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Malaria is a major global health problem that kills 1-2 million people each year. Despite exhaustive research, naturally acquired
immunity is poorly understood. CrylA proteins are potent immunogens with adjuvant properties and are able to induce strong
cellular and humoral responses. In fact, it has been shown that administration of CrylAc protoxin alone or with amoebic lysates
induces protection against the lethal infection caused by the protozoa Naegleria fowleri. In this work, we studied whether CrylAc
is able to activate the innate immune response to induce protection against Plasmodium berghei ANKA (lethal) and P. chabaudi
AS (nonlethal) parasites in CBA/Ca mice. Treatment with CrylAc induced protection against both Plasmodium species in terms
of reduced parasitaemia, longer survival time, modulation of pro- and anti-inflammatory cytokines, and increased levels of
specific antibodies against Plasmodium. Understanding how to boost innate immunity to Plasmodium infection should lead to

immunologically based intervention strategies.

1. Introduction

Each year, malaria infects approximately 500 million people
and kills one to two million people, mainly children below
the age of five years [1]. Despite decades of research on
the subject, naturally acquired immunity to Plasmodium
is still poorly understood [2-4]. There are reports about
the immunosuppressive effects of Plasmodium infection in
humans [5] and in animal models [6]. It is believed that
the initial interaction of the parasitised red blood cells with
the host immune system is one of the most important
factors in determining the nature of the subsequent innate
and acquired response, and in determining whether or not
severe pathology, such as cerebral malaria, severe anaemia,
or cachexia, results [7-9].

On the other hand, insecticidal proteinaceous crystals
called Cry proteins are produced as protoxins by Bacillus

thuringiensis (Bt) during sporulation. Upon ingestion, crys-
talline protoxins are solubilised and proteolytically activated
by midgut proteases of susceptible insects. The activated
toxin, which is not toxic to vertebrates, binds to specific
receptors on the brush-border membrane surface of the
midgut epithelium of the insect, inducing the formation
of pores and eventually leading to insect mortality [10].
In particular, CrylAc is a pore-forming protein that is
specifically toxic to lepidopteran insect larvae and acts
by binding to the cell-surface receptor aminopeptidase N
in the Manduca sexta midgut via the sugar N-acetyl-D-
galactosamine (GalNAc) [11, 12].

Although most studies on Cry proteins have been
performed with regard to their toxicity in insects, we have
described that recombinant CrylAc protoxin from Bacillus
thuringiensis is a potent mucosal and systemic immunogen
with adjuvant properties [13, 14].
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In addition, we have shown that recombinant CrylA
toxins possess the ability to induce serum and mucosal
specific antibody responses as well as to modulate IgG
subclasses due to their strong immunogenic properties [14,
15]. Furthermore, it has been demonstrated that Cry proteins
from B. thuringiensis can induce strong cellular immune
responses. In particular, we have described that these toxins
are able to promote IFN-y responses [16]. In malaria
infections, an initial IFN-y response, mainly produced by NK
cells, is implicated in the activation of macrophages, which
leads to parasite elimination [17, 18]. In a previous study,
we found that administration of the immunogenic protein
with adjuvant properties, CrylAc protoxin alone or with
amoebic lysates, markedly increased protective immunity
against experimental N. fowleri meningoencephalitis in mice
[13]. In this work, we determined the ability of CrylAc
protoxin to activate the innate immune response. So we
tested whether the pretreatment with the protein alone
improved the resistance of mice to Plasmodium chabaudi AS
and P. berghei ANKA experimental infections.

2. Materials and Methods

2.1. Mice and Parasites. CBA/Ca mice were kindly donated
by Dr. W Jarra (National Institute for Medical Research,
London). The mice were bred, fed, and maintained in a
specific, pathogen-free environment at the FES Zaragoza,
Universidad Nacional Auténoma de México animal house
facility in accordance with the institutional and national
official guideline NOM-062-ZO0-1999 for use and care of
laboratory animals.

P. chabaudi AS and P. berghei ANKA were donated by
Dr. William Jarra (National Institute for Medical Research,
London).

2.2. Infection and Treatment. Batches of 6 to 8 sex- and age-
matched (6-8 weeks) CBA/Ca mice were treated weekly with
CrylAc protoxin (5pug/mouse i.p.) or with vehicle (PBS)
during four weeks. One day after the last treatment, mice
were inoculated intravenously with either 5 X 10*P. chabaudi
AS- or 5 x 10*P. berghei ANKA-parasitised erythrocytes.
On the days indicated, mice were sacrificed under ether
anaesthesia. As controls, a parallel batch of noninfected mice
was divided into two groups and treated with PBS or CrylAc
at the same dose. Data presented are representative of two
separate experiments.

2.3. Blood Sampling. Parasitaemias were evaluated daily by
examination of Giemsa-stained blood smears. Numeration
of the parasitaemia was performed under oil, using a Zeiss
Standard 20 microscope (Carl Zeiss Ltd., Welwyn Garden
City). Parasitaemias of 0.5% and above were determined by
counting the number of parasitised erythrocytes present in a
total of 200 red blood cells. Lower levels of parasitaemia were
assessed by counting the number of parasitised erythrocytes
present in 50 fields. The course of infection in each group
is shown as the geometric mean of the percentage of
parasitaemia.
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2.4. Recombinant CrylAc Escherichia coli JM103 (pOS9300).
The recombinant CrylAc E. coli JM103 (pOS9300) strain
was kindly donated by Dr. Dean, from Ohio State University.
The bacteria were grown in Luria-Bertani medium contain-
ing 50 yg/mL of ampicillin, and CrylAc production was
induced with 1 mM isopropyl-f-D-thiogalactopyranoside
(IPTG) [19]. Recombinant CrylAc was purified from the
IPTG-induced E. coli J]M103 (pOS9300) cultures as follows.
Cell pellets harvested by centrifugation were suspended
in 50mM Tris-HCI, 50mM EDTA (pH 8) (TE buffer)
and sonicated (Fisher Sonic Dismembrator Model 300)
three times for 5 minutes on ice. Inclusion bodies were
collected by centrifugation at 10000 x g for 10 minutes,
and pellets were washed twice with TE buffer, twice with
0.5M NaCl, and once with 0.5M/NaCl-1% Triton X-100,
once with 0.5M NaCl, once with cold distilled water and
were finally solubilised in CBP buffer (0.1M Na,COs,
1% 2-mercaptoethanol [pH 9.6]). Particulate material was
discarded by centrifugation at 10000 X g for 10 min, and
the purified solubilised protoxin was stored at 4°C and
examined by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). The protein concentration was
determined using the Bradford method [20]. The presence
of endotoxin contamination in the CrylAc protoxin prepara-
tions was tested using the E-toxate, Part 1 kit (Sigma), which
has a sensitivity limit of 0.05-0.1 endotoxin units (EU)/mL,
following the manufacturer’s instructions. Endotoxin levels
in the purified CrylAc protoxin preparations were below
0.1 EU/mL. These preparations were further treated with an
excess of a polymyxin B resin (Bio-Rad, Hercules CA, USA)
to remove any possible remnants of endotoxin.

2.5. Cytokine mRNA Expression. Groups of CBA/Ca mice
were treated weekly with CrylAc protoxin or with PBS for
four weeks. Twenty-four hours after the last inoculation,
mice were infected with either P. chabaudi AS or P. berghei
ANKA. On the days indicated, three mice of each group
were sacrificed under ether anaesthesia, and spleen mRNA
was extracted using Trizol (Invitrogen, Carlsbad, CA, USA).
DNA was digested with DNase I (Invitrogen) according to
the manufacturer’s instructions, and RNA was quantified
spectrophotometrically at 260 nm. Next, 1.5ug of RNA
were retrotranscribed using 1.5 ug of oligo dT (Invitrogen),
0.5mM dNTPs (Pharmacia, Uppsala, Sweden), 40 U RNase
inhibitor, and 200 U MMLV-RT (Invitrogen). Next, 1 uL of
the resulting cDNA was used to amplify IFN-y and TGEF-
B by PCR. Each sample was amplified in duplicate using a
previously described method [21].

Each set of primers as well as the cDNA concentration
was optimized for a number of cycles to obtain amplicons
in the linear phase of amplification. The following gene-
specific primer sequences were used: (IFN-y) forward: 5’
TGC ATC TTG GCT TTG CAG CTC TTC CTC ATG GC
3’, reverse 5° TGG ACC TGT GGG TTG TTG ACC TCA
TTG GC 3’; (TGF-f8) forward 5° GAC CGC AAC AAC
GCC ATC TA 3’ reverse 5° GGC GTA TCA GTG GGG
GTC AG 3’; (fB-actin) forward 5° GTG GGC CGC TCT
AGG CAC CAA 3, reverse 5 CTC TTT GAT GTC ACG
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CAC GAT TTC 3'. PCR reactions were performed in a total
volume of 20 yL. Amplification was carried out in 50 mM
KCl, 10 mM Tris-HCI (pH 8.3), 0.1 mg/mL gelatin, 200 mM
of each ANTP, 2mM MgCl,, 100 nM of each primer, 0.5U
Ampli Taq polymerase (Applied Biosystems, Branchburg, NJ,
USA), and 15 ng of cDNA. The f-actin gene and either IFN-
y or TGF-f§ were then simultaneously amplified in a single
tube. After 27-29 cycles, the PCR products were separated on
5% polyacrylamide gels and stained with ethidium bromide.
Each band was analysed by densitometry, and the results are
shown as the relation of the absorbance of the corresponding
cytokine to that of -actin in the same sample.

2.6. Cytokine Serum Measurement. On days indicated, mice
from both the P chabaudi AS- and the P. berghei ANKA-
infected groups were sacrificed under ether anaesthesia.
Immediately, blood from the heart was extracted and then
centrifuged at 2000 X g at 4°C for 15 min. The serum was
removed and aliquoted into two tubes and snap frozen at
—70°C until used.

The levels of the cytokines interleukin-2 (IL-2),
interleukin-4 (IL-4), interleukin-5 (IL-5), interferon-y
(IFN-v), and tumour necrosis factor- (TNF-«) in the serum
samples were measured using a cytometric bead array
performed according to the manufacturer’s instructions (BD
Mouse Th1/Th2 Cytokine CBA Kit Biosciences-Pharmingen,
Heidelberg, Germany) with the following modifications.
We performed all steps in microtubes, and we started the
standard curve at a concentration of 0.625pg/mL. The
sensitivity achieved with these minor adaptations to the
protocol was 0.9 = 0.05 pg/mL while the variation inter-assay
was approximately 5%.

2.7. Measurement of Protective Antibodies. Antibody-specific
responses were evaluated using a previously described
method [21].

A lysate of pRBC was used as the capture antigen; it was
prepared as follows. P. chabaudi AS- or P. berghei ANKA-
infected mice (25% parasitaemia) were bled into PBS-
heparin at 4°C to provide parasitised erythrocytes. The blood
was passed through a CF11 cellulose powder (Whatman,
Maidstone, UK) column to remove leukocytes and then
washed three times with PBS by centrifugation at 750 X g for
15 min at 4°C. The final cell pellet was resuspended to 5 mL
in PBS, and 3 uL of 10% (w/v) saponin in PBS was added
to lyse the erythrocyte membranes. After centrifugation at
18,000 x g for 5min at 4°C, the supernatant was removed,
the pellets were resuspended to 3mL in PBS, and the
cells were lysed by ultrasonication for 3 seconds with 21%
amplitude (Ultrasonic Processor Model GE750, USA). The
protein concentration of the lysates was determined using a
Bio-Rad commercial reagent, and the lysate was diluted in
carbonate-buffered solution to give a coating concentration
of 10 ug/mL. A volume of 100 uL/well was applied to flat-
bottomed 96-well ELISA plates (Corning USA). First, the
plates were washed with 0.05% (v/v) Tween 20 in PBS, and
then the excess binding sites were blocked using a solution of
3% skim milk in PBS for 2 hours at 37°C. The plates were

then incubated with test sera in duplicate for 1 h at 37°C and
diluted to 1/20 in PBS. Plates were washed extensively before
detection of parasite-specific Abs using goat antimouse
horseradish peroxidase-conjugated monoclonal Abs (mAb)
specific to IgG1, IgG2a, IgG2b, IgG3, total IgG, or IgM
(Zymed, San Francisco California, USA) diluted in 0.02%
skim milk, 0.05% Tween 20 in PBS to previously calibrated
dilutions, which were applied to plates for 1h at 37°C.
Plates were washed before incubation with a streptavidin
peroxidase solution (diluted 1 : 3000 in 0.05% Tween 20
in PBS) before the final wash. Plates were developed with
ortho phenylenediamine at 0.4 mg/mL in citrate buffer (pH
5) with 0.03% of hydrogen peroxide as a substrate and
incubated in the dark at room temperature for 20 min.
Absorbance was determined at 492nm by measurement
of optical density (OD) using a Stat-Fax 2100 microplate
reader (Awareness Technology Inc, USA). No standard of
known concentration for each Ig isotype was available. Hence
results were expressed directly as OD 492nm values and
compared to an internal standard of normal CBA mouse
serum obtained from eight- to ten-week-old naive female
mice. This internal standard provided a background value of
nonspecific responsiveness to the lysate used.

2.8. Statistical Analysis. Statistical analysis was performed
with the Stat Graphs software (version 5.1). Differences
between groups were tested for statistical significance by
nonparametric analysis of variance (Kruskal-Wallis). A P
value <.05 was considered significant. All data are expressed
as the mean + S.D. Each experiment was performed in
duplicate.

3. Results

3.1. CrylAc Treatment Decreases Parasitaemia in CBA/Ca
Mice Infected with Plasmodium chabaudi AS or P. berghei
ANKA. Groups of CBA/Ca mice were injected once weekly
for four weeks with CrylAc protoxin or PBS as described in
the Materials and Methods. One day after the last injection,
mice were intravenously infected either with P. chabaudi AS
or with P. berghei ANKA. Mice treated with CrylAc protoxin
prior to P. chabaudi AS infection developed a moderate
parasitaemia that increased from day 6 postinfection (PI)
to reach a peak of 27% at day 10 PIL. Parasitaemia resolved
spontaneously and was cleared by day 15PI. In contrast,
control mice treated with vehicle (PBS) developed higher
parasitaemias from day 6 to 15PI (significantly (P < .05)
from days 8 to 11 PI) compared to mice treated with CrylAc
protoxin. Parasitaemia reached a peak of 40% at day 10, and
the parasite was completely cleared at day 16 PI, one day later
than in the group of mice treated with CrylAc (Figure 1(a)).

In contrast, infection with P. berghei ANKA was lethal.
In control CBA/Ca mice treated with vehicle (PBS),
parasitaemia increased from day 5 PI to reach a peak of
23% at day 8 PI. There was a slight decrease in parasitaemia
at day 9, and then mice started to die on day 10 PI with
parasitaemias around 20%, confirming the reported lethality
of this strain [22, 23]. Infected mice previously treated with
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Ficure 1: Effect of CrylAc on parasitaemia in CBA/Ca mice.
Groups of eight mice were treated with CrylAc protoxin once a
week for four weeks. One day after the last injection, mice were
infected with P. chabaudi AS (a) or P. berghei ANKA (b). Groups
of control mice were treated with PBS. Data are representative of
two separate experiments.

the protoxin CrylAc developed lower levels of parasitaemia
than PBS-treated mice from days 7 to 9 PI; the number of
parasites in their blood decreased on day 10 PI and then
started to rise slowly. Half of this group of mice survived
until day 20 PI with parasitaemias of approximately 40%
(Figures 1(b) and 2).

3.2. CrylAc Protoxin Increases Survival in Plasmodium-
Infected Mice. Despite the fact that Plasmodium chabaudi AS
is not considered to be lethal, infection with this parasite
could be fatal for 10% to 20% of CBA/Ca mice. Interestingly,
mice treated with CrylAc and infected with P chabaudi
AS had a survival rate of 100% compared to mice treated
with PBS, which had a survival rate of 80%. On the other
hand, mice treated with CrylAc and infected with the lethal
parasite P. berghei ANKA showed an increased survival of 12
days compared to control mice treated with PBS, which died
at day 9 PI (Figure 2).

3.3. CrylAc Protoxin Modulates Cytokine mRNA Expression
in Splenocytes from Malaria-Infected Mice. RT-PCR analysis
was performed to determine the levels of cytokine mRNA
expression in splenocytes from infected and uninfected mice.
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F1Gure 2: Effect of CrylAc on the survival of Plasmodium-infected
mice. CrylAc pretreated mice (n = 8) were infected with P.
chabaudi AS or P. berghei ANKA. Survival was recorded until day
21 PI, at which time all of the P. berghei ANKA-infected mice had
died. Data are representative of two separate experiments.

Cells were obtained at days 4 and 8 PI with P. berghei
ANKA and at days 8 and 18 PI with P. chabaudi AS. The
levels of cytokine mRNA expression were normalised to f3-
actin mRNA levels, which was used as an internal standard.
Moderate, constitutive mRNA expression of IFN-yand TGF-
B was detected in control mice receiving the vehicle, while in
uninfected mice treated with CrylAc, similar levels of these
cytokines were recorded (Figure 3).

In P. berghei ANKA-infected mice that previously had
been administered CrylAc protoxin, increased levels of [FN-
y mRNA expression were detected at days 4 and 8 PI
compared to infected mice receiving just the vehicle or
uninfected mice. At day 4 PI, similar levels of TGE-f3 were
found in both infected groups (slightly higher than those in
uninfected mice). In contrast, at day 8 PI, the levels of TGF-
BmRNA were lower in mice pretreated with CrylAc protoxin
than in those receiving just the vehicle (Figures 3(a) and
3(c)).

In control mice infected with P. chabaudi AS, the levels
of IFN-y mRNA at days 8 and 18 PI were higher than those
in mice pretreated with CrylAc protoxin, which exhibited
IFN-y levels akin to those in uninfected mice. On the other
hand, the mRNA levels of TGF-p recorded in P. chabaudi AS-
infected mice did not change significantly either by infection
or by pretreatment with CrylAc protoxin.

3.4. CrylAc Modifies Cytokine Levels in Sera from
Plasmodium-Infected Mice. The levels of cytokines (IFN-y
and IL-4) in serum samples were measured with a cytometric
bead array. Samples were obtained at days 4 and 8 or 8 and
18 postinfection with P. berghei ANKA and P. chabaudi AS,
respectively.

The levels of IFN-y were significantly increased at day 8
PI with P. berghei ANKA in mice pretreated with CrylAc,
confirming the RT-PCR results. At day 4 postchallenge,
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FiGure 3: Effect of CrylAc on the mRNA expression of IFN-y (a and b) and TGF- (c and d) in mice infected with P. chabaudi AS or P.
berghei ANKA. Mice were treated with CrylAc protoxin or PBS as a control. One day after the last injection, mice were infected with P.
berghei ANKA or P. chabaudi AS. On days 4 and 8 PI (a and c) or days 8 and 18 PI (b and d), three mice from each group were killed, and
their splenic mRNA was extracted and retrotranscribed. The cDNA obtained was used to amplify the $-actin gene and either IFN-y or TGF-f3
by PCR in the same tube. PCR products were separated on 5% polyacrylamide gels. Bands were analysed by densitometry, and the results
are shown as the absorbance of the corresponding cytokine divided by the absorbance of S-actin. Data are representative of two separate
experiments. Asterisks indicate statistically significant differences between the indicated groups.

the IFN-y mRNA levels recorded were low and akin to
infected control mice, although they are greater than the
levels in uninfected control mice. The levels of IL-4 were also
low and did not vary significantly as a result of infection
with P. berghei ANKA or administration of CrylAc protein
(Figure 4). In contrast, following infection with P. chabaudi
AS, the levels of IFN-y were higher in control mice than
in those pretreated with CrylAc protoxin. The IFN-y levels
induced after P. chabaudi AS infection were considerably
lower compared to those elicited following P. berghei ANKA
infection, but they were still higher than those present in
uninfected mice.

In control P. chabaudi AS-infected mice, the levels of IL-4
increased at day 18 PI, while in mice pretreated with CrylAc,
the levels of this cytokine did not change (Figure 4). Levels
of IL-2, IL-5 and TNF-«a were not modified by any of these
treatments (results not shown).

3.5. Protoxin CrylAc Increases the Levels of Specific Antibodies
for P. berghei ANKA and P. chabaudi AS in Infected Mice.
Specific anti-P. berghei ANKA antibodies were induced in
sera from mice infected with the parasite (at days 4 and 8

PI), while sera from control uninfected mice, which were
untreated or received PBS or CrylAc alone, did not have
detectable anti-P.berghei ANKA antibodies (Figure 5).

The treatment with protoxin CrylAc before infection
increased the levels of IgGl, IgG2a, IgG2b, and IgM in
P. berghei ANKA-infected mice. Interestingly, this increase
was only detected on day 4 PI compared to mice receiving
the vehicle alone. At day 8 PI, similar levels of IgG and
IgM responses were induced in both experimental groups
(Figure 5).

In infected mice pretreated with CrylAc, the specific
anti-P. chabaudi AS IgG response was significantly higher on
days 8 and 18 than that elicited in infected mice pretreated
with the vehicle (Figure 6). Regarding the analyses of the
different IgG subclasses, specific responses at day 4 PI of the
four IgG subclasses (IgG1, IgG2a, IgG2b, and IgG3) were
also significantly higher in the group receiving CrylAc before
the infection compared to the group receiving the vehicle
alone (Figure 5). However, at day 8 PI, the IgG2b responses
detected were higher in the vehicle group with respect to
the CrylAc group, while the IgG responses of the rest of the
isotypes recorded were similar between the two groups.
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F1GURE 4: Effect of CrylAc on serum cytokines in Plasmodium-infected mice.Mice were treated with CrylAc protoxin or PBS once weekly
for four weeks. One day after the last injection, mice were infected with P. berghei ANKA or P. chabaudi AS. On days 4 and 8 PI (a and ¢)
or days 8 and 18 PI (b and d), three mice from each group were killed, their sera was separated from peripheral blood and the levels of the
cytokines IFN-y (a and b) and IL-4 (c and d) were measured by cytometric bead array. Data are representative of two separate experiments.
Asterisks indicate statistically significant differences between the indicated groups.

The IgM-specific response at day 8 PI was significantly
higher in the group that received CrylAc than in the group
treated with vehicle.

The specific antibody responses recorded in mice
infected with P. berghei ANKA were lower in relation to those
elicited in mice infected with P. chabaudi AS. This result was
expected since the latter group of mice had a longer period of
antigenic stimulation. In sera from uninfected mice receiving
either the vehicle (PBS) or CrylAc, specific anti-P. berghei
ANKA antibodies were not detected.

4. Discussion

Our results demonstrate that administration of the CrylAc
protoxin from B. thuringiensis induces protection against
the malaria parasite when it is administered in CBA/Ca
mice before infection with P. chabaudi AS and induces
a longer survival time in P. berghei ANKA-infected mice
(Figures 1 and 2). Protection was shown by lower levels of
parasitaemia (first peak) in groups of mice infected with
either P. chabaudi AS or P. berghei ANKA compared to

control mice. In addition, CrylAc protoxin modulated the
mRNA expression of proinflammatory cytokines, such as
IFN-y and TGF-f, and increased the levels of IgG and
IgM in both P. berghei ANKA- and P. chabaudi AS-infected
mice.

Due to the different courses of parasitaemia between
CBA/Ca mice infected with the lethal P. berghei ANKA, which
killed all of the mice around day 9 PI, and the non-lethal
P. chabaudi AS, the samples were analysed at different days
(4 and 8 versus 8 and 18, resp.) to get the best comparison
between both infections.

We evaluated the effect of CrylAc protoxin against
Plasmodium  infection because we have previously
described that this protein may be a valuable tool for
the improvement of mucosal vaccines; when CrylAc
protoxin is coadministered as an adjuvant, it increases
protective immunity against experimental Naegleria fowleri
meningoencephalitis, an acute fulminant infection initiated
at the nasal mucosa, in mice [13]. Interestingly, intranasal
administration of CrylAc alone also had protective effects
against N. fowleri infection, as this treatment increased
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FIGURE 5: Parasite-specific antibody responses in mice treated with CrylAc and infected with P. berghei ANKA. Mice were treated with
CrylAc protoxin or PBS as described previously and were infected with P. berghei ANKA. At days 4 (white bars) and 8 (grey bars) PI, the sera
of three mice from each group were collected and measured by ELISA for antibody levels. The results are expressed as the mean OD value
+ SD (n = 3). Control absorbance values were provided by normal mouse serum (NS) obtained from age- and sex-matched CBA/Ca mice.
Data are representative of two separate experiments. Asterisks indicate statistically significant differences between the indicated groups.

survival, as immunization with amoebal lysates alone did,
suggesting that CrylAc protoxin may boost innate immunity.

In addition, it has been reported that CrylAc protoxin
enhances the respiratory burst of human monocytes and
neutrophils [24]. Accordingly, our unpublished results sug-
gest that CrylAc activates mouse macrophages, inducing the
expression of the costimulatory molecules B7-1 and B7-2 and
the production of some proinflammatory cytokines (IFN-y
and MCP-1), but further studies are required to elucidate the
mechanisms involved.

Despite the fact that Cry proteins are not toxic to
vertebrates and CrylAc is known to form pores exclusively
in the midgut epithelial cells of lepidopteran insect, the
existence of an unknown receptor in mammals has been
suggested, because CrylAc protoxin binds to brush border
membrane vesicles prepared from mouse small intestine in
vitro [14]. The nature of the molecules interacting with Cry

proteins in mammalian enterocytes seems to be different
than the receptor glycoproteins described in insects, such
as the 120-kDa aminopeptidase N [11] and the 210-kDa
cadherin-like glycoprotein (Bt-R1) [25] because binding to
its receptor was not inhibited by GalNAc, mannose, or biotin.

On the other hand, it has been shown that IFN-
y is able to activate macrophages, which are responsible
for elimination of the the malaria parasite [26-28]. Our
results show that treatment with CrylAc protoxin decreased
parasitaemia in mice infected with P. berghei ANKA at day
8 PI. At that time, downregulation of TGF-f expression
and an increase in both mRNA expression and serum levels
of IFN-y were found (Figures 3 and 4). This finding is
consistent with a previous report showing that protective
immunity was associated with a decrease in TGF-f3 and
a concomitant increase in IFN-y production in P. yoelii
17XL-infected mice [29]. In addition, it has been shown
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FIGURE 6: Parasite-specific antibody responses in mice treated with CrylAc and infected with P. chabaudi AS. Mice were treated with CrylAc
protoxin or PBS as described previously and were infected with P. chabaudi AS. At days 8 (white bars) and 18 (grey bars) PI, the sera of three
mice from each group were collected and measured by ELISA for antibody levels. The results are expressed as the mean OD value + SD
(n = 3). Control absorbance values were provided by normal mouse serum (NS) obtained from age- and sex-matched CBA/Ca mice. Data
are representative of two separate experiments. Asterisks indicate statistically significant differences between the indicated groups.

that upregulation of IFN-y in P. berghei ANKA-infected
mice leads to the activation of macrophage, which increases
parasite elimination [30]. However, mice infected with P.
berghei ANKA in our study were not fully protected, and all
of them died at day 21 PI. A possible explanation for this
finding is that the effect of CrylAc protoxin is limited; it
could promote a decrease in parasitaemia in mice at day 8
PI, which, in turn, diminishes the antigenic stimulation and
downregulates the immunopathology. As the parasite was
not completely eliminated, it started to proliferate again, and
by day 11, PI CrylAc protoxin no longer had an effect.

On the other hand, clearance of P. chabaudi in mice
depends first on their ability to mount an early proinflam-
matory cytokine response and second on their ability to
downregulate the inflammatory response before the onset
of the immunopathology [31]. In our study, mice treated
with protoxin CrylAc and infected with P. chabaudi AS more
efficiently eliminated parasitaemia, despite the fact that this

group demonstrated a decrease in IFN-y mRNA expression
that correlated with decreased serum levels of this cytokine
compared to mice treated with PBS (Figures 3 and 4). This
fact could be related to the upregulation of TGF-f3, which has
been shown to play a double role in malaria infections; it is
able to lead pro- and anti-inflammatory responses that may
downregulate the production of IFN-y [29]. It is also possible
that the improved parasite elimination in the mice treated
with CrylAc could be related to higher levels of IgG and IgM
antibodies, which could be associated with better parasite
elimination due to an increase in phagocytosis [32-36].
Treatment with protoxin CrylAc before Plasmodium
infection induced a stronger antibody response in CBA/Ca
mice to both Plasmodium berghei ANKA and P. chabaudi
AS infections compared to control mice treated with PBS
(Figures 5 and 6). Currently, the reason for this increase
is not clear; however, this finding could be explained by a
cross-reaction resulting from molecular similarities between
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epitopes of Plasmodium and the CrylAc protoxin. We have
performed ELISA assays in which the CrylAc protoxin
or P. berghei ANKA antigen was bound to the plate and
several dilutions of P. berghei ANKA immune mice serum
were tested. In these assays, immune sera to P. berghei
ANKA or P. chabaudi AS recognised CrylAc protoxin and
developed higher OD values compared to normal mouse
serum (data not shown), strongly suggesting that P. berghei
ANKA and CrylAc share common antigens. However,
further study is required to characterise the precise antigens
involved.

Another possible mechanism, in which the pretreatment
with CrylAc may increase survival in Plasmodium-infected
mice and may increase both the levels of Plasmodium-
specific antibodies elicited after the challenge and the levels
of IFN-y, may involve the activation of innate immune
cells, such as antigen presenting cells, that permit a faster
establishment of adaptive immune responses. In agreement
with this proposal, our unpublished data indicate that
CrylAc protoxin activates mouse macrophages, inducing the
expression of the costimulatory molecules B7-1 and B7-2 and
the production of proinflammatory cytokines.

The isotypes of protective antibodies in Plasmodium
infections are under debate. In general, it is accepted
that IgG1 and IgG2a are protective [37-40]. However, in
some reports, IgG2b or IgG3 are also mentioned as being
protective [41, 42]. In mice, it is well known that IFN-y,
the principal Th1 effector cytokine, regulates the production
of the opsonising or cytophilic isotype IgG2a [43], which
is in accordance with our results in P. berghei-infected
mice, and that IL-4 is central to the synthesis of IgGl,
while TGF-f is involved in the synthesis of IgG2b [38].
In our study, we found that pretreatment with CrylAc
protoxin significantly increases the IgG subclasses assessed
and IgM in P. chabaudi AS- or P. berghei ANKA-infected
mice, which could be associated with parasite clearance
because it has been shown that antibody responses play
a critical role in immune protection against Plasmodium
in asexual blood stages. This role has been demonstrated
by passive transfer experiments using sera or purified
immunoglobulins from adults residing in areas with hyper-
endemic malaria [44, 45]. However, the mechanisms by
which malaria-specific antibodies interfere with the develop-
ment and/or multiplication of the asexual stages of human
Plasmodia are still unclear. It has been postulated that
antibodies inhibit parasite growth in cooperation either with
monocytes or neutrophils via antibody-dependent cellular
inhibition [46, 47] or by immunophagocytosis through Fc
receptors expressed on the cell surface after binding their
parasite target [48]. In addition, a correlation between
immune protection and the ability of serum to mediate
opsonisation of infected erythrocytes has been described
[49]. Further studies are required to clarify the mecha-
nisms involved in boosting the innate immunity against
malaria.

Like most adjuvants CrylAc protoxin might exert its
activity by activating innate immune cells. The data pre-
sented in this study suggest that pretreatment with this pro-
tein could lead to design prophylactic strategies to improve

resistance against malaria infections. However, further stud-
ies are required to clarify the mechanisms involved in
boosting the innate immunity against Plasmodium infection.
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