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Abstract

The present paper describes important features of the immune re-
sponse induced by the Cry1Ac protein from Bacillus thuringiensis in
mice. The kinetics of induction of serum and mucosal antibodies
showed an immediate production of anti-Cry1Ac IgM and IgG anti-
bodies in serum after the first immunization with the protoxin by either
the intraperitoneal or intragastric route. The antibody fraction in serum
and intestinal fluids consisted mainly of IgG1. In addition, plasma
cells producing anti-Cry1Ac IgG antibodies in Peyer�s patches were
observed using the solid-phase enzyme-linked immunospot (ELISPOT).
Cry1Ac toxin administration induced a strong immune response in
serum but in the small intestinal fluids only anti-Cry1Ac IgA antibod-
ies were detected. The data obtained in the present study confirm that
the Cry1Ac protoxin is a potent immunogen able to induce a specific
immune response in the mucosal tissue, which has not been observed
in response to most other proteins.
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Introduction

Bacillus thuringiensis (Bt) is a gram-posi-
tive soil bacterium widely used in agriculture
as a biological pesticide. During sporulation,
bacterial cells synthesize insecticidal inclu-
sion bodies consisting of proteins (Cry pro-
teins) active against larvae of invertebrates
species (1). Cry proteins can be found in
nature in three major forms: crystalline,
soluble protoxin and soluble toxin.

Protoxins are the subunits of crystals
which, when treated with a trypsin-like pro-
tease, release the active toxin. Cry protoxins

have a high molecular weight (70-140 kDa)
and are soluble at alkaline pH. In contrast,
Cry toxins have moderate molecular weights
(40-70 kDa) and are resistant to proteolysis
and stable at extreme pH (2). Little is known
about the physiological or immunological
effects of the Cry protein family on verte-
brate organisms, despite the proven homol-
ogy of Bt with the pathogenic Bacillus cereus
species (3).

The few studies concerning the immuno-
logical properties of Cry protein have been
limited to protoxin. In previous reports, Prasad
and Shethna (4,5) suggested that these pro-



148

Braz J Med Biol Res 33(2) 2000

R.I. Vázquez-Padrón et al.

teins have antitumoral activity against
Yoshida ascites sarcoma in rats (4) and en-
hance the immune response to sheep red
blood cells (5). Recently, we demonstrated
that recombinant Cry1Ac protoxin (pCry1Ac)
administered to mice by the intraperitoneal
(ip) or intragastric (ig) route induces sys-
temic and mucosal antibody responses simi-
lar to those obtained with cholera toxin (6).
Moreover, in adjuvanticity studies, pCry1Ac
elicited serum antibodies against hepatitis B
surface antigen and BSA when these anti-
gens were coadministered ig, and IgG anti-
bodies in the intestinal fluid when the anti-
gens were administered ip (7).

The use of Bt-based products is increasing
because they are safe to the environment and
to vertebrate organisms. A new generation of
biopesticides, transgenic plants containing sig-
nificant amounts of Cry toxin, has been com-
mercialized and used for food production (8).
However, there are no studies about the immu-
nological or immunotoxicological properties
of Cry toxins.

In this investigation, important features
of the immune response induced by pCry1Ac
in mice were studied. The kinetics of serum
and mucosal anti-pCry1Ac antibody response
is described in detail and the subclass of IgG
antibodies induced by the protoxin is deter-
mined. The characterization of anti-pCry1Ac
antibody-producing cells present in several
lymphoid organs after immunization was
performed using the solid-phase enzyme-
linked immunospot (ELISPOT). The study
of Cry1Ac toxin (tCry1Ac) immunogenicity
was also one of the aims of this work.

Material and Methods

Organisms and culture conditions

Dr. Donald Dean, Ohio State University,
Columbus, generously provided the Escheri-
chia coli JM103 strain (pOS9300). The re-
combinant strain was grown in LB medium
containing 50 µg ampicillin per ml and

pCry1Ac production was induced with iso-
propyl ß-D-thiogalactopyranoside (IPTG) (9).

Immunogens

Recombinant Cry1Ac protoxin was puri-
fied from IPTG-induced pOS9300 cultures
(9). The cell pellet harvested by centrifugation
was resuspended in TE buffer (50 mM Tris-
HCl, pH 8, 50 mM EDTA) and sonicated
(Fisher Sonic Dismembrator Model 300, CA,
USA) three times for 5 min on ice. Inclusion
bodies were collected by centrifugation at
10,000 g for 10 min. The pellets were washed
twice with TE buffer and pCry1Ac solubilized
in CBP buffer (0.1 M Na2CO3, pH 9.6, 1% 2-
mercaptoethanol, and 1 mM pMSF). The par-
ticulate material was separated by centrifuga-
tion. tCry1Ac was obtained by trypsin diges-
tion of the recombinant protoxin (10). Purified
proteins were examined by SDS-PAGE (11),
and protein concentration was determined by
the method of Bradford (12).

Immunizations

In all experiments, 8-10-week-old female
BALB/c mice were used. Immunizations
were carried out according to Coligan et al.
(13). The antigens were administered ip in
0.1 ml phosphate-buffered saline (PBS) and
ig in 0.1 ml magnesium-aluminum hydrox-
ide suspension (Maalox®, Ciba-Geigy,
Mexico City, Mexico). Experimental groups
consisted of five animals to which three
antigen doses containing 100 µg of pCry1Ac
or tCry1Ac were applied on days 0, 7 and 14.
Nonimmunized mice, used as control, were
randomly selected from the animal group
and maintained under similar conditions.
Mice were sacrificed 7 days after the last
immunization.

Sample collection

Serum samples were obtained from blood
extracted by cardiac puncture of chloroform-
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anesthetized mice. Fresh feces were har-
vested from live mice and pooled for each
group (14). Subsequently, 1 g of feces was
resuspended in 600 µl of ice-cold PBSM
buffer (5% nonfat milk in PBS) containing
100 mM pMHB, particulate material was
discarded by centrifugation and supernatants
were stored at -20oC.

To collect the intestinal fluid (15), the
intestinal tract was closed by tying it with
surgical suture at the level of the duodenum
and rectum; two closely spaced sutures were
also placed around the cecum. The perito-
neal cavity was washed with cold PBS and
the intestinal tract excised and placed on a
Petri dish containing 20 ml of cold PBSM.
The large and small intestines were sepa-
rated by cutting between the two cecal threads
and separately washed twice with 10 ml
PBSM to remove contaminating tissues and
blood. With the small intestine held at the
duodenum level, the knot was loosened and
a cannula introduced. The small intestine
was filled with 5 ml PBSM and flushed at the
ileal end by loosening the knot. The content
was squeezed into a sterile Petri dish con-
taining 0.5 ml of 100 mM pHMB dissolved
in PBS. The same procedure was performed
with the large intestine by introducing the
cannula into the rectum and flushing the
contents with 3 ml of cold PBS through the
tip of the cecum. Flushed intestinal contents
were centrifuged for 10 min at 13,000 g and
the supernatants stored at -20oC. To deter-
mine possible blood contamination in the
intestinal fluids and feces, hemoglobin con-
tent was assayed by the Accuglobulin He-
moglobin standard test (Ortho Diagnostic
Systems, Rantan, NJ, USA) and with Combur
test reactive strips (Boehringer-Mannheim,
Mannheim, Germany).

ELISA

Antibody levels in sera and intestinal
fluids were determined by ELISA (13).
Briefly, 96-well plates were coated with 10

µg/ml of either pCry1Ac or tCry1Ac in car-
bonate buffer. Plates were incubated 2 h at
37oC and blocking was performed with
PBSMT (1% nonfat dry milk and 0.05%
Tween 20 in PBST). Sera and small and
large intestine fluids were serially diluted
with ice-cold PBSMT and 100 µl volumes
were added to the microwells. The plates
were incubated overnight at 4oC, washed
with PBST and then anti-IgG, anti-IgM
(Pierce, Rockford, IL, USA) or anti-IgA
(Sigma Chemical Co., St. Louis, MO, USA)
secondary antibodies (peroxidase-labeled
goat anti-mouse) were added. To determine
the IgG class, a secondary antibody (peroxi-
dase-labeled goat anti-mouse antibody) spe-
cific for total IgG, IgG1, IgG2a, IgG2b or
IgG3 (Boehringer-Mannheim) was added.
The enzymatic reaction was started by the
addition of substrate solution (0.5 mg/ml o-
phenylenediamine and 0.01% H2O2 in 0.05
M citrate buffer, pH 5.2) and stopped with
2.5 N H2SO4. The absorbance at 492 nm
(A492) was measured using an ELISA
Multiskan reader (Anthos Labtec Instru-
ments, Los Angeles, CA, USA). The back-
ground was established as the dilution of
serum or intestinal fluid from nonimmunized
mice with the highest A492. Titers were de-
fined as the reciprocal of the highest end-
point sample dilution with an A492 value 0.1
higher than that of the background. The lev-
els of specific antibodies in the intestinal
fluid were calculated from the correspond-
ing A492 values.

Cell isolation

Lymphoid cells from spleen (Spl), mes-
enteric lymph nodes (MLN) and Payer�s
patches (PP) were prepared by teasing the
corresponding tissues through a grid (16).

Intestinal lamina propria (LP) lympho-
cytes were prepared as previously described
(17). The intestines were washed by flushing
with cold RPMI medium. PP were removed
from the small intestine and the small and
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large intestines were separately everted by
introducing a plastic cannula with a string
inside. The everted large or small intestine
was then incubated for 30 min at 37°C in
RPMI medium supplemented with 1% fetal
calf serum (FCS), 100 µg/ml gentamycin
and 0.005 M EDTA. The intestinal mucosa
was gently compressed with a syringe plunger
through a plastic mesh and washing several
times with RPMI-1% FCS. The intestines,
without epithelial and intraepithelial cells,
were then incubated with 10 ml of RPMI-1%
FCS supplemented with 60 U/ml of colla-
genase. The intestine was again gently com-
pressed on the mesh and the cell suspension,
containing LP lymphocytes, was placed on
ice. Isolated cells were washed twice in
RPMI-1% FCS and diluted in RPMI-10%
FCS. Cell viability and counts were deter-
mined by the Trypan blue exclusion test
(18).

ELISPOT assay

Individual cells secreting anti-pCry1Ac
antibodies were enumerated by the ELISPOT
technique (19). Briefly, nitrocellulose discs
were placed on the bottom of a polystyrene
culture plate and coated with 10 µg/ml
pCry1Ac in carbonate buffer. The wells were
blocked with PBSMT and the plates washed
repeatedly with PBST. At this point, 500 µl
of a cell suspension (105-106 cells/ml) in
RPMI medium was added to wells and incu-
bated for 4 h at 37oC, under 8% CO2 and
90% relative humidity. After washing with
PBST, an anti-IgG, anti-IgM or anti-IgA (per-
oxidase-labeled goat anti-mouse) secondary
antibody was added and the plate was incu-
bated at room temperature for 2 h. Finally,
500 µl of substrate solution (0.01 mg/ml 3,3-
diaminobenzidine, 10 mg/ml nickel chlo-
ride, 10 mg/ml cobalt chloride and 0.005%
H2O2) was added to each well. Spot-forming
cells (SFC) were enumerated under stere-
omicroscope at low magnification and the
data are reported as the SFC per 107 cells

found in three membranes.

Calculations and statistics

Titers and SFC values were converted to
logarithms for calculation of arithmetic
means, standard deviation and rank. The
significance of differences between groups
was tested using the Mann-Whitney test and
the differences observed were determined
by the Newman-Keuls test (20).

Results

Kinetics of systemic and mucosal
anti-pCry1Ac antibody responses

Anti-pCry1Ac IgG and IgM antibodies
were detectable in serum immediately after
the first immunization with 100 µg pCry1Ac
by the ip or ig route (Figure 1). The produc-
tion of antibodies continued to increase after
the third dose on day 14. By day 21, the anti-
pCry1Ac IgG antibody titer reached a pla-
teau and did not change significantly until
the end of the study on day 126. In contrast,
the levels of anti-pCry1Ac IgM antibodies in
serum fell by day 21 while IgA antibodies
rose to the maximal level. The IgA specific
antibodies were detectable in serum of im-
mune mice up to 66 days after the last immu-
nization. The serum antibody titers induced
by pCry1Ac injected ip were higher than
those obtained after ig administration. How-
ever, the kinetic curves for serum antibody
induction were similar by both immuniza-
tion routes.

The induction of a mucosal immune re-
sponse was indirectly measured in fresh fe-
ces from immune mice (Figure 1). The feces
were free of hemoglobin, as tested with reac-
tive strips. After the first immunization, anti-
pCry1Ac IgG coproantibodies were detected
in feces from animals immunized ip, with
levels rising to maximal values by day 21.
However, seven days later the IgG antibody
titer dropped ten times to a basal value which
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remained unchanged up to the end of the
experiment. In this experimental group, IgA
specific antibodies were detected on day 36.
When the antigen was administered ig, cop-
roantibody levels in feces were lower than
those obtained in mice immunized ip, al-
though significant IgG and IgA coproanti-
body levels were observed from day 14 to
the end of the experiment. IgM specific anti-
bodies were not detected in feces.
Nonimmunized mice did not show anti-
Cry1Ac antibodies in serum or feces.

Anti-pCry1Ac IgG antibody subclass

The titers induced by pCry1Ac injected ip
were 4.50 for IgM, 5.9 for IgG and 3.11 for
IgA. The IgG serum antibodies were mainly
IgG1 (5.37) although titers of 4.60, 4.58 and
4.02 were found for IgG2a, IgG2b and IgG3
subclasses, respectively (Figure 2).

The anti-pCry1Ac antibody titers obtained
were 2.44 for IgM, 5.17 for IgG and 3.2 for
IgA when the protoxin was administered ig.
The IgG antibody titers were 3.98 (IgG1),
3.28 (IgG2b), 3.75 (IgG3). In contrast to the
ip route, ig administration of pCry1Ac did
not induce specific IgG2a antibodies in se-

rum (Figure 2).
High levels of IgG anti-pCry1Ac copro-

antibodies were induced in the fluids of the
small and large intestines using the ip route,
whereas moderate intestinal IgA and IgG
antibody responses were obtained by the ig
route. The anti-pCry1Ac IgG antibody frac-
tion in the small and large intestine fluids
from mice immunized ip mainly contained
IgG1, although significant levels of IgG2a
and IgG3 antibodies were also found. Ad-
ministration of the antigen by the ig route
mainly induced IgG1 antibodies in the fluids
of both intestines (Figures 3 and 4). Serum
and mucosal anti-pCry1Ac antibodies were
not detected in nonimmunized mice. The
intestinal contents did not show the presence
of hemoglobin.

Induction of pCry1Ac-specific
antibody-producing cells

To determine the distribution of B cells
capable of secreting anti-pCry1Ac antibod-
ies, the ELISPOT technique was applied to
cells isolated from different lymphoid or-
gans seven days after the last immunization.
The application of pCry1Ac by the ip route
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Figure 1 - Kinetics of serum (A
and B) and intestinal (C and D)
anti-pCry1Ac antibody produc-
tion. Mice were immunized with
100 µg of pCry1Ac by the ip (A
and C) or ig (B and D) route. Sera
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induced 2.8 x 103, 0.6 x 103 and 7.55 x 103

IgG specific SFC per 107 cells in Spl, MLN
and PP, respectively. Antibodies were found
only in PP plasma cells producing anti-
pCry1Ac IgA (3.03 x 102) and IgM (18.62 x
102). In mice immunized ig, SFC values of
16.00 x 102 cells for IgA, 111.21 x 102 cells
for IgG and 4.64 x 102 cells for IgM were
obtained for PP, which were higher than
those obtained by the ip route. These mice
had a strong induction of pCry1Ac-specific
IgA-producing (1.41 x 102) SFC in the Spl.
Moderate levels of plasma cells producing
anti-pCry1Ac antibodies were detected in
the MLN of mice immunized by both routes
(Figure 5).

The pCry1Ac-specific SFC present in the
LP of small and large intestines were also
quantified. When pCry1Ac was applied ig or
ip, IgA- and IgG-producing pCry1Ac-spe-
cific SFC were obtained in LP lymphocytes
from the small intestine. However, only
plasma cells producing IgG antibodies were
found in the large intestine (Figure 5).

Immunogenicity of tCry1Ac

The Cry1Ac toxin was administered to
mice ip or ig to study its immunogenicity.
When administered ip, tCry1Ac induced se-
rum antibody titers of 2.45 for IgA, 4.45 for
IgG and 3.25 for IgM, which were lower
than those obtained with the protoxin. Simi-
lar antibody levels were observed when the
same toxin was applied ig (Figure 6).

The mucosal immune response induced
by tCry1Ac was measured in the small and
large intestinal fluids. In contrast to the
protoxin, tCry1Ac only induced anti-tCry1Ac
IgA antibodies in the small intestine, with
higher levels when the antigen was applied
ip. Specific antibodies were not detectable in
fluids from the large intestine (Figure 6).

Discussion

We have previously reported that
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pCry1Ac is able to induce a strong mucosal
and systemic immune response in mice when
applied by the ip or ig route (6). The present
study provides further characterization of
the mucosal and systemic immune responses
induced by this antigen.

As expected, the kinetics of the serum
antibody response induced by pCry1Ac by
both immunization routes proved to be thy-
mus dependent, with a strong induction of
specific IgM antibodies after the first immu-
nization and a good immunological memory
of the protoxin.

The serum anti-pCry1Ac antibody titers
induced by ig administration were lower
than those obtained by ip administration, but
the maximum and minimum values were
obtained at the same times. These data show
that the serum immune response induced
against pCry1Ac was independent of the
immunization route, and therefore we as-
sume that this protein goes through the intes-
tinal mucosa and is processed in the periph-
eral lymphoid organs to generate a systemic
immune response. However, more experi-
ments are necessary to test this hypothesis.
The ability to induce serum antibody re-
sponses by oral immunization has been ob-
served for other proteins like cholera (21)
and Shiga toxins (22), both able to bind to
the intestinal surface.

The immune response generated against
pCry1Ac in the mucosal tissue supports the
dichotomy existing between the systemic
and mucosal immune systems. Significant
levels of anti-pCry1Ac coproantibodies in
feces were found after the last immunization
by both routes. Administration of the protoxin
by the ip route induced higher levels of
specific IgG antibodies in feces than those
obtained by the ig route. However, the high-
est levels of anti-pCry1Ac IgA antibodies
were attained after ig administration. In con-
trast to the systemic immune response, our
data show that the local response against
pCry1Ac is dependent on the administration
route.

The ip route was as efficient as the ig
route in triggering an anti-Cry1Ac intestinal
immune response. We rule out the possibil-
ity that the immune reaction induced by ip
administration was a product of cross-reac-
tion with intestinal bacterial antigens be-
cause the nonimmunized mice did not pro-
duce mucosal or serum anti-pCry1Ac anti-
bodies. These findings agree with data re-
cently published on the characterization of
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the humoral and mucosal immune responses
induced by pCry1Ac in mice (6). For other
antigens, the ip route has proved to be effec-
tive in the induction of both systemic and
mucosal immune responses (23) because the
peritoneal cavity is known to be an impor-
tant source of plasma cells that are later
found in the mucosal tissues (24).

One of the main characteristics of
pCry1Ac is its ability to induce secretion of
anti-pCry1Ac IgG antibodies into the intesti-
nal fluids. In the present paper, we show that
these antibodies are mainly of the IgG1 sub-
class in both serum and intestinal fluids of
immunized mice. However, there was a re-
markable difference between the IgG-sub-
class antibodies present in serum and those
in the intestinal fluids, which suggests that
the production of coproantibodies occurred
locally and that serum antibodies are poorly
transferred through the corresponding mu-
cosae. These data and the absence of hemo-
globin in the intestinal fluids led us to ex-
clude the possibility of serum contamination.

The presence of IgG antibodies is fre-
quently associated with inflammatory diseases
such as chronic gastritis and celiac disease;
however, the innocuousness of Cry proteins to
vertebrates has been well demonstrated (25).
Toxicity studies submitted to the US Environ-
mental Protection Agency have provided evi-
dence that B. thuringiensis preparations con-
taining a high concentration of Cry proteins
and free of ß-exotoxin have no significant
adverse effects on laboratory mice and rats.
Mayes et al. (26) did not detect intestinal
inflammation when they administered Cry1Ac
protein orally to mice. The role of non-IgA
isotypes in the mucosal immune response is
still unclear. It has been found that locally
synthesized specific IgG antibodies contribute
to immunity against viral and bacterial infec-
tions (27,28). Recently, Berneman et al. (28)
demonstrated the presence of mucosal IgG
antibodies against Streptococcus pyrogenes in
healthy humans.

The distribution of pCry1Ac-specific an-

tibody-producing cells was studied using the
ELISPOT technique. The specific antibod-
ies generated after mucosal or systemic im-
munization were produced by different lym-
phoid sites inside and outside the gut-associ-
ated lymphoid tissue. The presence of
pCry1Ac-specific SFC in PP, MLN and LP
from mice immunized via ig is good evi-
dence that pCry1Ac activates B cells in PP
which migrate to the MLN, then to the tho-
racic duct, and finally to the intestinal LP
(29). As expected, ip immunization induced
significant levels of pCry1Ac-specific plasma
cells in the lymphoid tissues studied. Con-
sidering these data as a whole, we conclude
that the IgG and IgA antibodies secreted in
the intestinal fluids are produced to a great
extent by plasma cells present in the LP.

We found that tCry1Ac was able to in-
duce significant levels of specific antibodies
in mouse serum and intestinal fluids when
applied ig or ip. In contrast to the protoxin,
anti-tCry1Ac coproantibodies were of the
IgA isotype and were only produced in the
small intestine. The Cry1Ac toxin corre-
sponds to the N-terminal domain of the
protoxin, which has insecticidal properties.
The tCry1Aa structure has been determined
(30) and probably differs from the possible
conformation adopted by the protoxin.

Transgenic plants containing high con-
centrations of Cry1A proteins have been
commercialized for food production (8). Al-
though it is known that these proteins are
safe for animals and man, the high immuno-
genicity of Cry1A proteins administered ig
should be taken into account before releas-
ing Cry-containing products for human use.
On the other hand, the present data support
the idea that pCry1Ac may be used as a
carrier to introduce vaccinal epitopes either
parenterally or locally into the mucosal tis-
sues. Cry proteins might therefore represent
a valuable tool in mucosal immunity studies,
particularly on the dynamics of intestinal IgG
production and its role in the intestinal im-
mune protection against infectious pathogens.
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