (sc) or the alum group, in contrast to significant levels of IL-4 in
both the Freund’s (ip) and the Ribi-700 group. These findings indicate that protective immunity in
mice immunized with PAR is associated with a Th1-type responseL99e Academic Press, Inc.

INTRODUCTION riguez et al. 1981; Kierszenbaum and Howard
The h flagellat i i 1976) have indicated that lytic antibodies
'€ hemotlagetia e, protozoaltypanosoma . .iqqt the parasite may play a key role in re-
cruzi causes Chagas’ disease, a major public” . . .
. . ._ducing parasite burden and enhancing the sul
health problem in many countries of Latin_. L . .
vival of mice infected with the parasite. These

America. Chemotherapeutic agents have lim-_ "
. ) ; . studies have been advanced, and more rece
ited effectiveness against the parasite, and

n . .
immunoprophylactic vaccine for prevention of?féta (;:’akzh\a/l\;at aI.19islaéI;€0wlanchﬁl.t19€3t2t; d
the disease is available. Infection with cruzi . owe' an assom ) argue that antibod

may be either acute or chronic, and the immL{sotype also may be of particular importance in

nologic mechanisms which influence both sur-he clearance of blood parasites by circulating

vival of the vertebrate host and clearance of the U/ antlqu|es. .
While the importance of a humoral immune

parasite during the acute phase are not well un- : . .
derstood. Several studies (Culbertson an(rfsponse is clearly documented, it is also evi

Kolodny 1938 Krettli and Brener 1976: Rod-3€nt that survival of mice infected with the
y ' ' parasite depends upon cell-mediated immun

responses (Kierszenbaum and Pienkowsk

1 Current address: Department of Biological Sciences;l,.-979;_ S_Chmunigt al. 1971). In particular, par-
Saddleback College, Mission Viejo, CA 92692. tial elimination of CD4 or CD8" T cells by use
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of monoclonal antibodies, or use of mice whictbody isotype, and T cell proliferation do not
lack CD4 or CD8 molecules as a result of specorrelate well with parasite reduction and host
cific genomic deletions, results in mice whichsurvival. In contrast, enhanced survival and
are strikingly susceptible td. cruziinfections parasite clearance are associated with high lev
(Araujo 1989; Rottenberget al. 1988, 1993, els of IFN-y and the absence of detectable lev-
1995; Russeet al. 1988; Tarleton 1990; Tarle- els of IL-4.

ton et al. 1992). The role of cytokines in resis-
tance and susceptibility of the host to infection
with T. cruzi provides some understanding of Parasites.The Peru strain off. cruziwas used in all
these observations. IFM-has been shown to experiments. Epimastigotes were grown in modified HM

I tral role in th trol of itemi Lanar 1979). Bloodstream trypomastigotes used for chal-
play a central role in the control of parasitemi nge inoculations of mice were obtained by cardiac punc-

in T. cruzi-infected mice (Platat al. 1984; Mi-  tyre of female BALB/cByJ mice (Jackson Laboratories, Bar
noprio et al. 1986; Reed 1988; Torricet al. Harbor, ME) at Day 14 postinfection. An inoculum of3.0
1991; Wirth et al. 1985; Joaoet al. 1992). trypomastigotes was used for all experiments.

AIong with GM-CSE (Reedet al. 1987) and Antigen preparationPAR proteins were purified as pre-

. viously described (Saboriet al. 1989). Briefly, 16* Peru
TNF (De Titto et al. 1986)' IFN+y has been strain epimastigotes were harvested by centrifugation.

shown to a(_:tiVa_te macrop_hagiesvitro |eadi.ng washed in phosphate-buffered saline (PBS), and lysed in 0.
to a reduction in the ability of the parasite tom Tricine (pH 8.5) containing 1% Nonidet-P40. The pellet
propagateln vivo, IFN-y has been found to be was extracted with high-salt buffer consisting of 81Ti-
essential for parasite clearance in naturally ré&i"é 1M NaCl, and 1% Triton X-100, using sonication.

. . . . This crude flagellar pellet was successively extracted with
sistant mouse strains (Minopre al. 1993), and 2.0 and 6.0M urea in 10 mMTricine (pH 8.5). The resulting

mice challenged with an otherwise lethal inocUsypernatant contains approximately 50% PAR and 50% tu
lum of the parasite show a marked reduction inulin. The PAR proteins were separated by preparative so

parasitemia and increased survival f0||owingiium dodecyl sulfate—polyacrylamide gel electrophoresis or
treatment with IFNy (Reed 1988) a Bio-Rad Prep Cell Model 491. Fractions containing the

Th findi t that ffi . PAR proteins were extensively dialyzed against PBS, con-
ese Tindings sugges at an efncacioUz, i ateq by centrifugation in a centricon (Amicon, Bever-

vaccine may exert its protective role via severaly ma), and sterilized by 0.4%:m filtration.
immunological routes. In our previous studies Vaccine preparationVaccine preparations containing
(Wrightsmanet al. 1995), we have shown thatthe PAR proteins were: (1) emulsified with equal volumes
the paraflagellar rod proteins (PAR) present in Freund’s adjuvant (FA), (2) adsorbed to an equal volume

the fl I T . ind . of alum gel (Rehsorpter aluminum hydroxide adsorptive
€ flagellum orf. cruzican indauce an immune gel; Intergen Co., Purchase, NY), (3) mixed by brief vor-

response _in mice cgpable of prOteCti_ng againglying with 20ug QS-21 (Cambridge Biotech, Cambridge,
an otherwise lethal inoculum @f. cruzitrypo- MA), (4) mixed by brief vortexing with 0.1 ml Ribi-R700
mastigotes. In this paper, the effects of antigeffRibi Immunchem Research, Inc., Hamilton, MT), or (5)
dose, immunization regimen, and different a‘dr_nixed in PBS with 1ug of recombinant IL-12 (1®units/

. t it | d ival ; Pharmingen, San Diego, CA). PAR proteins emulsified
Juvanis on parasiié cléarance and surviva FA were checked for the formation of a stable emulsion.

immunized mice challenged with the parasit@ixtures with alum were tested for adsorption by protein
are reported. To better define the immunologiassay to ensure that no detectable protein was present in tf
basis for the protective effect exerted by thisupernatant.

vaccine candidate, we also have examined Sev_lmmunization.Six- to eight-week-old female BALB/

cByJ mice were immunized by subcutaneous (sc) or intra-

eral immunological parameters in both pro'peritoneal (ip) injection with 4Qug PAR proteins emulsi-

tected and nonprotected mice. Specifically, thgq with Freund's adjuvant. Immunization of mice using
titer and isotype of PAR-specific serum anti-adjuvants other than Freund's was always by the subcuta
bodies were determined as well as the proliferaeous route. Mice were boosted at 2-week intervals with 2C
tion of splenic and lymph node T cells and propg‘ protein with adjuvant. Control groups were injected with
. adjuvant plus PBS or PBS only. Two weeks after the last
dUCtIO.n of |FN‘y, IIT_4' and IL-10 by thgse cells injection, mice were challenged with sc injection of*10
following stimulation with PAR proteins. We poodstream trypomastigotes. Following challenge, mice

conclude that PAR-specific antibody titer, antiwere checked daily, and survival was recorded at days

MATERIALS AND METHODS
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postinfection. Parasitemias were monitored every other dance of IL-2, IL-4, IL-10, and IFNy by capture ELISA
from Day 12 to 28 and weekly from Week 4 to 8. (Pharmingen, San Diego, CA). Briefly, 1-42)/ml cytokine-

Measurement of parasitemiaParasitemia levels were specific capture antibody was bound to 96-well microtiter
determined as previously described (Wrightsmetnal. plates in 0.1IM NaHCGO;, pH 8.2, at 4°C overnight, washed
1982) by removing a blood sample from the tail vein andvith PBST (PBS + 0.05% Tween 20), and then blocked
counting the number of trypomastigotes with a Neubauewxith 10% FCS in PBS for 2 hr at room temperature. Wells
hemacytometer. were washed with PBST, 100l of either standards or

T cell proliferation assaysMice were immunized as de- samples was added, and the reaction was incubated at 4°
scribed above. Seven to ten days after the last injectionyernight. Wells were again washed with PBST and the
spleens and inguinal and axillary lymph nodes were reappropriate concentration of biotinylated anti-cytokine-
moved and single-cell suspensions were prepared in DMEREtecting antibody was added in a volume of 1d0and
supplemented with 25 WM Hepes buffer, 1 Ml sodium incubated for 45 min at room temperature. The wells were
pyruvate, 5 x 10° M 2-mercaptoethanol, 50 U/ml penicil- thoroughly washed, 10@l of strepavidin—peroxidase (2.5
lin, and 50ug streptomycin sulfate. Spleen cell suspensionp.g/ml) was added, and the reaction was incubated for 3C
were enriched for T cells by passage over nylon wool colmin at room temperature. After extensive washes in PBST
umns (Juliuset al. 1973). Accessory cells for antigen pre-100 ul of 2,2'-azinodi-3-ethylbenzthiazoline sulfonate
sentation were prepared by irradiation (3000 rad$@s) (Boehringer Mannheim Biochemicals) substrate was adde
of syngeneic spleen cells. Cultures consistii@ @ 10° T and plates were read at 405 nm in an automated ELISA
cell-enriched spleen cells or lymph node cells were incuplate reader. Concentrations were calculated from linear re
bated in 96-well plates along wit4 x 1@ irradiated feeder gions of a titration curve of cytokine standards, values for
cells, supplemented as described above, plus 10% FC&ntrol wells were subtracted, and final concentrations were
Cells were cultured with and without antigen for 3 days aexpressed as either ng/ml or pg/ml.
37°C in an atmosphere of 5% GOAfter 3 days, 1uCi
[®H]thymidine was added to each well. After 18 hr of in- REsuLTS

cubation, cells were harvested onto filters using a cell har- We h . | h that i .
vester (Skatron Instruments, Inc., Sterling, VA), dried, and € have previously shown that immuniza-

counted in a liquid scintillation counter. Single data pointdion of mice with PAR induces an immune re-
in the graphs represent the stimulation index as the megponse capable of protecting mice against al
count per minute of triplicate wells divided by the back-otherwise lethal inoculum of parasites. To de-
gr‘ot:md valge determined from the triplicate control We”stermine the optimum dosage and number of in-
without antigen. S . . A
Antibody titers and isotype determinatidleasurements Jections requwed to !nduce .a p_rotectlve iImmune
of anti-PAR antibody titer were performed by enzymeJ€SPONSe, several immunization amounts an
linked immunosorbent assay (ELISA) precisely as deschedules were tested. As shown in Table |
scribed elsewhere (Wrightsma al. 1995). Antibody iso- mice immunized with an initial injection of 40
types were determined using the same ELISA except th%g of PAR emulsified in complete FA followed
the concentration of PAR antisera used was 1/100 fqr S .
Freund's (sc), 1/2000 for Freund's (ip), and 1/1500 fo _y tWO _bOOSt injections of 2(hg PAR emmSI'_
alum, RIBI, and QS-21. Isotype-specific peroxidasefied in incomplete FA developed low parasit-
conjugated anti-mouse antibodies were used in the reco@mias and showed 100% survival after a chal
mended range of dilution (Boehringer Mannheim BiO-|enge with 1§ Peru strain trypomastigotes
chemicals, Indianapolis, IN), 1/4000 for the 1gG subclassefiso% lethal dose§10). When the immuniza-

and 1/10000 for the IgM isotype-specific antibody. fi hedul d dt initial ini
Measurement of cytokine€ulture supernatants were lon schedule was reduced to one nital injec-

taken at Days 3, 5, and 7 from triplicate cultures of T cellidion of 40 ug PA_\R With a single boost of 2ig
containing 3ug of PAR protein and assayed for the presPAR, the parasitemia levels were reduced; how

TABLE |
Protective Immunity by Vaccination with PAR Proteins + Freund’s Adjuvant

Dose No. of mice No. of Mean survival Mean parasitemia at

(n9) immunized survivors time (days) Day 19 (16) + SD
40 +20 + 20 10 10 >60 15+5
40 + 20 6 2 >60 25+13
40 6 0 19.7+0.8 42 +42
20+ 10 + 10 3 0 183+1.2 NA
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ever, only 33% of mice survived the challengdors in other experimental systems (Rawlings
infection. A single injection of 4Qug of PAR and Kaslow 1992; Jiménea al. 1994; Afonso
was ineffective in either reducing parasitemia oet al. 1994). Comparison of parasitemia and sur-
increasing the mean survival time of mice folwvival in mice immunized with PAR + Freund’s
lowing challenge infection. Similarly, reducing(sc) to mice immunized with PAR and any of
the amount of PAR in the immunization schedthe other four adjuvants (sc) showed Freund’s tc
ule to 20ug in the initial injection followed by be the most efficacious of the adjuvants tested
two boost injections of 1Qug also failed to Mice immunized with PAR + Ribi, PAR + QS-
sufficiently reduce parasitemia or increase su2l, or PAR + IL-12 showed mean survival
vival time. Based upon these results, optimaimes of 20-25 days postchallenge, similar to
immunization conditions using Freund’s adjuthat observed following immunization with
vant are defined as an immunization schedule &BS. Immunization with PAR in the absence of
three injections with an initial injection of 408g adjuvant also showed no increase in mean sut
PAR followed by two boost injections of 20g vival time. In contrast, mice immunized with
PAR. PAR + alum exhibited a significant increase
Consistent with previous results (Wrights4in survival (83% survival) over that observed
manet al. 1995), mice receiving subcutaneougor all adjuvant/PAR combinations other than
injections of PAR with Freund’s adjuvant ex-Freund'’s. Parasitemia in mice immunized with
hibited enhanced survival and lower blood parPAR + alum was also substantially less than
asitemias than mice immunized via the intrapethat observed in PBS-immunized mice. Interest-
itoneal route (Table Il). To explore factors otheingly, parasitemia values do not necessarily cor:
than route of immunization which are alsorelate well with survival. Immunization with
extrinsic to the antigen but likewise may influ-PAR + Ribi, PAR + QS-21, and PAR + IL-12
ence the nature of the immune response, vadl result in peak parasitemia values that are
compared the level of protective immunity in-about one-half to one-third of that observed
duced by PAR in combination with various adfollowing immunization with the adjuvant
juvants to that observed with PAR emulsified iralone, and all are about the same as that ok
Freund’'s adjuvant. The adjuvants Ribi, QS-21served in mice immunized with PAR + alum.
IL-12, and alum were chosen because of thelfet, the survival rates between the above thre
known effectiveness as potent immunomodularoups and the PAR + alum group are dramati-

TABLE Il
Protective Immunity by Vaccination with PAR Proteins
No. of mice No. of Mean survival Mean parasitemia at
Vaccination immunized survivors time (days) Day 19 (16) + SD

Freunds, sc 3 0 22.3+23 51+27
Freunds + PAR, sc 10 10 >60 15+5
Freunds, ip 8 0 229+45 35+14
Freunds + PAR, ip 9 0 20.6+1.0 66 + 23

Ribi, sc 3 0 18.7+0.6 66

Ribi + PAR, sc 3 0 25+6.9 37+11
QS-21, sc 3 0 19 46 £ 29
QS-21 + PAR, sc 3 0 22.7+0.6 27+9

Alum, sc 3 0 18 NA

Alum + PAR, sc 6 5 >60 26+12
IL-12, sc 3 0 19.3+0.6 74

IL-12 + PAR, sc 3 0 19.7+0.6 24+1

PBS, sc 10 0 20.7+1.7 45+10

PBS + PAR, sc 3 0 17.7+12 NA
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cally different. Some differences were noted]995), a dramatic difference was observed be
however, between those mice immunized wittween the titer in the Freund’s (sc) group and
PAR + alum and those immunized with PAR +that in the Freund’s (ip) group, with the latter
Freund’s. While the feeding habits and generddaving a 30-fold higher titer. The titer of the
outward appearance of the Freund’s-immunizelfreund’s (sc) group was also conspicuously
mice could not be distinguished from unin-lower than the titer of the alum, QS21, and Ribi
fected control mice, the alum-immunized micegroups by factors of 50, 75, and 125, respec
showed some signs of distress. During the péively. Since immunization using either alum or
riods of peak parasitemia, generally Days 18—2Breund’s (sc) as the immunomodulator resultec
postchallenge, the mice were slightly scruffy irin quite different levels of circulating PAR-
appearance and more lethargic than either tlspecific antibody, yet both provided substantial
uninfected control mice or the Freund’s-protection against &. cruzichallenge, it is evi-
immunized mice. After this period, however,dent that the magnitude of the antibody re-
the habits and appearance of the alum survivosponse to PAR is not a positive predictor of
returned to that of the control mice. protective immunity. To investigate the possi-
In order to assess the antibody responses eligHity that isotype-specific functional differ-
ited by immunization with PAR, groups of threeences in the PAR-specific antibodies might pro-
mice were bled from the tail vein, their seravide some insight into the nature of the protec-
were pooled, and antibody titers against PARve response, the relative amounts of each IgC
were determined by ELISA for each groupsubclass and IgM present in the pooled sera ©
While all immunizations generated measurableach immunization group was measured by
PAR-specific antibody responses, the level dELISA using isotype-specific secondary anti-
PAR-specific antibodies was found to be routbodies (Fig. 2). Freund’'s (sc) immunization
and adjuvant dependent (Fig. 1). Consistemdlicits an IgG1-dominated response with barely
with our previous results (Wrightsmaet al. detectable levels of 1gG2a, 1gG2b, and 1gG3

2.54 —O—  Freund's (s.c.)
—&— Freund's @i.p.)
2.0 —LF—  Ribi-700
® Alum
g 154 Qs21
=
wn
=
<+ 1.0
n
£
<
0.5
0.0 T
102 103 104 105

Log dilution

Fic. 1. Effect of different adjuvants on PAR-specific antibody titers. Groups of three BALB/c mice were
immunized sc with PAR + adjuvant. Mice were immunized with an initial injection ofxg0PAR + adjuvant,
followed by two injections of 2Qug PAR + adjuvant at 2-week intervals. Sera were collected 10 days after the
final injection, pooled, and tested for antibody response to PAR by ELISA. Each data point represents the mean
value of duplicate samples. In immunizations with Freund’s adjuvant, the initial injection contained PAR +
Freund’s complete adjuvant, and incomplete Freund’s adjuvant was used in each of the two subsequent injec-
tions.
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Fic. 2. Effect of different adjuvants on anti-PAR antibody isotype responses. Anti-PAR antibody isotypes of
BALB/c mice, immunized as described for Fig. 1, were determined using an isotype-specific ELISA for the 1gG
subclasses and IgM. Dilutions of each sera pool were chosen to give gi &approximately 2.0 for IgG

being observed. In contrast, the isotype of théhat observed in the Freund’s (sc) group. In con:
Freund’s (ip) group clearly is switched withtrast, the Ribi and QS21 groups more closely
nearly equivalent levels of 1gG1, 1gG2a, andesemble the Freund’s (ip) profile with Ribi sera
IgG2b being present along with a modeshaving high levels of IgG1, IgG2a, and IgG2b,
amount of 1gG3. The different adjuvant groupgnd QS21 sera having high levels of IgG1 and
varied in their isotype profiles with the alumlgG2a but only moderate levels of IgG2b. IgM
group being most similar to Freund’s (sc) in thatould not be detected in any of the different
IgG1 was the major isotype; however, tharoups. Based upon these results, it is difficult
amount of 1IgG2b was measurably higher thato ascribe any particular class of isotype as be
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ing closely identified with a protective immune 27 _g geunds s.c)

response. While the alum and Freund’s (sc) —/— Freund's (i.p.)
groups, both of which exhibit a protective re-  10{ —— Ribi-700
sponse, share the distinction of having IgG1 as, —O— Alum

the dominant isotype, it is also apparent thaf
high levels of antibodies of this class of isotypes
are also present in those experimental grou g
(i.e., Ribi, QS-21, and Freund’s ip) which do;;
not mount a protective response. g
The above studies clearly show that neithef
antibody titer nor antibody isotype correlate
with the protective immune response induced
by immunization with PAR. These observations
lead to the speculation that the protective re- (,T . S
sponse elicited by immunization with PAR is 0 1 ! 1
more closely associated with a cell-mediated Log PAR ug/ml
thah Wlth a humo,r_al Immun?, response. To ex- Fic. 3. Effect of immunization with PAR + different ad-
amine this possibility, the ability of T cells from j,yants on antigen-specific proliferative responses. BALB/c
PAR-immunized mice to recognize and responglice were immunized and boosted as described for Fig. 1
to PAR proteins presentdd Vvitro was investi- Ten days after the last boost, nylon wool nonadherent splee
gated. T cells from spleens and Iymph nodes &_fells were isolated and cul_tivated with various concentra-
mice immunized with PAR in combination with 101S of PAR. After 3 days in culture, cells were grown an
. X . additional 18 hr in the presence H]thymidine. Each data
various adjuvants were isolated and tested f@gnt represents the stimulation index measured as the mez
their proliferative responses to PAR Vvitro  cpm of triplicate wells divided by the mean value of tripli-
(Fig. 3). Interestingly, mice immunized with cate control wells without antigen.
PAR + Freund’s (ip) or PAR combined with
Ribi generated T cells which demonstratedL-2, IFN-v, IL-4, and IL-10 by capture ELISA
positive proliferative responses, yet both immuin the culture supernatants of PAR-primed T
nization regimens failed to provide protectiorcells stimulatedin vitro with PAR protein
against challenge infection. Likewise, immuni{Fig. 4). Of the four groups tested, T cells from
zation with PAR combined with alum or emul-Freund’s (sc)-immunized mice produced the
sified in Freund's (sc) also generated T celldighest levels of IFNy in response to PAR an-
which developed substantial T-cell-proliferativetigen. T cells from the other three groups also
responses, yet both immunization regimengroduced IFNy; however, the amounts were
were highly effective in providing protection to substantially less than that observed for the
challenge infections. Similar results were obFreund’s (sc) group. The next highest level of
served using T cells isolated from lymph nodef~N-vy was produced by the alum group, about
(data not shown). 25% of that observed for the Freund’s (sc)
If cell-mediated immunity is involved in the group, and the lowest level of IFN-was ob-
PAR-mediated protective immune responseerved in the Freund's (ip) group, about 10% of
then the observation that both protective anthe Freund’s (sc) group. IL-2 was detected in all
nonprotective immunization regimens generatgroups with the resistant Freund’s (sc) and alun
positive T cell responses clearly suggests thgroups having higher levels of IL-2 then the
the responses induced by these regimens maysceptible Freund’s (ip) and Ribi groups (Fig.
differ. To explore this possibility, the T-helper4b). T cells from both groups of susceptible
response in mice immunized with PAR usingmice, Freund’s (ip) and Ribi, responded to PAR
the protocols presented above was investigatstimulation by producing IL-4, contrasting with
by measuring thé vitro levels of the cytokines the complete absence of detectable IL-4 produc
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Fic. 4. Effect of immunization with PAR + different adjuvants on cytokine responses. Nylon wool nonad-
herent spleen cells from mice immunized and boosted as described for Fig. 1 were cultured in the presence of
3 ng/ml PAR. Supernatants were collected on Days 3, 5, and 7 following restimulation and were assayed by
capture ELISA for IL-2, IL-4, IL-10, and IFNy as described under Materials and Methods. Maximum values
for IL-2, IL-4, IL-10, and IFN-y were observed on Days 3, 5, 5, and 7, respectively.

tion by T cells in the Freund’'s (sc) and alumhumans (i.e., aluminum hydroxide) or are being
mice (Fig. 4c). The presence of IL-10 could bextensively tested for use in humans (i.e., Ribi
detected in all of the groups with Ribi producingMPL + TDM, QS-21, IL-12). Of the four adju-
the highest levels of IL-10 and alum the lowestyants tested, only immunization with alum +
while Freund’s (sc) and Freund’s (ip) both proPAR was found to provide significant survival
duced moderate amounts of this cytokine (Figof mice against a lethal. cruzichallenge. Al-
4d). though the extent of protection (i.e., 83%) was
not as high as that observed with Freund’s (i.e.
DiscussioN 100%), the fact that significant protection was
observed encourages additional testing witt
One of the main objectives of this study waslum using different immunization regimens,
to examine the ability of different classes ofpossibly in combination with other immuno-
adjuvants + PAR to induce a protective immunenodulators.
response in mice against an otherwise lethal At present, the nature of immune response:
challenge withT. cruzi. Freund's complete ad- which provide protection againsffa cruzichal-
juvant has been shown to be highly effective itenge is not well defined. Thus, a second objec:
inducing a protective response with PAR; howtive was to identify those immune responses
ever, this adjuvant is not suitable for human usavhich are uniquely associated with PAR-
Therefore, we chose to evaluate several othetediated protection by comparing the immuno-
adjuvants which are either licensed for use istimulatory properties of protective and nonpro-
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tective PAR immunization regimens. The im-gether, these results suggest that high levels c
mune responses which were chosen fgrarasite specific IgG2a may be a signature fol
examination are those which have been showpredicting the severity of &. cruziinfection in

in previous studies to influence the severity of anice.

T. cruziinfection in mice. Several studies have The lack of correlation between a PAR-
indicated that antibody titer, isotype, and specimediated protective immune response and ei
ficity (Takaharaet al. 1981, 1989) or a combi- ther antibodies titer or isotype, taken together
nation of these factors are important in resiswith our previous observation that anti-PAR an-
tance toT. cruzi infection. In examining the tibodies do not bind live parasites (Wrightsman
anti-PAR serum antibody titers in the differentet al. 1994), strongly suggests that the nature of
groups, it is obvious that the level of circulatingthe protective immune response is cell mediate
antibody does not correlate with protectionrather than humoral. That this is the case ha
The titers of anti-PAR serum antibodies in théeen confirmed by the observation that geneti.
Freund’'s sc and alum groups differ by a factocally altered mice which lack the heavy chain of
of 50, yet mice in both groups show significanigM, and thus are generally antibody deficient,
survival. In contrast, mice in the Freund’s ip,show 100% survival againstfa cruzichallenge
QS-21, and Ribi groups have anti-PAR titersvhen immunized with Freund’s (sc) + PAR
that are very similar to that of the alum group(Miller and Manning, manuscript in prepara-
yet no survival was observed in any of thes&on). In view of these results, and since the
three groups. It is possible, however, that antinvolvement of T cell function in resistance to
body isotype rather than quantity may be imT. cruzihas been demonstrated by several labo
portant for host survival. Previous studies haveatories, we examined whether splenic anc
suggested that anti-parasite 1gG2b may be inlymph node T lymphocytes from Freund’s sc-
portant in resistance fb. cruziinfection in mice immunized mice respond to purified PAR
(Takeharaet al. 1981; Rowlandet al. 1992). vitro (Fig. 3). The observation that all of the
However, our studies show that anti-PARmmunization regimens with PAR were capable
IgG2b levels are highest in those groups whicbf producing a PAR-specific T cell response
show no survival. It has also been observed théEig. 3) indicates that the ability to induce a T
anti-T. cruzilgG1 levels are higher in some sus<cell response is not sufficient to elicit protec-
ceptible strains of inbred mice than in someion, thus leading to the suggestion that the na
resistant strains (Powell and Wassom, 1994fre of the T cells response may be important
and it has been proposed that anti-parasite IgG¥e, therefore, examined the production of cy-
actually may be beneficial to the parasite (Rowtokines associated with Thl-type (i.e., IFN-
land et al. 1992). The studies presented in Figand IL-2) and Th2-type (i.e., IL-4 and IL-10)
2 show that all of the groups contain high levelsesponses in T cells from mice immunized with
of anti-PAR IgG1, indicating that this isotypeeither a protective regimen or a nonprotective
does not selectively play an important role imegimen. T cells from all of the immunization
the PAR-mediated protective response. Thegimens examined produced IL-2, IFj-and
only correlation that can be seen between isdk-10. T cells from the nonprotected groups re-
type level and protection is that with IgG2a. Insponded to PARN vitro by producing IL-4, the
the two protected groups, the level of IgG2a isignature cytokine in the Th2-type response,
substantially less than that seen in any of thehile IL-4 was undetectable in the protected
three nonprotected groups. Interestingly, Powegiroups. The group which showed the highes
and Wassom 1994 have reported that midevel of protection, Freund’s sc, also exhibited
which share the susceptible C3H backgrounthe highest levels of IFN+and IL-2, cytokines
produce significantly higher levels of anfi- which are characteristic of a Thl response. IL-
cruzi class IgG2a antibodies than mice whici0 was produced by all groups; however, IL-10
express the resistant B10 background. Taken tievels were highest in the nonprotected groups
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This observation also is consistent with the relaMiller et al. 1995; Wynnet al. 1994; Afonscet
tively low levels of IFN-y observed in the non- al. 1994). It is interesting to note that while our
protected groups, since IL-10 has been shown tesults indicate that a Th1 response is associate
be an antagonist of IFN-(Silva et al. 1992). with PAR-mediated protective immunization
This correlation between cytokine profiles anaggainstT. cruziinfection, use of IL-12 as an
level of infection is in keeping with previous adjuvant did not ensure survival of PAR + IL-
reports that the Th2-associated cytokines IL-42-immunized mice. In our studies, the mouse
and IL-10 are associated with a higher suscegtrain, route of immunization, and quantity of
tibility to infection (Silvaet al. 1991; Gazzinelli IL-12 used in the immunization protocol was
et al. 1992; Rottenbergt al. 1995), while the similar to that used in other studies (Afonsb
Thl-associated cytokine IFN-plays a positive al. 1994), yet no protection againstTa cruzi
role in resistance td. cruzi, possibly by acti- challenge was observed. Therefore, it seem
vation of macrophages (Petrayal. 1993; Mc- likely that while a Th1l-type response might be
Cabeet al. 1991; Silvaet al. 1992) and release associated with survival, it is not sufficient to
of NO (Munoz-Fernandezet al. 1992; ensure survival and other immune mechanism:
Gazzinelliet al. 1992). While these results in- also must be activated.

dicate that the nonprotected groups show a In summary, immunization of mice with PAR
mixed Th1/Th2 response, and the protectedsing the adjuvants Freund's (sc) or alum (sc)
groups primarily exhibit a Th1-type response, iinduces an immune response that provides sig
is surprising that the high level of IFN-ob- nificant protection against an otherwise lethal
served with PAR + Freund’s (sc) is associatedhallenge withT. cruzi. The nature of the im-
with an isotype profile that shows low levels ofmune response appears to be cell mediated, wit
IgG2a and high levels of IgG1. These results areAR-specific antibody playing no detectable
exactly opposite of what might be anticipatedtole in the protective response. The protective
since IL-4 primes mouse B lymphocytes forresponse is more closely associated with a Th:
switching to 1IgG1 while IFNy induces IgG2a than with a Th2 cytokine profile.

switching. It is not clear why our observations
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