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A B S T R A C T

Cry1Ac toxin, from Bacillus thuringiensis, is widely used as a biopesticide and expressed in genetically modified
(GM) plants used for human and animal consumption. Since Cry1Ac is also immunogenic and able to activate
macrophages, it is crucial to thoroughly evaluate the immunological effects elicited after intra-gastric admin-
istration. The allergenic potential of purified Cry1Ac was assessed and compared with that induced in a murine
model of food-allergy to ovalbumin (OVA), in which animals are sensitized with the adjuvant Cholera toxin (CT).
Mice were weekly intragastrically administered with: i) vehicle phosphate-buffered saline (PBS), ii) OVA, iii)
OVA plus CT iv) Cry1Ac or v) OVA plus Cry1Ac. Seven weeks after, mice were intragastrically challenged and
allergic reactions along with diverse allergy related immunological parameters were evaluated at systemic and
intestinal level. The groups immunized with, Cry1Ac, OVA/Cry1Ac or OVA/CT developed moderate allergic
reactions, induced significant IgE response and increased frequencies of intestinal granulocytes, IgE+ eosino-
phils and IgE+ lymphocytes. These same groups also showed colonic lymphoid hyperplasia, notably in humans,
this has been associated with food allergy and intestinal inflammation. Although the adjuvant and allergenic
potential of CT were higher than the effects of Cry1Ac, the results show that applied intra-gastrically at 50 μg
doses, Cry1Ac is immunogenic, moderately allergenic and able to provoke intestinal lymphoid hyperplasia.
Moreover, Cry1Ac is also able to induce anaphylaxis, since when mice were intragastrically sensitized with
increasing doses of Cry1Ac, with every dose tested, a significant drop in rectal temperature was recorded after
intravenous challenge.

1. Introduction

Cry proteins are produced as proteinaceous crystals during the
sporulation phase by Bacillus thuringiensis (Bt). These proteins are
widely used as biopesticides; also they demonstrate a high solubility,
stability in alkaline pH and resistance to proteolysis [1]. After crystal
ingestion by susceptible insects, Cry protoxin is solubilized and pro-
teolytically activated by midgut proteases to form a toxic fragment of
65–70 kDa. The activated toxin then binds to specific receptors present
on the apical brush border of the midgut epithelium, which provokes
formation of a lytic pore, inducing a complex cellular response that
disrupts the cell integrity and transepithelial potential difference, ulti-
mately leading to cell lysis and larval death [2,3].

Genetically modified (GM) plants that express the Cry insecticidal
toxin as a highly effective means of insect control are currently being
produced and a variety of Bt plants have been commercialized in many
countries. These plants can express one or several different Cry toxins
[3]. Several toxicological studies conducted in animals have evaluated
Bt plants; these analyses have included laboratory tests such as, blood
chemistry, evaluation of food consumption, body and organ weight and
pathological analysis including the presence of tumors. The majority of
these studies indicate that GM food containing Cry toxins are safe for
human and animal consumption as found no abnormalities in the
parameters evaluated, toxicity or death associated with Cry proteins
[4–10].

Notwithstanding, the potential adverse immune effects of Cry toxins
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is still a public health concern, due to the significant raise in the in-
cidence of allergy and inflammatory bowel diseases recorded particu-
larly in industrialized countries, over the past few decades [11].
Moreover, due to the immunological properties of Cry1Ac proteins,
such as mucosal and systemic immunogenicity and adjuvanticity
[12–19]; along with its capacity to activate macrophages [20,21], their
potential ability to provoke either allergic or inflammatory responses
has been suggested, but remains to be proved [22]. Importantly, we
have recently demonstrated that Cry1Ac protoxin and toxin are both
able to activate macrophages and induce the activation of MAPKs
pathways [23,24], further reinforcing the need for a deeper evaluation
of their in vivo immunological effects in mammals.

A few studies have evaluated the immunogenicity and potential
allergenicity of Cry toxins, after intra-gastric administration; these have
been centered just in Cry1Ab purified toxin (a protein homologous in
structure to Cry1Ac) and in maize MON810 (expressing Cry1Ab).
Although some studies have supported its immunogenicity, but not its
allergenicity, the approaches employed were limited, such as in the
study of Adel et al. 2011 in BALB/c mice, in which was found that
intraperitoneal administration of purified toxin and maize MON810
induced serum IgG and IgA production, but did not induce IgE antibody
response. However, they did not detect significant serum antibody re-
sponses after intra-gastric administration of Cry1Ab, but nor with any
of the proteins tested. These negative results may be due to the in-
adequate immunization scheme used, which consisted on just two ad-
ministrations with 1 or 100 μg, thus differs considerably from the
schemes used in models to evaluate food allergy which include several
repeated immunizations. Moreover, the study included neither any
analysis of intestinal immune response [4]. In a recent study of An-
dreassen et al., no evidence of immunogenicity or allergenicity of
Cry1Ab was recorded after intra-gastric administrations of low dose of
the toxin (10 μg) and intraperitoneal challenges [25], however a com-
prehensive evaluation of the intestinal immune response was not per-
formed.

In the present study we determined the allergenic potential and
immunological effects, of purified Cry1Ac toxin after intra-gastric ad-
ministration to mice. We selected and adapted an administration
scheme similar to that used in mouse models of food allergy to be able
to compare the immunological effects of Cry1Ac [26,27]. In this model,
mice are intragastrically sensitized to ovalbumin (OVA) in the presence
of the Th2-type mucosal adjuvant cholera toxin (CT), or tolerized by
intra-gastric administrations of OVA alone; while the antigenic chal-
lenge is also administered by intra-gastric route. Thus the model more
realistically resembles the antigen entry route occurring in human food
allergy, in contrast to other allergy models that use either systemic
sensitization or challenges [28]. We performed a wide evaluation of
parameters related with intestinal and systemic allergic response such
as: i) allergic reactions, ii) specific analysis of IgG1, IgG2a, IgE antibody
responses in serum and intestinal lavages, iii) quantification of granu-
locytes and B220+ IgE+ lymphocytes in spleen, mesenteric lymph
node (MLN), Peyer's patches (PP) and intestinal lamina propria cells; iv)
analysis of cytokine profiles and v) intestinal histopathological analysis.
Overall the results indicate the potential of Cry1Ac toxin to elicit
moderate allergy-related responses, when administered via intra-gastric
route.

Moreover, Cry1Ac is also able to induce anaphylaxis, as when mice
were intragastrically sensitized with increasing doses of Cry1Ac, with
every dose tested, a significant drop in rectal temperature was recorded
after intravenous challenge further confirming the potential allergeni-
city of Cry1Ac.

2. Materials and methods

2.1. Animals

Female BALB/c mice (6–8week-old) were used throughout this

study. These mice were provided with sterile food (2019 Teklad Global
19% Protein Extruded Rodent Diet; Harlan Laboratories Inc.
Indianapolis, IN) and water ad libitum, at the FES Iztacala, Universidad
Nacional Autónoma de México animal house facility in accordance with
institutional and national official guidelines (NOM-062-ZOO-1999) for
the use and care of laboratory animals. For the majority of the results
shown (Figs. 1–5) two to three independent experiments were per-
formed with 4–5 individuals per group, the number (n) of mice used per
group is indicated in each figure legend.

2.2. Recombinant Cry1Ac toxin

Recombinant Cry1Ac protoxin was purified from IPTG induced E.
coli JM103 (Pos900) cultures [29]. Protoxin was solubilized, and the
toxin was activated with trypsin was performed as previously described
[19]. Endotoxin levels of Cry1Ac toxin were tested using E-toxate kit
(Sigma Chemical Co., St. Louis, USA) and were found to below 0.1 EU/
mL. The protein was then treated with a polymyxin resin (Bio-Rad,
Hercules CA, USA) to remove any possible endotoxin remnants, ex-
amined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and the total protein concentration was determined by the Bradford
method.

2.3. Immunizations

The sensitization protocol used was adapted from a described model
to establish food allergy to OVA [26], BALB/c mice of 6–8weeks old
female received intra-gastric administrations. In the allergy positive
group mice were sensitized with OVA (Worthington, Lakewood, USA)
plus CT (Sigma Chemical Co., St. Louis, USA) while in the negative
control tolerized group mice received OVA alone. In this model [26], as
in the majority of CT-induced food allergy models high antigen doses
are intra-gastrically administered (i.e. 20mg of OVA), but since our
main purpose was to evaluate the allergenicity of Cry1Ac, two distinct
doses of OVA (50 μg and 5mg) were proved in both control groups
(OVA alone and OVA plus CT). The lower dose of OVA was initially
considered to make it comparable to the dose chosen of Cry1Ac (50 μg).
The expected allergy related parameters were attained in the OVA plus
CT positive groups, (Supplementary Fig. 1) but these were more marked
and consistent with the higher OVA dose than with the lower dose,
therefore only the 5mg dose was used in the subsequent assays.

The groups of mice were intragastrically administered, once a week
for seven weeks, using a ball-ended mouse feeding needle, (in 200 μL
volumes diluted in PBS) (Fig. 1A), with one of the following treatments:
i) vehicle PBS; ii) 50 μg or 5mg of OVA tolerized control; iii) 50 μg or
5mg of OVA plus 50 μg of CT as positive allergy control; iv) 50 μg or
5mg of OVA plus 50 μg of Cry1Ac and v) 50 μg of Cry1Ac alone and v),
the last group were test groups used to evaluate if Cry1Ac could induce
sensitization to itself respectively to OVA). On day 49, mice received
intra-gastric. Challenge with a higher OVA antigen doses, (i.e. 300 μg of
OVA for OVA 50 μg groups and 20mg of OVA for OVA 5mg groups), or
with 300 μg of Cry1Ac (in mice of group Cry1Ac alone). Mice were
sacrificed 1 h after the intra-gastric challenge at day 49 (Fig. 1A).

The dose used of 50 μg Cry1Ac was chosen on basis to a dose-re-
sponse preliminary study in which four distinct doses were tested (10,
50, 100 and 200 μg), to evaluate the immunogenicity via the intra-
gastric route, this dose proved to induce significant anti-Cry1Ac serum
and intestinal antibody responses using a 3 immunization schedule
(Data not show). This dose, also has been previously proved to be im-
munogenic via intranasal route [19]. The OVA stock solution was also
treated with polymyxin resin to remove any possible endotoxin con-
tamination.

2.4. Evaluation of allergic reactions

Allergic reactions were assessed by measuring changes in the body
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temperature recorded before and 30min after the intra-gastric chal-
lenge and during 15min post-challenge the signs of allergic reactions
were recorded and monitored in a blinded fashion by two independent
researches. Allergic scores were subsequently graded adhering to an
pre-established 0–5 scale [26] consisting of the following signs: 0- no
signs; 1- scratching around nose, ears and head less than 10 times for
15min; 2- scratching 10 times for 15min; 3- scratching more than 10
times, puffiness around the eyes and mouth, diarrhea, pilar erecti for
15min; 4- reduced physical activity and/or decreased activity with
increased respiratory rate; 5- death.

2.5. Anaphylaxis

Although anaphylaxis can be achieved following intra-gastric chal-
lenge to some allergenic proteins such as peanut it is not attained in
BALB/C mice sensitized and challenged intra-gastrically to OVA [30],
while intravenous challenges protocol had proved to be effective to
induce hypothermia shock responses [31]. So, in additional experi-
mental groups one day after receiving an intra-gastric challenge, were
carried out intravenous challenges with 100 μg of OVA (in PBS, OVA,
OVA plus Cry1Ac and OVA plus CT groups); or with 100 μg of Cry1Ac
(in mice intra-gastrically administered with PBS or with increasing

Fig. 1. Protocol of sensitization by intra-gastric route and allergic response. (A) BALB/c mice were intra-gastrically administered once a week for 7 weeks with one of
the following treatments: phosphate buffered saline (PBS); ovalbumin (OVA); OVA plus cholera toxin (CT). Cry1Ac alone or OVA plus Cry1Ac. At day 49, mice were
challenged intragastrically with OVA or Cry1Ac as detailed in methodology and sacrificed 1 h after. (B) The allergic reactions were determined immediately after
intra-gastric challenge, over a 15min period, based on the following scoring system: 0- no signs; 1- scratching around nose, ears and head less than 10 times in
15min; 2- scratching 10 times in 15min; 3- scratching more than 10 timed, puffiness around the eyes and mouth, diarrhea, pilar erecti in 15min; 4- reduced physical
activity and/or decreased activity with increased respiratory rate; 5- death. (C) the graphic shows the Cry1Ac-specific IgE antibody response in serum, (D) Cry1Ac-
specific IgE antibody response in intestine small intestine (SI) and large intestine LI, (E) shows the response of OVA-specific IgE in serum and (F) response of OVA-
specific IgE antibody response in intestine SI (open bars) and LI (close bars), The results shown in A–E were obtained from independent experiments performed using
4 mice per group (n= 8 to 12). Significant differences (P ˂ 0.05) are indicated as follows: * versus PBS and & versus OVA.
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doses (10, 50, 100 and 200 μg) of Cry1Ac (Fig. 5A). Temperature
changes were monitored using rectal probe thermometer and sig-
nificant temperature drop was used as a measure of anaphylaxis.

2.6. Determination of anti-OVA and anti-Cry1Ac antibody levels in serum
and intestinal lavages

Serum samples were obtained from blood extracted by cardiac
puncture and large intestine (LI) and small intestine (SI) lavages as
previously described [32] from sacrificed mice. Anti-OVA and anti-
Cry1Ac antibody responses were measured by indirect enzyme-linked
immunosorbent assay (ELISA). Plates were coated overnight at 4 °C
with 100 μL of Cry1Ac (10 μg/mL) or OVA (10 μg/mL) in carbonate-
bicarbonate buffer (0.1M Na2CO3-NaHCO3 pH 9.6). Non-specific
binding sites were blocked with 0.05% PBS-Tween 20/3% BSA for
serum and 0.05% PBS-Tween 20/10% non-fat milk for intestinal la-
vages samples for 2 h at 4 °C. Serial dilutions of samples were incubated
over night at 4 °C in volumes of 100 μL per well. These started at 1:100
for serum, while for SI and LI lavages were 1:2 diluted with 20% non-fat
milk. Peroxidase-conjugated anti-mouse anti-IgG1, anti-IgG2a (In-
vitrogen, California, USA), and anti-IgA (Life technologies, California,
USA) were used at a dilution of 1:1000 and biotinylated anti-mouse
anti-IgE (eBioscience, San Diego, USA) used at 1:500. The substrate
solution was ABTS 2, 2′-azino-di (3-ethyl-benzthiazoline-6-sulphonate

with H2O2 (0.01%)). The absorbance was measured at 405 nm using a
microplate reader (Biotek ELx 800).

2.7. Spleen, mesenteric lymphoid node and Peyer's patch leukocytes

The Spleen, mesenteric lymphoid node (MLN) and Peyer's patch
(PP) were removed and disaggregated through a nylon mesh filter with
RPMI-1640 medium supplement with 5% fetal calf serum (FCS) and
centrifuged at 1500 rpm for 5min at 4 °C. In spleen, the erythrocytes
were lysed with (NH4Cl 150mM l, Tris-HCl 100Mm pH 7.4) for 5min,
and washed with PBS; the leukocyte pellets were then suspended in
0.5% BSA/PBS and stained with fluorochrome-labeled mAbs as de-
scribed [24].

2.8. Lamina propria leukocytes

The SI and LI were removed, separated and the lavages were col-
lected. The intraepithelial and lamina propria cells were obtained from
both intestines according to a previously published method [32] with
some modifications, basically no-percoll gradients were used. After
obtaining the intraepithelial cells, the intestines were incubated in an
orbital shaker with 20mL of RPMI-1640 and 60 U/mL of type IV col-
lagenase (Sigma Chemical Co., St. Louis, USA) at 37 °C for 30min at
120 rpm. The intestinal mucosa was then gently compressed and shaken

Fig. 2. Intra-gastric administration of Cry1Ac induces a mixed cytokine profile. Cytokines were quantified by ELISA in serum samples (A) IL-10, IL-13, IL-6 and TNF-
α cytokines and (B) INF-γ, IL-10, IL-4, IL-13, TNF-α cytokines were quantified in intestinal lavages and represented in the graphics. The results are expressed as
mean ± SEM (n=8 to 12 mice per group), significant differences (P ˂ 0.05) are indicated as follows: * versus PBS and & versus OVA.
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to release the loosened cells and single cell suspensions containing la-
mina propria cells, were filtered, washed with RPMI-1640 medium with
5% fetal bovine serum (FBS) and centrifuged at 1500 rpm for 10min at
4 °C. Finally, cells were suspended in 0.05% BSA/PBS and stained with
fluorochrome labeled mAbs [33].

2.9. Levels of mast cell protease-1 mMCP-1 and cytokines

The mouse mast cell protease-1 (mMCP-1 also abbreviated as
MCPT-1) levels were measured using an ELISA kit according to the
manufacturer's directions (eBioscience, San Diego, USA) in serum
samples 1:2 diluted. The levels of cytokines (IFN-γ, IL-10, IL-4, IL-13,
IL-6, TNF-α) in serum samples and intestinal lavages, were determined
by ELISA using commercial kits following the manufacturer's specifi-
cations (PEPROTECH, New Jersey, USA). Serum samples were diluted

1:4 and intestinal lavages were diluted 1:2 added in volumes of 100 μL
per well for quantification of cytokines.

2.10. Flow cytometry

The leukocytes obtained from spleen, MLN, PP and the intestinal
lamina propria were blocked with antibodies to the Fc γ II/III receptor
(anti-CD16/32). Cells were then incubated for 20min at 4 °C with 25 μL
of the following 1:100 diluted monoclonal antibodies: IgE-FITC
(BioLegend, San Diego, USA), B220-PECy5 (eBioscience, San Diego,
USA), Siglec-F-PE (eBioscience, San Diego, USA) and Gr1-APC
(BioLegend, San Diego, USA). The cells were washed with 0.05% BSA/
PBS and suspended in 300 μL of 1% paraformaldehyde. Relative fluor-
escence intensities were analyzed using a FACS Calibur cytometer
(Becton Dickinson, San Jose, CA, USA) and BD Cell Quest Pro v.5.1.1

Fig. 3. The Cry1Ac protein increases the proportion of B220+ IgE+ lymphocytes in spleen, mesenteric lymph node and Peyer's patches. Spleen, mesenteric lymph
node (MLN) and Peyer's patches (PP) cells were obtained from BALB/c mice, treated as described in Fig. 1. The cells were stained with mAbs and analyzed by flow
cytometry to determine the proportion of B220+ IgE+ lymphocytes. (A) Representative dot plots of spleen, MLN and PP cells are shown for each group indicating
the percentage of B220+ IgE+ lymphocytes. (B) Bar plots show the mean values± SEM of percentage of B220+ IgE+ lymphocytes from each group. Data shown
were obtained from independent experiments (n= 8 to 12 mice per group). Significant differences (P ˂ 0.05) are indicated as follows: * versus PBS and & versus OVA.
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software. One hundred thousand events were recorded; data were
analyzed using the FlowJo 7.6 software.

2.11. Histological analysis of intestinal tissues

Intestinal segments 0.5–1 cm long were cut from duodenum, je-
junum and ileum of SI and ascending, transverse and colon of LI tissues
and were fixed in 4% paraformaldehyde. Tissue slices were dehydrated
in graded alcohol and paraffin, cut into 3–6 μm cross-sections and
stained with hematoxylin and eosin (H&E). Total granulocytes from
twenty independent cross-sections per group were counted under a
microscope (Axiovert Zeiss, New Orleans, USA) in SI and LI tissue
sections. The pathological analysis of intestinal tissue sections was
performed by expert pathologist services from the Facultad de Medicina
Veterinaria y Zootecnia, Universidad Nacional Autónoma de México.

2.12. Competition assays of binding of OVA and Cry1Ac to macrophage's
cell surface

We performed competitions assays of OVA and Cry1Ac in
RAW264.7 macrophages as described [21], cells were pre incubated at
4 °C in binding buffer (PBS with 1% BSA) with the unlabeled Cry1Ac
(200 μg/mL) or OVA (1mg/mL) for 30min on ice. Then the labeled
ligand OVA-FITC (3 μg/mL) was added and the incubation was con-
tinued for another 1 h on ice. The samples were fixed and analyzed by
flow cytometry.

2.13. Statistical analysis

One-way ANOVA was applied for multiple comparisons, with
Kruskal-Wallis post-test used to compare all groups and post compar-
ison Dunn's or Mann Whitney test used to compare all other groups to
the control group. All analyses were performed using GraphPad PRISM
version 7.0 software. A P value ˂ 0.05 was considered statistically sig-
nificant.

3. Results

3.1. The Cry1Ac toxin provokes allergic manifestations

To define the allergenic potential of intra-gastric administration of
Cry1Ac, we evaluated the allergic manifestations induced in sensitized
mice, as specified in Fig. 1A, immediately after the intra-gastric chal-
lenge. In general, similar tolerance-related results were attained with
both OVA doses tested, in the OVA alone groups, while in the OVA/CT
groups with both OVA doses tested were attained the expected allergy-
related responses although at higher magnitude with the higher OVA
dose. For this reason, only the results with OVA 5mg dose are shown
for these groups in the Figs. 1–6. However, in the OVA/Cry1Ac groups
in general with the higher OVA dose, the Cry1Ac-induced effects were
lower than those elicited with the lower dose (50 μg). The results shown
in the figures for OVA/Cry1Ac correspond to the OVA 5mg dose unless
other thing is specified.

The treatments with Cry1Ac, OVA/Cry1Ac and OVA/CT (with ei-
ther of two OVA doses tested) induced mildly allergic manifestations,
such as wheezing about mouth, nose and ears more than 10 times, pilar
erecti and diarrhea (with score 3; Fig. 1B), while the PBS and OVA
groups showed lower allergic manifestations (scores 1 and 2; Fig. 1B) in
comparison with the rest of treatments. No significant differences in
body temperature were detected between any of the groups (data not
shown).

3.2. Cry1Ac treatment induces increased serum specific IgE response

Cry1Ac alone induced a significant increase of anti-Cry1Ac IgE in
serum as compared with PBS group (Fig. 1C), while in SI and LI, no
significant differences in the levels of anti-Cry1Ac IgE were observed
between the treatments (Fig. 1D).

As expected, OVA/CT induced a significant increase of anti-OVA IgE
levels in serum (Fig. 1E). However, in the SI only slight and similar anti-
OVA IgE responses were detected in OVA/CT (Fig. 1F) and OVA/
Cry1Ac treatments, however these responses were similar as those eli-
cited in OVA group but higher with respect to PBS (Fig. 1F). The OVA/
Cry1Ac and Cry1Ac groups were able to elicit systemic and mucosal
Cry1Ac-specific IgG1, IgG2a and IgA antibody responses (Supplemen-
tary Fig. 2). Cry1Ac had a slight systemic adjuvant effect to OVA;
however, the magnitude, is not comparable with the strong adjuvant
effect of CT in this intestinal allergy model (Supplementary Fig. 3).

Fig. 5. Treatments with Cry1Ac induces intestinal lymphoid hyperplasia of the
colon. Colon sections obtained from BALB/c mice treated as indicated in Fig. 1
were labeled with H&E stain for pathological analysis. The images are re-
presentative of colon sections (LI) from each treatment group (n= 8 to 12 mice
per group). Intestinal lymphoid hyperplasia was induced by OVA/Cry1Ac,
Cry1Ac and OVA/CT treatment.
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3.3. The intra-gastric administration of Cry1Ac induce a mixed cytokine
profile

In general, a slightly increased mixed cytokine profile was detected
in serum and in intestinal lavages of Cry1Ac, OVA/CT and OVA/Cry1Ac
groups with respect to the PBS and OVA groups.

In serum the cytokine profile detected with significant increase were
IL-10, IL-13, IL-6 and TNF α, (Fig. 2A) in Cry1Ac group, OVA/Cry1Ac
and OVA/CT in comparison with PBS vehicle group. The cytokines were
also evaluated in intestinal lavages, where a low mixed cytokine profile
was observed in all groups, however only a slightly increased IL-6 level
was detected in the OVA/CT and Cry1Ac groups (Fig. 2B). The difficulty
in detecting intestinal cytokines, in this model of food allergy to OVA,
may be due to the low levels induced or to their lability since in the
OVA/CT group no substantial levels were detected either.

3.4. Cry1Ac treatment significantly increases the proportion of B220+ IgE
+ lymphocytes in spleen, mesenteric lymph node and Peyer's patches

The IgE antibody was also evaluated by flow cytometry, assessing
the frequency of B220+ IgE+ lymphocytes in cells from spleen, MLN,
PP and lamina propria.

In spleen cells, Cry1Ac alone induced a considerable increase in the
percentage of B220+ IgE+ lymphocytes (11.24% ± 3.72) with re-
spect to PBS (0.82% ± 0.25) and OVA (1.23% ± 0.47); while OVA/
CT (26.05% ± 3.24) also exhibited an increase in this population
(P ˂ 0.05) (Fig. 3A, B). OVA/Cry1Ac also increased the proportion of
B220+ IgE+ lymphocytes but only with the 50 μg OVA dose
(54.7% ± 6.5).

In MLN, Cry1Ac treatment elicited a significantly higher proportion
of B220+ IgE+ lymphocytes (27.1% ± 8.57) than was induced in PBS

Fig. 6. Intravenous challenge with OVA or Cry1Ac results in anaphylaxis. (A) BALB/c mice were immunized once a week for seven weeks, on 48 day received an
intra-gastrically and were assessing the rectal temperature for 1 h as specified in the section materials and methods and one day after (49) the mice received an
intravenous antigen challenge with 100 μg of OVA for PBS groups and OVA/CT group, 100 μg of Cry1Ac for PBS group and the different Cry1Ac groups (10, 50, 100
or 200 μg of Cry1Ac). (B) the graph shows the mean of temperature measurement every 5min after the intra-gastric challenge for 1 h of vehicle groups of PBS and
OVA/CT allergy positive control, (C) mean of temperature measurement every 5min h after the intra-gastric challenge of PBS group and (10, 50, 100 or 200 μg of
Cry1Ac) groups, (D) shows the drop of the decrease in temperature assessed every 5min for 1 h after intravenous challenge of PBS groups and OVA/CT allergy
positive control and (E) the graph exhibited the drop of temperature after the intravenous challenge with 100 μg of Cry1Ac for every Cry1Ac group in comparison
with the PBS vehicle group. The results shown in A-E were obtained using 3 to 5 mice per group. Significant differences (P ˂ 0.05) are indicated as follows * versus
PBS challenge (OVA); *** versus PBS challenge with (Cry1Ac, OVA, PBS) and * versus PBS challenge (PBS).
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(2.40% ± 1.45) and OVA (9.17% ± 4.10). OVA/Cry1Ac treatment
also increased this population with the lower OVA dose 50 μg
(51.60% ± 20.1) but not with the high OVA dose 5mg
(1.33% ± 1.12). While OVA/CT (43.65% ± 12.65) also increased
these population (P ˂ 0.05) (Fig. 3A–B).

The percentage of B220+ IgE+ lymphocytes in PP was significantly
increased in Cry1Ac (4.26% ± 1.46) in comparison to PBS
(0.785% ± 0.21) and in OVA/Cry1Ac (39% ± 12.30) the increase
was higher than every other group, but only with the low dose of OVA,
while in OVA/CT was significantly increased (6.77% ± 3.72) with
respect to PBS (0.78% ± 0.21) and OVA (2.13% ± 1.35) (P ˂ 0.05)
(Fig. 3A, B).In lamina propria cells of SI and LI, no significant changes
in the cell population of B220+ IgE+ lymphocytes were detected be-
tween groups (data not shown).

3.5. The administration of Cry1Ac increases the number of eosinophils and
total granulocytes in intestine

Eosinophils were analyzed by flow cytometry with Siglec-F mAb. In
lamina propria cells of SI, the percentage of Siglec-F+ cells of OVA
(3.68% ± 0.52), OVA/Cry1Ac (3.83% ± 0.52), Cry1Ac
(6.27% ± 1.77), and OVA/CT (3.77% ± 0.44) treatments was sig-
nificantly higher than in PBS (1.61% ± 0.42) groups (Fig. 4A–B). In
the LI, OVA/CT (1.47% ± 0.25) showed a significant increase with
respect to PBS (0.66% ± 0.10) in the percentage of Siglec-F+ cells,
while a no significant increase was observed in the percentage of Siglec-
F+ cells in OVA/Cry1Ac (1.01% ± 0.14) and Cry1Ac (2.15% ± 1.26)
in LI (P ˂ 0.05) (Fig. 4A, B).

The number of total granulocytes was also counted by microscopy in
sections of SI and colon LI. The number of granulocytes per field was
significantly increased in SI sections from OVA (6.56 ± 0.40), OVA/
Cry1Ac (6.86 ± 0.46), Cry1Ac (9.08 ± 0.86) and OVA/CT
(9.41 ± 0.44) compared to the PBS group (5.31 ± 0.35) (P ˂ 0.05)
(Fig. 4C). Likewise, in LI sections, the number of granulocytes per field
were considerably increased in the OVA/Cry1Ac (6.76 ± 0.44) Cry1Ac
(9.25 ± 0.68) and OVA/CT (9.41 ± 0.41) groups compared to the

PBS (2.85 ± 0.20) and OVA (4.16 ± 0.38) groups (P ˂ 0.05) (Fig. 4D).

3.6. The Cry1Ac toxin does not induce an increase in the mMCP-1 levels in
serum

It is well known that when IgE bound to its receptor (FcεRI) cross-
link with allergens on mast cells, the mast cells suffer degranulation,
releasing histamine, leukotrienes and proteases and provoking allergic
symptoms. We measured the levels of mMCP-1, a mouse mast cell
protease-1 and β-chymase because it is considered a typical allergic
mediator released during mast cell degranulation [34] [35]. Only the
OVA/CT (positive allergy control) treatment significantly increased the
mMCP-1 levels in serum with respect to the rest of the groups (Fig. 4E).
While OVA/Cry1Ac and Cry1Ac treatments showed mMCP-1 levels very
similar to the PBS and OVA groups (Fig. 4E).

3.7. Intra-gastric administration of Cry1Ac induces lymphoid intestinal
hyperplasia in colon

Histological analysis was performed in order to determine whether
the intra-gastric administration of the different treatments induced
pathological changes in tissues of intestine. In intestinal sections of
control mice immunized with PBS and OVA the normal intestinal
morphology was preserved. In contrast, in LI from mice treated with
OVA/Cry1Ac, Cry1Ac or OVA/CT, intestinal lymphoid tissue hyper-
plasia was observed especially in the colon (Fig. 5). The cellular in-
filtrate in this hyperplasia appears to be formed by lymphocytes, and no
inflammatory infiltrate of macrophages, eosinophils or neutrophils was
observed inside in the H&E stained preparations. To determine whether
the lymphoid hyperplasia was reversible once the immunizations were
suspended, the intestinal histological analysis was done, in additional
groups of mice which received the 8-week sensitization scheme, but
were sacrificed until one month after. The histological analysis revealed
that the presence intestinal hyperplasia persisted in the OVA/Cry1Ac,
Cry1Ac or OVA/CT groups (data no shown).

In addition to the referred lymphoid hyperplasia in colon other

Table 1
Histopathological changes recorded in the intestines of mice intra-gastrically administered. The histopathological changes recorded in sections of small intestine (SI)
and large intestine (LI) of every group treated as described in materials and methods were marked as (+) positive or (−) negative when were present or absent in at
least 70% of mice. Some observations are indicated in negative marked groups when histopathological changes were recorded in some individuals. The data
summarize observations recorded in tissue sections from 9 mice per group.

PBS OVA OVA/Cry1Ac Cry1Ac OVA/CT

SI
Lymphoplasmacytic enteritis (+)

Mild, focal
(+)
Mild, multifocal

(+)
Mild, multifocal/diffuse

(+)
Mild/moderate, diffuse/
multifocal

(+)
Mild/moderate, diffuse

Goblet cell hyperplasia (−) (−) (+)
Mild/moderate/severe, diffuse

(+)
Mild/moderate, multifocal

(+)
Mild/moderate, diffuse

Lymphoid tissue hyperplasia (−) (−) (+)
Mild/moderate, focal

(+)
Severe, focal

(+)
Mild/moderate/severe, focal

Edema (−) (−) (−) (−) (−)
Lymphangiectasia (−) (−) (−) (−) (−)
Epithelial shedding (−) (−) (−) (−) (−)

LI
Lymphoplasmacytic enteritis (−)

Absent or mild,
focal

(−)
Absent or mild focal

(+)
Mild, multifocal

(+)
Mild, multifocal

(+)
Mild, multifocal/diffuse

Goblet cell hyperplasia (−)
Absent or mild,
focal

(−)
Absent or Mild focal

(+)
Mild/moderate multifocal

(+)
Mild/moderate multifocal/
diffuse

(+)
Mild/moderate diffuse

Lymphoid tissue hyperplasia (−)
Absent

(−)
Absent or mild focal

(+)
Mild/moderate, focal/
multifocal

(+)
Mild/moderate, focal

(+)
Mild/moderate to severe,
focal

Edema (−) (−)
Absent or mild diffuse

(+)
Moderate, diffuse

(+)
Mild, diffuse

(+)
Moderate, diffuse

Lymphangiectasia (−) (−) (−) (+) (+)
Epithelial shedding (−) (−) (−) (+) (+)
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histopathological changes was identified in intestine, such as lympho-
plasmocytic enteritis, goblet cell hyperplasia, edema, and epithelial
shedding, were also recorded in particularly in the intestines (SI and LI)
sections of OVA/CT, Cry1Ac and OVA/Cry1Ac groups (Table 1). In
general, these alterations were more severe in the OVA/CT group than
in the other groups.

3.8. The intravenous challenge with Cry1Ac provokes anaphylaxis

The mildly allergenic responses recorded in the groups sensitized
with Cry1Ac by intra-gastric route led us to prove whether this toxin
may provoke anaphylaxis if was administered at higher doses (Fig. 6C).
After intra-gastric challenge only in the OVA/CT group was recorded a
slight temperature drop (Fig. 6B). However, a limitation of the oral
sensitization food allergy model selected, is that symptoms of anaphy-
laxis are not achieved upon food gavage [31], so we performed in-
travenous antigen challenge with OVA or with Cry1Ac in additional
groups (Fig. 6A). Remarkably, in mice intragastrically sensitized with
every dose tested of Cry1Ac (10, 50, 100 or 200 μg) a significant tem-
perature drop was recorded after the intravenous challenge with
Cry1Ac (Fig. 6E). This drop was observed since the first minutes and
maintained during 35min, while no significant temperature drops were
recorded after intra-gastric challenges with Cry1Ac (Fig. 6C). While a
marked temperature drop was observed after intravenous challenge
with OVA in OVA/CT allergy positive control (Fig. 6D). This drop was
more pronounced that the one elicited with Cry1Ac further reinforcing
the higher allergenic potential of CT. As expected, nor intra-gastric
neither intravenous challenges with OVA, Cry1Ac or PBS provoked
significant changes in temperature in PBS group (Fig. 6B,D).

3.9. The binding OVA to macrophage's cell surface is competed by Cry1Ac

A possible explanation to the lower effect Cry1Ac induced with the
5mg OVA dose, with respect to the 50 μg dose in the OVA/Cry1Ac
treatments, which was recorded for some allergy parameters (i.e. in-
crease in B220+ IgE+ and IgE+ Siglec-F+ cells) could be that OVA
and Cry1Ac were competing with a common receptor. The preliminary
results performed in macrophages support this possibility as the binding
of OVA-FITC to the cell surface was partially inhibited by an excess of
Cry1Ac (Supplementary Fig. 4). Considering that OVA is known to be
endocytosed in macrophages through the mannose receptor further
studies are still required to determine whether Cry1Ac use this same
receptor. It will also be important to determine if OVA could block some
of the Cry1Ac-induced activation effects on macrophages [24,36].

4. Discussion

Overall, the results indicate that Cry1Ac toxin via intra-gastric route
has the capability to generate moderate allergy-related immune re-
sponses. As, we found the groups administered with Cry1Ac and OVA/
Cry1Ac, but particularly the Cry1Ac alone group, elicited some allergy-
related manifestations, that were comparable in magnitude to those
induced by the allergy positive control (OVA/CT treatment). For ex-
ample: moderate score (level 3) of systemic allergic reactions, increased
proportion IgE+ cells in spleen, MLN and PP, increased proportion of
granulocytes in the intestinal lamina propria and intestinal tissue, and
generation of colonic lymphoid hyperplasia. However, the mucosal
adjuvant effect of CT, measured by the increase on the specific antibody
responses towards co-administered antigen OVA, was much greater
than the slight adjuvant effect of Cry1Ac elicited by intra-gastric route.
Also, the increases in Mmcp-1 levels and magnitude of temperature
drop following intravenous challenge were more pronounced in the
OVA/CT than in the Cry1Ac groups indicating a lower potential of
Cry1Ac to promote allergy and anaphylaxis with respect to CT.

The mildly allergic manifestations elicited in present study by
treatments with Cry1Ac and OVA/CT were similar to those recorded in

the comparable murine model of food allergy to OVA established by
Perrier et al. [26] Likewise, mildly allergy manifestations such as
cramps and scatting of skin are observed in patients with food allergy
[37].

Our results indicate that Cry1Ac toxin is immunogenic when ad-
ministered by intra-gastric route as OVA/Cry1Ac and Cry1Ac treat-
ments induced systemic and mucosal antibody responses
(Supplementary Fig. 3). Likewise, we have previously reported the
immunogenicity of Cry1Ac, Cry1Ab, Cry1Aa and Cry3A toxins but
following administration by intranasal and intraperitoneal routes, using
a scheme consisting in 3 weekly immunizations [19]. The adjuvant
capacity of Cry1Ac by intra-gastric route is slight, as by the coadmi-
nistration of OVA with Cry1Ac only were induced significant OVA-
specific IgG1 and IgA antibody responses in serum (Supplementary
Fig. 4); and these responses were much lower than those induced in the
OVA/CT group, thus as expected CT clearly exhibited a potent systemic
and mucosal adjuvant effect similar to the reported in other studies
[26,27,38].

By flow cytometry and microscopy, we found that the numbers of
eosinophils were significantly increased in the gut of the positive al-
lergy control OVA/CT, as well as in OVA/Cry1Ac and Cry1Ac groups.
Similar to our results, the increase in the number of eosinophils num-
bers has been observed in the blood in several food allergy models using
adjuvants [39]. Also in a study of Zeljenková et al. [9] assessing the
effect of feeding rats with 11% or 33% GM maize that express Cry1Ab
toxin (MON810) for 5 and 14weeks were found increased numbers of
eosinophils in blood, but they did not perform any examination of al-
lergy related parameters at the intestines. In addition, they found that
rats fed GM maize presented some signs of hepatorenal toxicity; how-
ever, they concluded that MON810 was as safe as conventional varieties
of corn.

In most studies in which the biosafety of GM Bt plants has been
tested, the possible changes or damages that Cry toxins could provoke
in organs such as the intestine are not microscopically evaluated. For
this reason, we performed histological analysis of intestinal tissue. The
main change observed in OVA/Cry1Ac, Cry1Ac and OVA/CT treated
groups was a lymphoid intestinal hyperplasia recorded in LI sections.
The presence of colon lymphoid hyperplasia is a parameter that had not
been described associated with food allergy in murine models, ac-
cording to present results we propose that it should be considered as it.

In humans, isolated lymphoid follicles are normally found
throughout the intestines but their presence is known to be increased in
the caecum and rectum regions. However, a high density of lymphoid
follicles might imply a pathological condition. Besides, under in-
flammatory conditions, the number, diameter and density of isolated
lymphoid follicles is increased [40]. Some studies have detected nod-
ular lymphoid intestinal hyperplasia associated with Giardia infection,
H. pylori infection and with immune deficiency status such as IgA de-
ficiency. In most of these cases, the lymphoid hyperplasia was observed
in SI [41,42]. Whereas, coinciding with our findings, intestinal lym-
phoid hyperplasia of the colon is more commonly related to food al-
lergy in children and adults [43,44]. Likewise, some studies have
consistently demonstrated an association between food allergy and
lymphoid hyperplasia in colon, because the number of patients without
colonic lymphoid hyperplasia that had food allergy was much lower
than those presenting it [45,46].

In addition to its association with food allergy, the presence of
nodular lymphoid hyperplasia (NLH) has been also linked with in-
flammatory bowel disease (IBD), celiac disease (CeD), lymphoma, co-
lonic carcinoma [47–51] and has been proposed as a marker of low-
grade inflammation in inflammatory bowel disease. In children NLH are
considered paraphysiological aggregates, as they are regularly asymp-
tomatic and reversible. Conversely, although little is known about the
clinical implications of NLH in adults, considering the risk of malignant
transformation the endoscopic surveillance of these structures has been
recommended [42]. On basis of present results showing lymphoid
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colonic hyperplasia induced by intra-gastric administration of Cry1Ac,
we consider important to perform further studies to determine whether
the ingestion of Cry toxins maybe associated with an increased presence
of nodular lymphoid hyperplasia in humans, as these structures appear
to be related with food allergy and/or with intestinal inflammatory
conditions.

Our present results demonstrating the potential of Cry1Ac to induce
responses linked with food allergy differ from the effects reported with
Cry1Ab toxin using an experimental allergic asthma or disease relapse
model induced with OVA, as they did not observe allergic manifesta-
tions. In the study of Reiner et al. [52] mice consumed approximately
19 μg per day of Cry1Ab toxin, as they were feed with a diet including
33% Bt maize containing approximately 0.0013% of Cry1Ab during 32
or 34 days. The different results may due to the distinct Cry1A protein
tested, by the distinct schedule, different allergy model used and dis-
tinct dose. However, the authors argued that the absence of allergic
response could be due to the denaturation of Cry1Ab during food
processing.

Likewise, in a recent study of Andreassen et al. [25] was found no
evidence of Cry1Ab toxin immunogenicity or allergenicity to the al-
lergen lupin in mice, after repeated intra-gastric administrations of low
doses of Cry1Ab (10 μg) and intraperitoneal challenges. However, in
their positive allergy group coadministered with CT neither were de-
tected significant specific antibody responses, nor changes in serum
cytokines. These different results could also be explained by the dif-
ferences in sequence between Cry1Ab and Cry1Ac, or to the different
doses and routes of administration used, as well as by the differences
derived from the modification of native cry gene sequences done to
increase the effectivity in a GM Bt plants [53,54]. So further detailed
studies are required in which the immunogenicity and allergenicity of
these similar Cry1A proteins are compared in appropriate conditions to
determine this apparent distinct allergenic potential.

Despite our results contrast to other studies, finding no evidence of
immunogenicity nor allergenicity for Cry1Ab, those were performed
without considering the evaluation of allergy-related intestinal para-
meters or using low doses of antigen or a reduced number of im-
munizations. Thus the appropriate use of antigen doses, immunization
schedule, food-allergy model and the analysis intestinal parameters
appear to be critical factors to precisely evaluate the immunogenicity
and allergenicity of Cry proteins via intra-gastric route. With the dose of
50 μg protein/25 g mouse we were able to observe the immunogenicity
and moderate allergenic potential of Cry1Ac in a food allergy mouse
model, extrapolating these data to a 70 kg person, 140mg should be the
dose required to induce immunogenic effects. These levels could not be
easily achieved by consumption of some GM plants in which the ex-
pression levels of Cry proteins had been estimated to be very low (i.e.
0.0013% of protein content in MON810 maize [52]), however there are
wide variations in measurements of Cry concentrations in plant mate-
rial [55] and in other transgenic plants such as broccoli, much higher
expression levels of Cry proteins had been achieved (i.e. 0.4% of total
protein). Besides, it is important to mention that the expression levels of
Cry proteins in plants can differ considerably [55]. Considering these
aspects, the dose required to observe an immunostimulating or aller-
genic effect due to Cry1Ac could be achieved by ingestion of a much
lower amount of GM plant than was originally thought.

It is important to note that in this study we used a native purified
Cry1Ac toxin, while the proteins expressed in transgenic plants are
modified or truncated, so as a result of these modifications they may
have different immunological properties. We also recommend, the need
to perform such further evaluation of the allergenicity of each trans-
genic plant using appropriate food allergy models like the one used in
this work, as well as to accomplish an integral evaluation of the in-
testinal immune response.

5. Conclusion

Cry1Ac has the potential capability to provoke, related allergy
changes when administered by intra-gastric route. In addition, present
study contributes to propose additional parameters that had not been
considered in food allergy models such as the presence of colonic
lymphoid hyperplasia, assessing the lymph nodes and Peyer's patches
and of IgE+ SiglecF+ cells intestinal lamina propria; as they were
exclusively detected elevated in the allergy positive group (OVA/CT)
and in the Cry1Ac groups.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2018.05.029.
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Supplementary Fig. 1.

Standardization of positive allergy control in an allergy food model used to OVA doses. Utilized the
allergy food model as described in materials and methods by intra-gastric route assessing a two doses of
OVA (50 μg and 5 mg) plus CT 10 μg, spleen and MLN cells were obtained stained with mAbs and analyzed
by flow cytometry for assessing positive allergy parameters as Gr1+ cells (polymorphonuclear cells) and
Gr1+ IgE+ cells. (A) Shown representative dot plots with the percentage of Gr1+ cells for every group, (B)
percentage of Gr+1 IgE+ cells, (C) the graphics shows mean of the cytokine levels Th1/Th2 quantified by
ELISA in serum, (D) mean of every group that shows the optic density (OD 405 nm) of OVA-specific antibody
levels of IgG1, IgG2a and IgE in serum. The graphs show the mean values ± SEM from each group (n = 5
mice per group). Significant differences (P ˂ 0.05) are indicated as follows: * versus PBS.

Supplementary Fig. 2.

Cry1Ac toxin is immunogenic when was administered intra-gastrically with a preferentially Cry1Ac-
specific IgG1antibody response in serum. The Cry1Ac-specific IgG1, IgG2a and IgA antibody response were
determined by ELISA in serum samples and intestinal lavages of small intestine (SI) and large intestine (LI)
obtained from BALB/c mice immunized as described in materials and methods. Bar graphs show the levels
of Cry1Ac–specific antibodies in (A) serum, (B) SI (open bars) and LI (filled bars). The data presented in bar
plots are expressed as antibody titers for IgG1, IgG2a and IgA in serum and the optical density (OD 405 nm)
for IgG1, IgG2a and IgA in intestine. Graphs show mean ± SEM values, of data obtained from independent
experiments using 4 mice per group (n = 8 to 12 mice per group) and the significant differences (P ˂ 0.05)
are indicated as * versus PBS and * versus PBS challenge (PBS).

Supplementary Fig. 3.

Cry1Ac toxin has a slight adjuvant effect to OVA on IgG1 in serum. The OVA-specific antibody response
was determined by ELISA. (A) Response of OVA-specific antibodies in serum; the bar plots show the mean
of antibody titers for IgG1, IgG2a and IgA, (B) response of OVA-specific antibodies in intestinal lavages of SI
(open bars) and large LI (filled bars); the bar plots show the mean of (OD 405 nm) for IgG1, IgG2a and IgA.
The graphs show the mean values ± SEM of data obtained from independent experiments using 4 mice per
group (n
and & versus OVA.

Supplementary Fig. 4.

Binding of OVA-FITC to RAW264.7 macrophages is partially inhibited by preincubation with an excess of
Cry1Ac. Competition assays were performed in RAW264.7 cells incubated at 4 °C in binding buffer as
described in materials and methods. Cells were preincubated for 30 min on ice with 200 μg/mL of
unlabeled Cry1Ac or OVA or BSA (as unrelated control protein) and then incubated for 30 min on ice with
OVA-FITC (3 μg/mL). Cells were analyzed by flow cytometry; a representative histogram is shown. The
result shown was obtained from two independent experiments performed in duplicate.
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