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Summary

Food enteropathies involve uncontrolled or hypersensitivity reactions to
ingested nutrients and may result in IgE and T-helper type 2 (Th2) responses
as in food allergy. However, the precise role of B cells in the development of
food enteropathies remains uncertain. In this work, we used B cell-deficient
mice (B KO) and a model of peanut sensitization to examine the involvement
of B lymphocytes in the pathogenesis of food allergy. Results showed that
priming of wild-type (WT) mice with peanut proteins induced specific IgG1
and IgE responses in serum, with edema, tissue destruction, epithelial exulcer-
ation and inflammatory infiltrate in the gut of sensitized and challenged
(S + Peanut) WT animals. In contrast, there was no sera immunoglobulin
detection and absence of tissue destruction in the gut of B KO mice, which
presented moderate inflammatory infiltrate and villous enlargement after
peanut challenge. These animals presented marked decrease in IL-4 and
TNF-a and high levels of IL-10, TGF-b, IL-12p40 and IFN-g mRNA in the gut.
Moreover, the expression of CCL5, CCL11 and CXCL1 was reduced in the gut
of B KO mice, in contrast to elevated messages of CCL2 or similar detection of
Th1-related chemokines in S + Peanut WT mice. Finally, we provided evi-
dence that B cells are necessary to the development of food-related enteropa-
thies and induction of gut inflammation during allergic reactions to food.
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Introduction

Food enteropathies involve a state of uncontrolled or hyper-
sensitivity responses to ingested nutrients. The mechanism
underlying the initiation and development of allergic
responses is not completely clear but it is known that the
physiological penetration of dietary macromolecules into
the organism through the gut mucosa has several recognized
immunological consequences like food allergy, which is
defined as an adverse immunological reaction to food.
Allergy to dietary nutrients may result in a large number of
clinical presentations in the skin, circulatory system, and the
gastrointestinal tract, and can lead to severe, potentially life-
threatening anaphylaxis [1–3]. In addition to other atopic
diseases, the incidence and prevalence of food allergy are
increasing [4,5] and fatal anaphylactic reactions induced by
peanut seeds, one of the most severe food allergens, are fre-
quently observed [6,7].

Responses generated to orally administered antigens have
local and systemic features that distinguish them from other
immunological reactions [8] and breakdown of mucosal tol-
erance to fed antigens can lead to the development of entero-
pathies [9] that require interactions between non-degraded
proteins and gut-associated lymphoid tissue. The resulting
active immunity against such non-pathogenic matters can
lead to hypersensitivity responses and inflammatory disor-
ders with subsequent allergic reaction [10,11], participation
of IgE-producing B cells in response to activated T-helper
type 2 (Th2) effector lymphocytes and cytokines like IL-4 or
IL-13 [9].

B cells far outnumber all other lymphoid cells in the
Peyer’s patches [12]. They might therefore serve as a
specialized set of antigen-presenting cells (APCs) able to
induce tolerance or to drive particular immune responses.
Although it is largely known that food allergy may involve
systemic immunoglobulin responses in humans and
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animals, the precise role of B cell producing antibodies in
the pathogenesis of the allergic reaction to fed antigens
is still uncertain. Most importantly, the B cell dependent
mechanisms by which the mucosal immune system
responds tofood allergens in the gut remain unclear.

Accordingly, in this work, we used B cell-deficient mice
and a murine model of peanut sensitization described pre-
viously by our group [9] to examine the role played by B
lymphocytes in the development of food allergy. Lastly, this
study provided evidence that B cells are necessary for the
induction of gut mucosal alterations and inflammatory
response in the onset of allergic enteropathy.

Materials and methods

Mice sensitization and induction of food enteropathy

For the induction of food enteropathy, C57BL/6 wild-type
(WT) and B KO mice (Igh-6tm1Cgn), obtained from Jackson
Laboratories (Bar Harbor, ME, USA), were age (6–8 weeks
old) and gender matched (n = 5 animals/group) and sensi-
tized twice, 3 weeks apart, with 100 mg of peanut proteins
extract (PPE) [9] in the presence (1st sensitization) or
absence (2nd sensitization) of 1 mg of aluminum hydroxide
by subcutaneous injection. One week after the last sensitiza-
tion, mice were fed peanut seeds ad libitum for 30 days
uninterruptedly, in the absence of the conventional chow
(S + Peanut group). Control mice were divided as follows:
the NS (non-sensitized) group, which received the first sen-
sitization with PBS plus aluminum hydroxide, followed by a
second sensitization with PBS only and was not submitted to
the diet containing peanut seeds; the Peanut group, which
was submitted to the same protocol of sham-sensitization as
the NS group, but the animals were fed peanut seeds for 30
days, beginning a week after the last sensitization; and the S
group (sensitized), which was sensitized twice with PBS con-
taining PPE but was not challenged with the peanut diet.
Water was available during all of the experiment. All mice
were anesthetized, bled and sacrificed on day 30 after intro-
duction of the peanut diet. The experimental procedures
followed the guidelines of the Brazilian Council for Use of
Animals in Research.

Detection of PPE-specific immunoglobulin production

The PPE-specific IgG, IgG1, IgG2a and IgE serum levels were
measured by ELISA on 96-well polystyrene plates (Corning,
New York Costar, Acton, MA, USA) coated with PPE
(20 mg/well). The reactions were performed with anti-IgG,
anti-IgG1, anti-IgG2a or anti-IgE biotinilated antibodies
(Southern Biotechnologie Associates, Inc., Birmingham,
Al, USA), followed by incubation with streptavidin-HRP-
specific conjugates (Vector Laboratories, Inc., Burlingame,
CA) and 3,3′,5,5′-tetramethylbenzidine (TMB; KPL, Gaith-
erburg, MD, USA). Antibody levels in optimal sera dilution

(previously established, 1:100) were expressed as ELISA
index (EI) [13], according to the formula: EI = mean OD of
the sample/cut off, where the cut off is calculated as the OD
mean values of negative controls sera plus three standard
deviations. EI values > 1·0 were considered positive. All
samples were analysed for a minimum of two to three times.

Histopathological analysis

Small gut segments (jejunum) were collected, fixed in for-
malin solution and embedded in paraffin. Sections were
stained with hematoxylin and eosin and inspected for the
presence of mucosal inflammation.

Transmission electron microscopy

For transmission electron microscopy (TEM) assays,
jejunum segments were collected and immediately fixed in
4% sodium cacodylate buffered glutaraldehyde, pH 7·4 at
4°C for 24 h. The segments were post-fixed in 1% osmium
tetroxide at 4°C for 1 h. Tissues were dehydrated in ascend-
ing concentrations of acetone and embedded in Araldite®
502 resin (Polysciences Inc., Warrington, PA, USA).
Ultrathin sections were stained with uranyl acetate, lead
citrate and examined in a Zeiss EM 109 electron microscope
at an 80 kV accelerating voltage (Carl Zeiss, Oberkochen,
Germany).

Analysis of gene expression in the gut by real-time PCR

Total RNA from jejunum segments was extracted using the
TRIZOL® reagent (Invitrogen™, Carlsbad, CA, USA) and
Promega RNA extraction kit (Promega, Madison, WI, USA),
according to the manufacturer’s instructions. Complemen-
tary DNA (cDNA) was synthesized using 1 mg of RNA
through a reverse transcription reaction (M-MLV reverse
transcriptase, Promega). Real-time PCR analyses were per-
formed on the ABI Prism 7000 Sequence Detection System
using the SYBR-green fluorescence quantification system
(Applied Biosystems, Warrington, UK). The standard PCR
conditions were 95°C for 10 min, 40 cycles for 1 min at 94°C,
56°C (1 min), and 72°C (2 min), followed by the standard
denaturation curve. The sequences of murine primers were
designed using the Primer Express software (Applied Biosys-
tems) using nucleotide sequences present in the GenBank
data base and are depicted in Table 1. SYBR Green PCR
Master Mix (Applied Biosystems), 0·1–0·2 mg/ml specific
primers, and 2·5 ng of cDNA were used in each reaction.
Threshold for positivity of real-time PCR was determined
based on negative controls. The results were demonstrated as
mRNA expression of the NS, Peanut, S and S + Peanut
animals, relative to naïve non-sensitized, non-exposed to
alumen and non-challenged mice, for both WT and B KO
groups. Calculations to determine the relative level of gene
expression were made according to the instructions from
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Applied Biosystems User’s Bulletin #2 (P/N 4303859), by
reference to the b-actin in each sample, using the cycle
threshold method. Negative controls without RNA and
without reverse transcriptase were also performed. Results
show one experiment representative of three.

Statistical analysis

Results were submitted to the one-way analysis of variance,
followed by Tukey’s post-test. Values of P < 0·05 were con-
sidered statistically significant.

Results

Mice sensitization induces PPE-specific
immunoglobulin production in WT but not
in B KO animals

One of the main hallmarks of experimental allergy is the B
cell production of antigen-specific antibodies throughout
the course of the disease. Accordingly, both sensitized (S)
and the sensitized and challenged WT mice (S + Peanut)
presented higher production of PPE-specific IgG antibodies
than the controls NS and Peanut (Fig. 1a), demonstrating
that sensitized mice responded to PPE by means of immu-
noglobulin production. The sensitization also induced anti-
body class switch towards a Th2 allergic profile, as seen in

Fig. 1(b–d). As expected, B KO mice presented undetectable
levels of specific IgG, IgG2a, IgG1 or IgE antibodies in sera
(Fig. 1a–d), thus confirming the absence of immunoglobulin
response in B KO animals.

B cells contribute to intestinal inflammation in food
allergy

To determine if the presence of B cells and allergic antibodies
could be related to any intestinal damage due to pathological
Th2 responses in WT animals, jejunum segments from WT
and B KO mice were collected and processed for microscopic
analysis. As demonstrated in Fig. 2, WT mice sensitized and
challenged with peanut seeds developed intestinal inflam-
mation, characterized mainly by marked edema in the
lamina propria accompanied by epithelial exulceration, dis-
ruption of small gut villous and leukocyte infiltrate. In addi-
tion, a great influx of plasma cells with abundant and
notably dilated cisterns of the rough endoplasmic reticulum
was found in the interior of the lamina propria. On the other
hand, no marked changes were found in the intestinal
mucosa of WT or B KO control mice (NS, Peanut and S).
Animals from B cell-deficient group, sensitized and chal-
lenged with peanut seeds, showed an increase in the inflam-
matory infiltrate in the lamina propria with a moderate
villous enlargement when compared with NS, Peanut and S B
KO mice. Moreover, all groups from B KO mice showed mild
signs of congestion in the interior of the lamina propria
despite the sensitization protocol to which they were
submitted. However, these animals did not present with the
marked edema, epithelial exulceration or disruption of small
gut architecture observed in S + Peanut WT group. These
results, together with high serum-specific antibody produc-
tion in S + Peanut WT mice, argued for a role for B lympho-
cytes or their products in the pathogenesis of the intestinal
alterations observed in food allergy, thus indicating that B
cells might be responsible for the overt pathology in WT
allergic animals.

Altered cytokine expression in the gut of S + Peanut
mice in the absence of B cells

To verify if the presence of B cells contributed to the damage
in the WT gut by mechanisms dependent on cytokine pro-
duction, we further characterized the modulation of cytok-
ine expression in the jejunum of B cell-deficient mice after
peanut proteins exposure, and compared the results with
WT ones. Along with elevated TGF-b mRNA in the gut of B
KO sensitized and challenged mice (Fig. 3a, P < 0·05), a huge
increase in IL-10 expression was overall observed in B KO
animals when compared with WT ones, especially when
S + Peanut groups were compared (Fig. 3b, P < 0·05). More-
over, B cell-deficient mice presented elevated levels of
IL-12p40 mRNA when fed peanut seeds (Fig. 3d, Peanut WT
versus Peanut KO and S + Peanut WT versus S + Peanut KO,

Table 1. Primers sequences used in real-time PCR assays.

Primers Sequences

b-actin Sense

Antisense

AGC TGC GTT TTA CAC CCT TT

AAG CCA TGC CAA TGT TGT CT

TGF-b Sense

Antisense

GCT GAA CCA AGG AGA CGG AAT

GCT GAT CCC GTT GAT TTC CA

IL-10 Sense

Antisense

TGG ACA ACA TAC TGC TAA CC

GGA TCA TTT CCG ATA AGG CT

IL-4 Sense

Antisense

CTG ACG GCA CAG AGC TAT TGA

TAT GCG AAG CAC CTT GGA AGC

IL-12 p40 Sense

Antisense

AGC ACC AGC TTC TTC ATC AGG

GCG CTG GAT TCG AAC AAA G

IFN-g Sense

Antisense

GCA TCT TGG CTT TGC AGC T

CCT TTT TCG CCT TGC TGT TG

TNF-a Sense

Antisense

TGT GCT CAG AGC TTT CAA CAA

CTT GAT GGT GGT GCA TGA GA

CCL5 Sense

Antisense

TTC CCT GTC ATC GCT TGC TCT

CGG ATG GAG ATG CCG ATT TT

CCL11 Sense

Antisense

ATA TCA GCA CCA GTC GCC CA

TCA TGC CCC CCT TTT AAG ATG

CXCL1 Sense

Antisense

CTT CCC TTG GAC ATT TTG TGT C

TTT GAA CGT CTC TGT CCC GAG

CCL2 Sense

Antisense

AGA AGG AAT GGG TCC AGA CA

TCA TTT GGT TCC GAT CCA G

CCL3 Sense

Antisense

TTC TGC TGA CAA GCT CAC CCT

ATG GCG CTG AGA AGA CTT GGT

CXCL10 Sense

Antisense

AGC GTT TAG CCA AAA AAG GTC

TGG CTT CAC TCC AGT TAA GGA

B cells in experimental food enteropathy
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P < 0·05) as well as increased Th1 cytokine expression
(IFN-g) in sensitized and challenged animals in comparison
with allergic WT mice (Fig. 3e, P < 0·05). On the other hand,
B cells were involved in the induction of IL-4 and TNF-a
messages in WT food allergy, because there was a significant
decrease in the expression of these cytokines in the gut of
B KO mice sensitized and challenged with peanut
seeds (Fig. 3c and 3F, respectively, S + Peanut WT versus
S + Peanut KO, P < 0·05). These results demonstrated the
relevant role of B lymphocytes in the modulation of cytokine
expression and in the intestinal alterations observed in this
model of food allergy.

Gut damage is accompanied by differential chemokine
expression in the gut of allergic animals

To elucidate if the disease could be mediated by specific
leukocyte recruitment to the damaged tissues, we investi-
gated the differential induction of chemokine expression in
the gut of allergic WT groups compared with B KO mice.
Results showed that S + Peanut WT mice presented increased
expression of the chemokines CCL5, CCL11 and CXCL1,
associated with neutrophil, eosinophil and mast cell recruit-
ment, when compared with B KO mice sensitized and chal-

lenged with peanut seeds (Fig. 4a, b and c, respectively). On
the contrary, in the absence of B cells, these mice presented
higher expression of CCL2 (Fig. 4d, S + Peanut WT versus
S + Peanut KO, P < 0·05) and similar mRNA levels for CCL3
and CXCL10 chemokines, as demonstrated in Fig. 4 (e and f,
respectively). These results suggest that the local altered
morphology may be mediated by differential chemokine
expression that recruits specific leukocytes to the intestinal
damaged tissue.

Discussion

There are several ways by which the intestinal environment
might influence an immune response resulting in tolerance
or active immunity in the gut. In the present study, we dem-
onstrated the participation of B lymphocytes in the break-
down of mucosal tolerance in a model of food-associated
enteropathy. Differently from current models of food allergy
that reflect a variety of causes and evaluate acute clinical
reactions, our study focused on revealing the detailed modu-
lation of gut immunity responsible for the breakdown of
mucosal tolerance to food antigens.

B cells play an important role in the allergic response by
producing allergen-specific immunoglobulins like IgE.
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These antibodies mediate hypersensitivity reactions and play
a central role in food allergic diseases. In this work, the high
production of allergenic antibodies concomitant with abun-
dant plasma cells in the gut of WT mice sensitized and chal-
lenged with peanut proteins highlighted the hypothesis of an
antibody-mediated enteropathy in these animals. Therefore,
the availability of genetically manipulated B cell-deficient
mice allowed us to directly evaluate the influence of B cells
and thus antigen-specific immunoglobulins in the develop-
ment of the allergic intestinal inflammation observed previ-
ously by our group [9].

In our model, allergen sensitization and challenge resulted
in differential antigen-driven responses in WT and B KO
animals. Although WT mice lost weight when fed peanut
seeds [9], we did not find any evidence of differential weight
loss or altered healthy status in the B KO animals exposed to
peanut proteins. Obviously, as expected, with the lack of B
cells, there were no detectable levels of immunoglobulin pro-

duction and consequently no contribution of antibodies to
the pathogenesis of the disease. The B cell deficiency also
contributed significantly to the diminished manifestations of
food allergy in the gut. Even though the lack of protective
IgA in the intestinal mucosa could have contributed to the
tissue alterations in B KO mice, the detectable morphological
changes in these animals were mainly restricted to a moder-
ate villous enlargement, probably due to the increase in the
inflammatory infiltrate in the lamina propria, in contrast to
the pathological findings in WT allergic mice, which did not
lack IgA but instead presented high levels of serum PPE-
specific allergenic antibodies. Although IgA deficiency is cor-
related with diminished accumulation of B lymphocytes
with consequent abrogation of the development of allergic
lung inflammation [14], in another murine model of
allergen-induced disease, no role for B cells or antigen-
specific antibodies was required, as B cell-deficient mice
developed unabated eosinophilic esophagitis [15].

Fig. 2. Sensitization and challenge with peanut seeds do not induce tissue destruction in the gut of B KO mice. Mice (S + Peanut) were sensitized

and challenged with peanut seeds for 30 days, when jejunum segments were collected and processed for histopathology and TEM analysis. In (a)

note oedema, tissue destruction, epithelial exulceration and inflammatory infiltrate in S + Peanut WT mice, by conventional light microscopy. In (b)

TEM shows influx of plasma cells with dilated cisterns of rough endoplasmic reticulum (arrow) and edema (*) in S + Peanut WT animals. In (c),

mild congestion, inflammatory infiltrate in the lamina propria, moderate villous enlargement but absence of tissue destruction in S + Peanut B KO

animals. NS, Peanut and S; controls. Scale bars = 10 mm (light microscopy) and 250 mm (TEM). Results are representative of 3–5 independent

experiments.

B cells in experimental food enteropathy
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Aside from being the precursors of the antibody-secreting
cells, B lymphocytes are engaged in other immune functions.
Though these cells are semiprofessional [16], rather than
professional APCs [17], they may play a relevant role in
antigen presentation, especially for soluble protein antigens
[18–22]. Therefore, besides dendritic cells [23], the putative
role of B lymphocytes as potent APCs and their absence
resulting in diminished immunopathology should be con-
sidered in the present model of food allergy.

In our study, S + Peanut B KO mice also showed signifi-
cantly impaired cytokine responses in the gut. The marked
decrease in IL-4 and TNF-a mRNA suggested the ability of B
cells to induce and/or produce cytokines in response to aller-
genic proteins as part of the pathogenic process of the enter-

opathy studied. Indeed, B cells may preferentially favor the
development of IL-4-producing Th2 cells [24] and also
down-regulate IL-12 released by dendritic cells, thereby
inhibiting the development of IFN-g-producing Th1 cells
[25]. Alternatively, the lack of B cells allowed an increase in
the messages for the regulatory cytokines TGF-b and IL-10,
critical for gut homeostasis [26]. A recent study indicated
that IL-10 AA, the genotype with lower IL-10 production in
atopic children, is associated with higher IgE levels in the
serum [27], demonstrating the importance of IL-10 in the
regulation of allergic responses. Together with induction of
regulatory responses, in the absence of B lymphocytes the
gut immune system responded to the allergenic antigens by
inducing a shift towards a Th1 profile that also certainly
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contributed to the remission of the pathological intestinal
alterations visualized in WT mice. This aspect of regulation
of the immune response and, in particular, modulation of
the B-cell response is extremely important and should be
considered when devising strategies to effectively block
antigen-driven IgE responses, as in food allergy.

Immunological reactions to dietary antigens involve spe-
cific types of local and systemic responses and a unique
scenario in the intestine with specialized antigen-handling
M cells and Peyer’s patches [11]. The B cell-deficient
animals used in this study are the mMT mice, which
contain no B cells due to a targeted mutation in the trans-
membrane region of the IgM heavy chain [28] and no M
cells or Peyer’s patches because of the lack of B lympho-

cytes [29]. Although some authors postulated that despite
these deficiencies, the mMT mice make perfectly normal
systemic T-cell responses to oral antigens [30], the singular
scenario demonstrated here pointed to relevant differences
in the induction and control of local immune response
when mucosal tolerance is broken by allergenic food anti-
gens in B KO mice. The lack of both M cells and Peyer’s
patches enabled us to speculate whether the allergic inflam-
matory cytokines, chemokines expression and tissue immu-
nopathology observed in WT but not in mMT mice could
also be an effect of these issues on intestinal responses, thus
providing additional evidence that mice lacking B cells have
a relevant defect in mounting allergen-specific responses in
the intestinal mucosa.
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Besides the deficiency in the formation of gut-associated
lymphoid tissue, S + Peanut B KO mice presented an
increased inflammatory infiltrate in the lamina propria in
response to the antigen challenge, although not resulting in
destructive enteropathy. Additionally, the data presented
in this paper corroborate our previous study [9] in which the
intestinal manifestations of food allergy were supposed to be
a consequence of eosinophils and mast cells recruitment to
WT intestine. In accordance, S + Peanut B KO animals
showed reduced expression of chemokines related to the
migration of these cells (e.g. CCL11) [31–33] and elevated
messages or similar detection for chemokines that recruit
preferentially macrophages or cells from the Th1 response
when compared with S + Peanut WT mice [34,35].

In conclusion, the systemic exposure and oral challenge
with peanut allergenic proteins promoted inflammation in
the WT gut by pathways leading to systemic and local induc-
tion of B-cell responses, providing evidence for the involve-
ment and the critical role of B cells in the development of
food-related enteropathies such as food allergy.
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