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Abstract

The immunological properties of the Trypanosoma cruzi paraflagellar rod proteins (PFR2 and PFR3) administered alone as well as fused
to HSP70 have been analyzed in mice in the context of genetic immunization. The immunization of mice with the DNA vectors containing
the PFRs gene or PFRs-HSP70 fused genes induced high level of IgG,, anti-PFRs. However, only the immunization with the PFR2-HSP70
fused genes triggers in spleen cells a statistically significant enhancement of expression of IL-12 and IFN-y and a decrease in the percentage
of cells expressing IL-4. Likewise, the PFR2-HSP70 molecule elicits a statistically significant activation of PFR2 antigen specific CTLs.
Immunization with the PFR2-HSP70 chimeric gene provided a protective response against a 7. cruzi experimental infection.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Trypanosoma cruzi is the etiologic agent of the Chagas’
disease, a multisystemic chronic disorder that affects mil-
lions of people throughout the Americas. Approximately
30% of the South and Central America population is liv-
ing in endemic areas and at risk of acquiring the infection.
The overall incidence of the infection has been calculated to
be 200,000 new cases a year [1]. Over 50,000 individuals
die annually as a consequence of the disease. The infec-
tion is a zoonoses transmitted to humans by bloodsucking
insects of the family Reduvidae when metacyclic trypo-
mastigotes are deposited on the skin with the insect feces
while taking a blood meal. The initiative to interrupt the
transmission of Chagas’ disease by controlling the insect vec-
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tor in South American countries recently launched under the
auspices of the PAHO/WHO has conducted to a substan-
tial reduction of the number of persons newly infected [2].
However, it is a dangerous error to believe that the Chagas
disease has been eliminated since, in fact, the frequencies of
T. cruzi transmission by blood transfusion have increased
in these countries. Moreover, high levels of vector-borne
transmissions are still apparent even in areas where trans-
mission has been declared to be zero. Thus, there is a con-
tinuing risk of recrudescence of vector-borne transmission
[2].

Three clinical stages are known to occur in Chagas’ dis-
ease: a short acute stage and a long-lasting chronic phase,
separated by a long clinically asymptomatic indeterminate
phase. Up to 30% of the chronically infected people will
develop clinical Chagas’ disease, particularly cardiac mani-
festations. Although the etiology of Chagas disease is con-
troversial, a significant body of evidences has been accu-
mulated supporting the hypothesis that the T. cruzi persists
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in host tissues being the stimulus for a chronic inflammatory
response that results in tissue damage [3]. Since conventional
chemotherapy has low efficacy viable parasites and subse-
quent chronic local inflammations may be detected during
the whole life of the patient, making necessary the search for
new alternatives to prevent or ameliorate the disease. Thus,
vaccines probably constitute the most appropriate approach
for its control. Although the immune response associated
to protection is multiple and not completely known, sev-
eral evidences have indicated that activation of CD4* and
CD8* T cells and the presence of specific IgG;, antibodies
are required for protection [4-6].

For the immunotherapy against Chagas’ disease DNA vac-
cines offer an advantage over other vaccination strategies
since they induce cytotoxic T lymphocytes (CTL) and type 1
helper T lymphocytes (Th1) immune response. However, in
order to increase the potency DNA vaccine frequently need to
be associated with carrier molecules [7]. Thus, in an attempt
to enhance the immune response generated by DNA vaccines
the co-injection of plasmids encoding the foreign antigen
fused to genes encoding also immune stimulatory molecules
has been assayed [8].

In the present work we have studied the immunological
response generated against PFR2 [9,10] and PFR3 (previ-
ously denominated PAR1) [11] T. cruzi proteins in BALB/c
(H2K9) and transgenic C57BL/6 (A2. 1/K®) mice immunized
with DNA plasmids bearing either the PFR2 and PFR3 cod-
ing genes alone or fused in frame to the T cruzi HSP70 coding
gene. We selected the gene coding for paraflagellar rod pro-
teins because they are the major components of the paraxial
structure of the flagellum which are structures critical for the
mobility of the parasite and for its attachment to the host
cell [12,13]. It has been recently reported that immuniza-
tion with recombinant PFR-1, rPFR-2, or an equimolecular
mix of the rPFR-1, 2 and 3 co-adsorbed to aluminum and
rIL12 provides protective immunity against lethal challenge
with T. cruzi [9]. Previous reports have shown that immu-
nization of mice with a plasmid containing the KMP11 gene
fused the T. cruzi HSP70 in the absence of adjuvant elicits
an enhanced humoral and cellular KMP11 specific immune
responses [14].

2. Materials and methods
2.1. Recombinant proteins, cloning and purification

The PFR2 and PRF3 genes were isolated by PCR ampli-
fication of genomic DNA of T. cruzi Y strain using oligonu-
cleotides that correspond with the 5’ and 3’ end, respectively,
of the mentioned genes. The DNA fragments were cloned
into the pQE32 vector (Quiagen) using BamHI and Xbal sites
at 5" and at 3, respectively. The BamHI and Xbal sites were
generated ad hoc in the amplified fragment. The recombinant
proteins were expressed in the E. coli M 15 strain and purified
through a Ni>*-NTA-agarose affinity column (Quiagen).

2.2. Plasmid DNA constructs and purification

The T. cruzi HSP70 gene was isolated from the pQE-70
vector [15] by Kpnl and Ecll digestion and subsequently
cloned into the Kpnl and Notl sites of pPCMV4 to generate
the vector pCMV4-H70. The PFR2 and PFR3 coding genes
were PCR amplified using 7. cruzi genomic DNA as template
and primers corresponding to the genes 5" and 3’ends which
contained, respectively, the start and stops triplets and
restriction sites for BamHI and Xbal endonucleases (PF-
R2-5(5CGTAGGATCCAAACAACCAAACAAGCAAZ);
PFR2-3/(5’CGTATCTAGACGCGCGACACAGGTTTAAC-
T3'); PFR3-5'(5CTTGGATCCTTATGACGG3'); PFR3-
3/(5’ ATTTCCTTCTAGAGTACACAC3'). The 1.8 kb ampli-
fied fragments were digested with BamHI and Xbal enzymes
and cloned into a pCMV4 vector digested with the same
enzymes generating pCMV4-PFR2 and pCMV4-PFR3
vectors. The PFR2 and PFR3 coding genes were amplified
by PCR using primers that contained Kpnl restriction sites
and mapped respectively at the gene 5’ ends bearing the gene
start codons and at the gene 3’ ends lacking the stop triplets,
PFR2-5"-Kpnl (5GCAAAGGTACCCAATGAGCTACAA-
GG3'); PFR2-3'-Kpnl (5TTGGTACCGCTGTGTGATCT-
GCTG3'); PFR3-5-Kpnl (5CTTGGTACCTTATGACGG-
TTTA3'); PFR3-3'-Kpnl (5 GTAGGTACCACTCCGGCGC-
TG3'). After Kpnl digestion of the amplified DNA fragments
they were directly in frame cloned into Kpnl-digested
pCMV4-H70 vector producing pCMV4-PFR2-H70 and
pCMV4-PFR3-H70 constructs. The XL1-Blue E. coli strain
was used as a host during the cloning experiments and to
propagate plasmids. All the transformants were identified
by restriction analysis and further confirmed by sequencing.
Plasmid DNAs were purified using Endofree Plasmid
Gigakit (Qiagen) according to the commercial protocol.
DNA concentration was estimated at 260 nm.

2.3. Antibodies

The FITC and PE-anti-CD3e (145-2C11), FITC-anti-
CD4 (GK1.5), PE-anti-IL-2 (S4B6), PE-anti-IL-4 (BVD4-
ID11), PE-anti-IFN-y (XMG1.2), PE-anti-TNF-a (MP6-
XT22) and PE-anti-IL.12 (C15.6) antibodies were purchased
from PharMingen (San Diego, CA), The 2.4G2 hybridoma,
producing anti-FcyR mAbs was kindly provided by Dr. C.
Terhorst (Beth Israel Deaccones Medical Center, Boston).

2.4. Cell lines and gene expression in eukaryotic cells

Complete medium, Dulbecco’s modified Eagle medium
(Gibco BRL) supplemented with 10% FCS (Life Tech-
nologies), 2mM L-glutamine (Gibco BRL), 50 uM 2-
mercaptoethanol (Sigma), 100 IU/ml penicillin (Sigma) and
100 pg/ml streptomycin (Sigma) was used for all in vitro
assays. For the cytotoxicity assays the spleen cells were
stimulated with 10 U/ml of recombinant murine (rm) IL-
2 (Boehringer Mannheim) added to the complete medium.
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Jurkat-A2.1/KP cells, human stable transfectants cells that
express the product of the HLA-A2.1/KP chimeric gene, were
transfected with the pCMV4-PFR2 and pCMV4-PFR3 con-
structs, respectively. Cells were grown in the presence of
400 pg/ml G418 sulfate (Sigma) at 37 °C in a humidified
5% CO; incubator.

The expression of the PFRs and PFRs-HSP70 proteins
was checked by plasmid transient transfections into COS-7
cells followed by immunoblot of the cell extracts. COS-
7 cells transfection was performed by incubating the cells
with lipofectin (Gibco BRL) and 2 pg of the mentioned
plasmids for 6 h. Then, the transfected cells were lysed in
lysis-buffer (0.1 M Tris—HCI pH 8.0, 0.1% Triton X-100),
electrophoresed into 10% SDS-PAGE and transferred to
PVDF membrane (Millipore) using the Miniprotean system
(Bio-Rad). Western blot analysis was carried out according
to standard methodology using rabbit antiserum against the
PFR2 and PFR3 recombinant proteins. Blots were devel-
oped with anti-rabbit IgG alkaline phosphatase conjugate
F(ab’), fragment (Sigma) at 1:5000 dilution. Nitroblue tetra-
zolium chloride and 5-bromo-4-chloro-3-indolyl phosphate
were used as substrate.

2.5. Mice and parasites

BALB/c (H2-K%) mice were obtained from IFFA-CREDO
(Saint Germain-sur-1’Abresh, France). C57BL/6-A2.1/KP
transgenic mice [16] were used. The transgenic mice express
the product of the HLA-A2.1/K® chimeric gene (al and
a2 domains of human HLA-A2.1 and «3, transmembrane
and cytoplasmic domains of murine H-2KP). Mice were
held under conventional conditions and females from 6 to
8 weeks of age were used. The T. cruzi Y Brazil strain
was maintained in vivo in BALB/c mice by serial passages
of 10° bloodstream trypomastigotes. The trypomastigote
forms were obtained from blood of infected BALB/c mice.
After 3h of incubation at 37 °C followed by centrifugation
the parasites were collected from the sera, washed twice
in PBS and used to infect monolayers of LLC-MK2 cells
at a proportion of 1:2 cell:parasite. The parasite virulence
was slightly attenuate by two successive passes over LLC-
MK?2 cells. Trypomastigote forms were obtained according
to the methodology described by Andrews et al. [17]. The
parasite number was determined using a Neubauer cham-
ber. Challenge with 103 trypomastigotes of the attenuated
parasites produces 25% mortality of infected wild type
BALB/c mice the fourth week post-infection. The remain-
ing 75% enter into an infection chronic phase (laboratory
data).

2.6. DNA immunization and T. cruzi challenge

Groups of nine BALB/c and of five C57BL/6-A2.1/KP
mice were intramuscularly injected with 100 pg of plasmids:
pCMV4 (control), pCMV4-PFR2, and pCMV4-PFR3 (carry-
ing PFR2 and PFR3 gene, respectively) and pCMV4-PFR2-

H70 and pCMV4-PFR3-H70 (bearing the PFR2-HSP70 and
PFR3-HSP70 fused genes, respectively) in 100 pl. Sterile
0.9% sodium chloride solution (Sigma) was injected to the
control group. Each mouse was immunized four times at
3-week intervals. Groups of five immunized BALB/c and
B6-A2/K® mice were used to determine the induced cellu-
lar response (see paragraph 2.8 and 2.9). Groups of four
immunized BALB/c mice were challenged with 2.5 x 103
of attenuated trypomastigote forms 10 weeks after the
last immunization. The protection assays were carried in
two of the three experiments done to analyze the immune
response.

2.7. ELISA measurements

PFR2 and PFR3 specific antibodies were measured by
ELISA using 0.5 pg/well of each recombinant protein and
sera at 1:800 dilution. Affinity isolated goat anti-mouse IgG
(Fab specific) (Sigma), IgG; (subclass specific) and 1gGa,
(subclass specific) (Nordic), peroxidase conjugate antibod-
ies, were used at dilution 1:2000, 1:4000 and 1:2000, respec-
tively as secondary antibodies. The optical density (OD) was
determined at a wavelength of 492nm using a Multiskan
Plus plate reader (Labsystem). The results are expressed
as the mean of triplicate wells minus the background
level.

2.8. Intracytoplasmic cytokine analyses and
lymphoproliferation assays

Eight weeks after the last immunization the spleens from
two mice per group were removed and pooled. A single cell
suspension was prepared for each group in complete medium
at 2.5 x 10% cells/ml in a 24-well plate and stimulated with
4 wg/ml of the PFR2 and PFR3 recombinant proteins for 48 h.
For the last 8h 10 pg/ml brefeldin A (Sigma) was added to
the wells in order to block Golgi protein transport. Aliquots
of 0.5 x 10° cells/well were washed with PBS and resus-
pended in Fc block. After 10 min in ice the cells were fixed
with 4% paraformaldehide (PFA) and permeabilized (0.2%
saponine in PBS). Afterwards the cells were stained with the
anti-cytokine labeled antibodies and washed twice in perme-
abilizing buffer and resuspended in PBS. Cells were analyzed
on a FACScan flow cytometer (Becton Dickinson, Mountain
View, CA).

For the cell proliferation assays the spleen cells from the
immunized and control mice were split in triplicate in flat
bottom 96-well plates (4 x 10° cells/well) in the presence
of 1.25, 2.5, 5 and 10 p.g/ml of PFR2 and PFR3 recombi-
nant proteins or 2—10 pg/ml of ConA. Plates were incubated
at 37°C in a COy atmosphere for 72h. After addition of
[methyl-*H] thymidine (0.5 pCi/well) the cells were incu-
bated for another 6h at 37 °C. The DNA was immobilized
in glass fiber filtermats using an Inothech harvester. The
H incorporation was measured in a Wallac 1450 Microbeta
counter device.
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2.9. CTL assay

Spleens from three mice per group were removed 9 weeks
post-last immunization, homogenized, pooled and grown
in complete medium in a humidified 5% CO; incubator
at 37°C. Jurkat-A2/K® cells expressing PFR2 and PFR3
proteins were treated with 50 wg/ml mytomicin C (Sigma)
for 1h at 37°C and used to weekly stimulate splenocytes.
Spleen cell bulk cultures were replenished each 3 days with
fresh complete medium supplemented with 10 U/ml rmIL2
(Roche).

The cytotoxic activity was determined on day 6 post-
stimulation by a 4h 3!Cr release assay as described pre-
viously [15]. Jurkat-A2/KP cells lanes expressing PFR2
and PFR3 were labeled with 200 wCi of Na’!Cr (Amer-
sham) and mixed with effector cells at a effector:target
ratios from 2.5:1 to 20:1. The liberated radioactivity was
measured in supernatants using a 1450 Microbeta liquid
scintillation counter (Wallac). Determinations were con-
ducted in triplicate. Specific lysis was calculated using
the following formula: % specific lysis=(experimental
release (cpm) — spontaneous release (cpm)/(total release
(cpm) — spontaneous release (cpm) x 100. Spontaneous
release represents the counts obtained when the target cells
where incubated in culture medium without effectors. Total
SICr release was measured after treatment of target cells
with 1M CIH.

2.10. Histology

Ten weeks post-challenge hearts of mice were fixed in
neutral 10% formalin, embedded in paraffin, dehydrated and
sectioned by standard procedures. Random samples of peri-
cardium, myocardium and endocardium were assessed for
the degree of inflammation using a three-point grading sys-
tem as described Morris et al. [18]. Four mice per group were
analyzed.
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2.11. Statistical analysis

The statistical analysis was carried out using the Student’s
t-test performed with the STATISTICA software. Differences
were considered significant when p <0.05.

3. Results

3.1. Purification of PFR2 and PFR3 T. cruzi
recombinant proteins

Fig. 1A shows the analysis by SDS-PAGE of the puri-
fied recombinant proteins after passing the soluble fraction
of the total expressed proteins through a Ni%** affinity chro-
matography column. In the PFR3 and PFR2 labeled lanes
an intense stained band both of approximately 70 kDa was
observed. The purity was >95% as assessed by Coomassie
Blue staining.

3.2. Expression of PFR2 and PFR3 genes and the fused
genes PFR2-HSP70 and PFR3-HSP70 in COS-7 cells

To study the modulation of the immune response induced
by the HSP70 protein in the context of a genetic immuniza-
tion, the PFR3 and PFR2 genes and the PFR3-HSP70 and
PFR2-HSP70 fused genes were subcloned into the pCMV4
plasmid. The recombinant plasmids express the PFR3 and
PFR2 proteins and the fusion proteins as demonstrated by
Western blotting in SDS/PAGE of transfected COS-7 cells.
The immunoblots, using polyclonal anti-PFR3 and anti-PFR2
antibodies showed four intensive bands, two of approxi-
mately 70kDa in the PFR3 and PFR2 lanes and two of
approximately 140kDa in the PFR3-H70 and PFR2-H70
lanes, respectively (Fig. 1B). The size of the bands corre-
sponds to the molecular weights expected for the recombinant
proteins. The pCMV4 lane, corresponding to the expression
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Fig. 1. (A) Purified PFR2 and PFR3 recombinant proteins (lanes PFR2 and PFR3, respectively) were electrophoresed in a 10% SDS-PAGE gel and visualized
by coomassie blue staining. MW, molecular weight marker. (B) Western blot analysis of PFRs proteins expression in COS-7 cells transfected with the empty
vector (pCMV4), PFRs genes (PFR3 and PFR2) and PFRs-HSP70 fused genes (PFR3-H70 and PFR2-H70) 60 h post-transfection. The asterisk indicates the

location and molecular weight of the expressed proteins.
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product of cells transfected with the empty pCMV4 vector
did not show any of the two above-mentioned bands.

3.3. Antibody response against PFR2 and
PFR3 antigens

We investigated whether mice of different haplotypes
(H2KY and A2.1/K®) elicited a humoral response against
PFR3 and PFR2 antigens after inoculation of the vector con-
taining the correspondent PFRs coding genes isolated or
fused to the HSP70 gene. High antibody titers were present 2
weeks after the third dose (Fig. 2A) in the sera of the BALB/c
mice immunized with the constructs containing the PFR2
gene alone or fused to HSP70 gene. The mice immunized
with the plasmid bearing only the PFR3 gene or fused to
the HSP70 gene also reached significant anti-PFR3 reactivity
after the fourth immunization. Enhancement of the humoral
immune response against the PFRs antigens occurred in a
dose-dependent manner achieving a maximum level 6 weeks
post the fourth immunization. Fourteen weeks after the last
immunization a positive response against the PFR3 and PFR2
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Fig. 2. Anti-PFR2 and anti-PFR3 antibody response (A, IgG; B, 1gGy; C,
1gGy,) in sera from BALB/c mice immunized with the pPCMV4-PFR3 (=),
pCMV4-PAR3-H70 () pCMV4-PFR2 (4 ), and p>CMV4-PFR2-H70 (B )
plasmids. The bars indicate the optical density (OD) of the pooled sera from
six mice. The results represent the mean and standard deviation of three
independent immunization experiments.

proteins could still be detected. The analysis of the IgG
isotypes revealed that immunization with the construct con-
taining the isolated PFRs genes or the PFRs-HSP70 fused
genes induced a clear IgGy, antibody bias (Fig. 2B and C).
An analogous antibody response was obtained in C57BL/6-
A2.1/KP mice (data not shown).

3.4. Effect of the HSP70 protein on the cell-mediated
immune response elicited against the PFR2 and PFR3
antigens

A significant cellular proliferation index was obtained
when the splenocytes from the BALB/c and C57BL/6-
A2.1/KP mice immunized with the PFRs genes or with the
PFRs-HSP70 fused genes were stimulated with the corre-
spondent PFR proteins. The proliferation index was some-
what lower in mice immunized with the PFRs genes linked
to the T. cruzi HSP70 protein (Fig. 3).

The pattern of cytokine expression of spleen cells from
the C57BL/6-A2.1/K® mice immunized with PFRs coding
genes alone and fused to HSP70 gene are shown in Fig. 4.
The percentage of spleen cells expressing IFN-y and 112
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Fig. 3. Lymphoproliferative response to PFR2 (panel A) and PFR3 (panel
B) proteins in BALB/c mice immunized with PFR2 or PFR3 isolated gene
(triangles), PFR2-H70 or PFR3-H70 fused genes (circles), pCMV4 empty
vector (square) and saline solution (rhombus). Stimulation index was cal-
culated as [arithmetic mean of cpm (stimulated culture) — arithmetic mean
of cpm (control culture)/arithmetic mean of cpm]. The results represent the
mean and standard deviation of three independent immunization experi-
ments.
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Fig. 4. Intracellular synthesis of cytokines by BALB/c splenocytes stimu-
lated with 4 pwg/ml of PFR2 (panel A) and PFR3 (panel B) Trypanosoma
cruzi recombinant proteins from mice immunized with pCMV4 empty vec-
tor (Il ), inoculated with saline solution ((J), immunized with isolated gene
PFR2 (W) or PFR3 (F4) and immunized with PFR2-H70 (B) or PFR3-H70
fused genes (= ). The results represent the mean values and the standard
deviation of three independent immunization experiments. Asterisks indi-
cate significant differences (P <0.05).

was significantly higher (» <0.05) in mice immunized with
the PFR2-HSP70 fused genes than that observed in mice that
received saline solution, empty pCMV4 vector or the PFR2
coding gene alone (Fig. 4A). In the mice immunized with
the PFR2-HSP70 fused genes a lower percentage of cells
expressing IL4 was also observed relative to that observed
in mice that received saline solution, empty pCMV4 vector
or the PFR2 coding gene alone. In contrast, an increase in
the number of cells expressing IL-4 was observed in mice
immunized with the PFR3-HSP70 fused genes, although it
was not statistically significant (Fig. 4B). Thus, immuniza-
tion with the PFR2-HSP70 genes enhances a type 1 cytokine
expression pattern. The pattern of cytokine expression by
spleen cells from BALB/c mice was similar to that observed
in C57BL/6-A2.1/K" mice.

The presence of CTLs was determined in C57BL/6-
A2.1/K" transgenic mice immunized with DNA constructs
bearing the PFR2 and PFR3 genes and with constructs con-
taining the genes fused to the HSP70 gene. The results are
shown in Fig. 5. The presence of CTLs against the Jurkat-
A2/K® target cells overexpressing the PFR2 and PFR3 pro-
teins was only observed in mice immunized with the PFRs-
HSP70 fused genes and not in those immunized with the
PFRs genes alone. In addition, cellular lysis of J urkat-A2/Kb
target cells was not observed in control assays (spleen cells
from BALB/c H2/k? immunized mice). The highest level of
cellular lysis (27%) was detected in spleen cells from PFR2-
HSP70 immunized mice (Fig. 5B).
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Fig. 5. CTL activity against Jurkat-A2/K® cells (at various effector/target
cell ratios) transfected with PFR2 gene (panel A) and PFR3 gene (panel
B) in splenocytes from C57BL/6-A2.1/K transgenic mice immunized with
isolated PFRs genes (full triangle), PFRs-HSP70 fused genes (full circles)
and pCMV4 empty vector (square). In both panels, the cellular lysis obtained
in control assays using spleen cells from BALB/c H2/k¢ immunized mice
with the PFRs genes (empty triangle and discontinues lane) or the PFRs-
HSP70 fused genes (empty circles and discontinues lane) is shown. Data
show the mean and standard deviation of three independent immuniza-
tion experiments. The asterisks indicate values with significant differences
(P<0.05).

3.5. Protection against T. cruzi infection

In order to determine whether the genetic immunization
with the PFR2 and PFR3 genes alone or fused to HSP70 gene
provides protection against late 7. cruzi infection, BALB/c
immunized mice were infected with the attenuated trypo-
mastigote forms described in Section 2 10 weeks after the last
immunization. As indicated above using this challenge pro-
cedure 25% of infected wild type BALB/c mice die the fourth
week post-infection (laboratory data). Fig. 6 and Table 1 show
the results of the protection assays. Two out of eight control

—B— pCMV4
e Saline solution
--A-- PFR2
—& - PFR3
—@— PFR3-H70
- -@ - PFR2-H70

Parasitemia 104/ml
7

0 10 20 30 40
Days post infection

Fig. 6. Circulating levels of parasites for immunized mice after challenge
with 7. cruzi. The level of parasites in the bloodstream was determined indi-
vidually in four mice per group and data show the mean of values obtained.
The results of a single representative experiment, out of two independent
ones, are shown.
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Table 1
Inflammation degree in cardiac tissue from infected mice?®

Experiment A

Experiment B

Mice Pericardium Myocardium Endocardium Mice Pericardium Myocardium Endocardium
area area area area area area
Saline sol +++ +++ +++ Saline sol +++ +++ +++
Saline sol ++ + - Saline sol Dead day 27 post-challenger
Saline sol ++ ++ - Saline sol ++ ++ -
Saline sol Dead day 26 post-challenger Saline sol ++ ++ -
pCMV4 + ++ +++ pCMV4 + + +
pCMV4 + + ++ pCMV4 + ++ +
pCMV4 + - ++ pCMV4 + - -
pCMV4 Dead day 30 post-challenger pCMV4 + ++ ++
pPFR2 + + - pPFR2 + - -
pPFR2 + + - pPFR2 + + -
pPFR2 + + - pPFR2 + - -
pPFR2 + - - pPFR2 ++ - -
pPFR3 + +++ - pPFR3 ++ ++ -
pPFR3 ++ ++ - pPFR3 ++ + +
pPFR3 + - - pPFR3 - - -
pPFR3 + ++ - pPFR3 + + +
pPFR2-H70 - - - pPFR2-H70 - - -
pPFR2-H70 — - — pPFR2-H70 + - -
pPFR2-H70 - - - pPFR2-H70 + - -
pPFR2-H70 — - — pPFR2-H70 — - -
pPFR3-H70 - - - pPFR3-H70 ++ ++ -
pPFR3-H70 ++ ++ — pPFR3-H70 — . =
pPFR3-H70 + + + pPFR3-H70 ++ ++ ++
pPFR3-H70 ++ ++ — pPFR3-H70 + - —
Uninfected - — - Uninfected - - -
Uninfected - - - Uninfected - - —

4Inflammation degree are expressed using a three-point grading system: (—) absent; (+) two to five inflammatory foci; (++) multiple inflammatory foci that
occupied 1/4 field at 40x; (+++) inflammatory foci that occupied one or more fields of 40x.

mice that received saline solution died at days 26 and 27
post-infection. One mouse of the group of eight mice inocu-
lated with pCM V4 died at day 30 post-infection. In contrast,
in mice immunized with the PFR2 gene or the PFR2-HSP70
construct circulating parasites could be detected only the first
3 weeks post-infection. Parasites could not be detected after-
wards. Mice immunized with the PFR3 gene or the PFR3-
HSP70 construct were able to control infection at week fourth
post-infection. Controls mice controlled infection at week
fifth post-infection. In order to know whether timely differ-
ences in controlling infection has a counterpart in disease
we performed a histological examination of the hearts of the
infected mice. A significant reduction of inflammatory foci
in all PFR2 immunized mice relative to the infected control
mice inoculated with the saline solution or the empty vec-
tor was observed. Moreover, in two out of the eight mice
immunized with the PFR3-HSP70 fused genes no inflam-
matory foci could be detected. Interestingly, in six out of
the eight mice immunized with the plasmid containing the
PFR2-HSP70 fused gene no inflammatory foci could be
detected. Rather they presented a cardiac morphology com-
patible with a healthy tissue. The other two mice of this group
presented few and slight inflammatory foci. A representa-
tive image of the tissue of one mouse per group is shown in
Fig. 7.

4. Discussion

Vaccination is the most efficacious medical treatment for
preventing mortality and morbidity due to infectious agents.
While no vaccine is yet available for the Chagas’ disease,
some antigens with potential use in immunotherapy have
been identified. It is generally accepted that DNA vaccines,
though dependent on the type of antigen that they carry and
the immunization route, induce a T type cellular response
(CD4* and CD8*) and a low but predominant, preferably
of the IgGy, type, antibody response [19]. It has been sug-
gested that this immunological response may be necessary
to induce protection against Chagas’ disease [4,5]. Genetic
vaccines may, thus, be an excellent tool for inducing effective
protection against 7. cruzi infection.

In this report we analyze the potential of the PFR2 and
PFR3 paraflagellar rod proteins as candidates for vaccine
development against the 7. cruzi infection chronic-phase and
the adjuvant capacity of the T. cruzi HSP70 protein in the
context of genetic fusions. Previous results, using KMP11
as antigen, showed that HSP70 from 7. cruzi behaves as an
immunomodulator capable of directing the immune response
towards a Thl type and of inducing antigen-specific CTLs
[14]. Recent reports have shown that PFR antigens induce
protection against the acute-phase of T. cruzi infection [9].
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PFR3-H70

PFR2-H70

Fig. 7. Heart sections of mice immunized with isolated PFRs genes and PFRs-HSP70 fused genes and infected with 7. cruzi. The tissue sections were stained
with haematoxylin—eosin (H&E) and observed with an optical microscope (10x to 20x). The inoculated molecule is indicated below each panel. A representative

photograph of one mouse per group is shown.

The data reported in this study show that the humoral
response induced by plasmids containing PFR genes,
whether alone or fused to HSP70, is independent of hap-
lotype and particularly high compared with that induced by
other 7. cruzi antigens, such as KMP11 protein [14], com-
plement regulatory protein [20], ASPs amastigote surface
proteins [21] or trans-sialidase [22]. Plasmids containing the
PFR?2 gene proved to be more immunogenic than those that
carry the PFR3 gene. The IgG response appears earlier in
time in the BALB/c than in the C57BL/6 strain. Remarkably,
the antibodies generated are long lasting, particularly in mice
immunized with PFRs-HSP70 fused genes. Furthermore, the
isotype of the anti-PFR antibodies elicited are mainly of
IgGoa type.

In addition to inducing a humoral response the immuniza-
tion with both the PFR2 and PFR3 genes triggers significant
cellular proliferation, in a haplotype independent manner.
The cellular stimulation indexes recorded in cases where

HSP70-containing plasmids were used as immunogens were
slightly lower than in cases in which the genes were admin-
istered non fused to HSP70. This situation has likewise been
also observed when mice were immunized with the 7. cruzi
KMPI1 gene [23] fused to HSP70 [14] as well as when the
L14 ribosomal protein from Leishmania braziliensis [24] was
administered to mice fused to HSP70.

In infection caused by 7. cruzi T cells are reported to con-
tribute to the elimination of the parasite by secretion of Th1l
type cytokines such as IFN-y, TNF-o or IL12 [25-27]. Thus,
it has been postulated that the induction of a strong Th1 type
response is crucial for the control of infection and that inhi-
bition or even delay in the production of Th1 type cytokines
will, therefore, induce higher acute-phase mortality rates
[28,29]. Our data showed that the expression level of IFN-
v and IL-12 was higher in splenocytes of mice immunized
with the PFR2 gene fused to HSP70 than in those immu-
nized with the PFR2 and PFR3 genes alone. The IL-4, a Th2
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type cytokine, which has been shown to be related to higher
disease susceptibility [29,30], produced by splenocytes from
mice immunized with the PFR genes alone was higher than
that produced by splenocytes from mice immunized with the
fused genes in agreement with the observation that the HSP70
protein, in association with antigens, enhances an antigen-
specific response of the Thl type [14]. In genetic vaccines,
the modulator effect of the HSP70-induced Th1 response is
most likely heightened by the parallel adjuvant effect exerted
by the CpG motifs present in the plasmids used as gene vec-
tors. Such unmethylated sequences are capable of inducing
activation of antigen-presenting cells and secretion of IL-12
[31], factors that are essential to trigger a Thl type response.
Thus, the immunostimulatory effect of these sequences can
account for the higher values of Th1 type cytokine expression
observed in mice inoculated with the control plasmid versus
controls inoculated with saline solution.

The presence of specific CD8* T lymphocytes against spe-
cific antigens of the parasite seems to be essential for control
of T. cruzi infection [6]. In spleen cells from mice that sur-
vived to T. cruzi infection CD8* T cells specific against epi-
topes contained in the TSA-1 and ASP-1 and ASP-2 [32,33]
and KMP11 [14] antigens have been described. Our data indi-
cate that also the genetic vaccination with the PFRs-HSP70
fused genes leads to the induction of PFR-proteins-specific
CD8" cytotoxic T lymphocytes. PFR-proteins-specific CD8*
cytotoxic T cells were not present in mice immunized with
the PFRs genes alone. The protection efficiency of the fused
genes may also be explained by the fact that the percentage of
cellular lysis induced by the cells of mice immunized with the
PFR2-HSP70 plasmid on Jurkat-A2-KP cells overexpressing
the PFR2 protein was about 27%.

There is strong evidence that, after intramuscular immu-
nization with recombinant plasmid, the encoded protein is
expressed in myocytes, released into the medium and cap-
tured by the APCs for processing and presentation [7,19].
The observation that 7. cruzi HSP70, is able to induce
maturation of murine dendritic cells [34] would explain
why antigen-specific CD8 cytotoxic T lymphocytes are only
elicited in response to inoculation with the antigen fused
to HSP70. Indeed, the existence of HSP receptors in APCs
has been described [35]. In all likelihood, once the PFR-
HSP70 fusion protein is captured by the receptors present
in APCs, the presence of HSP70 would enhance its process-
ing through the class I pathway, as it has been described for
receptor-mediated uptake of other antigen-HSP70 complexes
[36]. In the context of genetic vaccination, similar results
have been reported when the KMP11 antigen is fused to
HSP70 [14].

In the present paper the protective capacity against chronic
T. cruzi infection was analyzed using attenuated forms of the
strain, inoculated 10 weeks after the fourth immunization.
While non attenuated strains are lethal for BALB/c mice
[29], 75% of mice receiving the attenuated strain survive
to the challenge and entered into a chronic phase, charac-
terized by inflammation of the cardiac tissue. A number

of authors have used cardiac tissue to assess the damage
caused by the parasite in murine and canine models [37,38]
as well as in human patients [39]. The data presented show
that immunization with the plasmids containing PFRs genes
reduces cardiac damage and the number of lesions asso-
ciated with the chronic stage of the disease. Interestingly,
the hearts of 75% of the mice immunized with the PFR2-
HSP70 fusion gene displayed lesion-free cardiac tissues. The
remaining 25% of the mice from this group presented few
and slight inflammatory foci. In our view the data presented
does not only highlight the protective capacity of genetic
vaccines containing the PFR2 gene fused to the HSP70-
protein encoding gene against chronic 7. cruzi infection but
support the potential use of the HSP70 molecule in genetic
vaccines, especially when induction of a Thl type cellular
response with CTL activation and IgG, antibody induction is
needed.
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