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To better explore the pathophysiology of FA and its therapy, we aimed to establish a simple
and practicable FA model with Freund’s adjuvant and introduce an easy and reliable labora-
tory evaluation method for assessment of inflammation in intestinal segments at different
anatomical locations. BALB/c mice were sensitized with ovalbumin combined with Freund’s
adjuvant. Complete Freund’s adjuvant was chosen for the first sensitization and two weeks
later incomplete Freund’s adjuvant was used for a second sensitization. Two weeks later, the
sensitized mice were challenged with 50 mg ovalbumin every other day. After the 6 challenge,
all mice were assessed for systemic anaphylaxis, and then sacrificed for sample collection.
All sensitized mice showed anaphylactic symptoms and markedly increased levels of serum
ovalbumin-specific IgE and IgG1. The activity of mast cell protease-1 (mMCPT-1) was sig-
nificantly increased in the serum and interstitial fluid of the duodenum, jejunum, ileum, and
colon. A successful FA model was established, of which inflammation occurred in the duode-
num, jejunum, ileum, and colon. This model provides a reliable and simple tool for analysis
of the mechanism of FA and methods of immunotherapy. Moreover, combined detection of
ovalbumin-specific antibody and local mMCPT-1 levels could potentially be used as the major
indicator for assessment of food allergy.

Key Words: food allergy; ovalbumin, Freund’s adjuvant; IgE; mouse mast cell protease-1

The incidence of food allergy (FA) in the world has
been increasing over the past few decades, which have
badly influenced the quality of life of patients and their
families [13]. FA is a specific immune response to cer-
tain foods, e.g. peanut, nut, egg, or milk accompanied
by severe allergic disorders: urticaria, gastrointestinal
hypersensitivity, diarrhea, or anaphylaxis [12]. FA is
mainly caused by [gE-mediated type I hypersensitivity
involving activation of T helper cells (Th) type-2 cell
secreting Th2 cytokines such as IL-4, IL-5, IL-10, and
IL-13. Th2 cytokines induce B cells to produce anti-
gen-specific IgE and IgG1 and promote proliferation
of eosinophils. Then, IgE binds to human IgE receptor
(FceRI) expressed on mast cells (MC) and basophils,
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where it can induce MC and basophil expansion in
affected mucosae [1,7].

Animal models of FA, the most commonly used in
the research, have been adopted by various investiga-
tions. Inbred BALB/c mice characterized by domination
of Th2 response, are sensitive to food allergens and
can intensively produce IgE when challenged by aller-
gens, therefore, they are good candidates used in FA re-
search [10]. The adjuvant-dependent sensitization mod-
els helped us to better understand the type 2 immune
responses [7]. Adjuvants such as complete Freund’s
adjuvant (CFA) [12], alum (AIK(SO,),-12H,0) [4],
cholera toxin, efc., are widely used in the experimental
FA models. When alum is used as immune adjuvant,
only about 40% ovalbumin (OVA) can be adsorbed by
alum, whereas 90% OVA can be adsorbed by CFA [3],
suggesting that using CFA as an immune adjuvant can
be more effective in developing animal models of FA.
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In this work, we chose CFA and incomplete Fre-
und’s adjuvant (IFA) to sensitize mice. Overall, we
aimed to establish a simple and practicable FA model
with Freund’s adjuvant and introduce an easy and re-
liable laboratory evaluation method for assessment of
inflammation of the intestine at different anatomical
locations.

MATERIALS AND METHODS

The experiments were performed on 5-6-week-old
female BALB/c mice purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. The
mice were housed under the specific pathogen-free
conditions. The experimental protocols were approved
by the Animal Ethic Committee at Weifang Medical
University (No. WFMUAE2017061).

The mice were randomly divided into the food
allergy group (FA) and the control group (without
FA). FA was modelled as described previously [4]
with modifications. On day 0, the mice were injected
subcutaneously in each groin with 50 pg OVA (Sig-
ma-Aldrich) or PBS mixed with 50 pul CFA followed
by booster immunization with 50 ug OVA or PBS
mixed with 50 pl IFA on day 14; then, gavage chal-
lenge with 50 mg OVA in 300 ul PBS or 300 pl PBS
was performed (Fig. 1, a). In this study, anaphylactic
symptoms were assessed over 1 h after the 6th oral
challenge according to the scoring system [11]. Body
weight was determined daily during the challenge pe-
riod and rectal temperature was measured within 1 h
after challenge using a mouse rectal thermometer [1].

Serum OVA-specific IgE and IgG1 were detected
by indirect ELISA using an Epoch microplate (BioTek)
precoated with 20 pg/ml OVA at 4°C overnight. Se-
rum samples were added to the wells and incubated
at 37°C for 2 h. The plates were washed four times
with PBS with Tween and incubated with secondary
antibodies labeled with horse radish peroxidase: rat
anti-mouse IgE (#1130-05) or goat anti-mouse I1gG1
(#1070-05; NeoBioscience) at 37°C for 2 h. For mea-
suring OVA-specific IgE, the serum was diluted 1:5;
for measuring OVA-specific IgG1, the serum was di-
luted 1:10 in the control group and 1:15,000 in the FA
group. After color development, the absorbance was
measured at 450 nm on an Epoch microplate reader
(BioTek).

Serum and the intestinal tissues of duodenum,
jejunum, ileum, and colon were collected after sacri-
fice. The tissue samples were cut into pieces in sterile
PBS (400 pl per 20 mg tissue) and then centrifuged at
12,000g for 5 min at 4°C to collect intestinal intersti-
tial fluids. mMCPT-1 levels in the serum and intersti-
tial fluids of different intestines were measured using
ELISA Kits (MultiSciences Biotech Co.) according to
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manufacturer’s instruction. After the enzyme reaction,
the absorbance was measured at 450 nm on an Epoch?2
microplate reader.

The jejunum tissue samples were fixed in 4%
formaldehyde for 24 h, washed in running water for
12 h, dehydrated in gradient alcohol, vitrified in di-
methylbenzene, and then embedded in paraffin. Histo-
logical sections (5 wm) were stained with hematoxylin
and eosin [2]. In addition, 5-um sections were stained
with 1% acid toluidine blue (pH=1) for 10 min [9].
Eosinophils and MC were counted under an Olympus
BX53 light microscope at high-power field area at
%200 or at x1000. At least 10 fields of view were exa-
mined, and the mean value of cells per 10 high-power
fields was determined.

The data were analyzed using GraphPad Prism
5.0 software. The results are presented as the M+SEM.
Unpaired Student’s 7 test, Welch’s correction, Mann—
Whitney test, and two-way ANOVA were used for
statistical analysis. The differences were considered
significant at p<0.05, p<0.01, or p<0.001.

RESULTS

The systemic anaphylactic responses were assessed
after the last OVA challenge. Symptoms of FA (no
activity, piloerection, lose luster, and other allergic
symptoms) were observed in all mice of the experi-
mental group (Fig. 1, ). Weight loss was observed
starting from day 28 in both FA group and control
group and the difference between the groups reached
significance on day 32 (Fig. 1, d). After challenge, FA
mice exhibited significant decrease in rectal tempera-
ture (Fig.1, ¢). This is consistent with previous data
obtained on an OVA-induced FA model [4] on severe
hypothermia in mice intragastrically challenged with
OVA in comparison with that in mice challenged with
saline. In our previous experiments, some FA mice
even experienced a significant drop in body tempera-
ture after a second or third challenge, which was not
even detectable and subsequently died of shock (un-
published data). All the data suggested that the mice
sensitized with CFA and IFA in our model can better
mimic clinical manifestations of FA.

In this study, the serum levels of OVA-specific
IgE and IgG1 were measured after the final challenge
(Fig. 2, a, b). Both OVA-specific IgE and IgG1 were
markedly elevated in the FA group in comparison with
the control. In IgE-dependent FA, IgE bind to high af-
finity IgE receptors FceRI expressed on MC and baso-
phils [1] and evoke allergy attacks. Allergen re-entry
into the body results in crosslinking of FceRI-bound
IgE to induce activation of MC, the latter release
many allergic mediators to induce clinical allergic
symptoms [5].
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Fig. 1. Protocol of sensitization and gavage challenges (a), severity of anaphylactic reaction (b), changes in core temperature (c),
and body weight (d) before and after allergic tests. s/c: subcutaneously. Here and in Figs. 2 and 3: the results are presented as
m+SE (n=6) for 3 independent experiments.
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Fig. 2. Effect of PA on the levels
of OVA-specific IgE (a) and 1gG1
(b), as well as on the content of
mMCPT-1 in the blood serum (c)
and interstitial fluid of the duode-
num (d), jejunum (e), ileum (f),
and colon (g) of BALB/c mice.

FA OD: optical density.
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Fig. 3. Infiltration of the jejunum with eosinophils and MC. Immersion microscopy (a, b, d, e), x200 (MC), x1000 (eosinophils and
MC). a, d) Control group; b, d) FA group; ¢, f) number of eosinophils (¢) and MC (f) infiltrating the jejunum.

Next, we evaluated activation of MC in the in-
testinal tissues. mMCPT-1 is expressed in MC of the
intestinal mucosa [6] and can be used as an indicator
of MC activation. Therefore, we assessed the levels
of mMCPT-1 in intestinal interstitial fluids of differ-
ent anatomical sites to localize MC activation. The
intestinal interstitial fluid and serum mMCPT-1 lev-
els one day after challenge (day 38) were analyzed
by ELISA (Fig. 2, c-g). The mean serum mMCPT-1
levels in the FA group were higher than in the control
(Fig. 2, ¢). The results demonstrated significant in-
crease in mMCP-1 in the duodenum (Fig. 2, d), jeju-
num (Fig. 2, e), ileum (Fig. 2, f), and colon (Fig. 2, g).

Moreover, we took jejunum tissue as an exam-
ple to track the histological results in the intestinal
allergy attacks. It was found that the jejunal tissue
from mice of the FA group showed marked eosinophil
infiltration of the lamina propria after OVA challenge
(Fig. 3, b, ¢), while in control mice, only few eosino-
phils were seen (Fig. 3, a, ¢). Staining with toluidine
blue showed that the content of MC increased signifi-
cantly in the intestinal submucosa and notably in the
jejunum of FA group mice (Fig. 3, d-f).

Both MC and eosinophils are the key effector
cells in the allergy pathophysiology [8], which is con-
firmed in this study. In mice, MC of intestinal mucosa
are commonly quantified by toluidine blue staining
and serum mMCPT-1 is used as a systemic readout
to show the activation of mucosal MC in response to
antigen-specific IgE cross-linking [7,11]. Previously,
we examined mMCPT-1 levels of colon interstitial flu-
id during the progression from chronic colitis to colon
cancer to assess MC activation and involvement, and
significant differences were revealed between the ex-
perimental group and the control group [14]. Consis-
tently, in this study, we found that mMCPT-1 levels in
the interstitial fluid of the duodenum, jejunum, ileum,
and colon were significantly increased. This finding at-
tests to significant activation of MC in the duodenum,
jejunum, and ileum. Moreover, detection of mMCPT-1
levels in different intestinal interstitial fluid seems to
be a good readout for the local MC activation in FA
and it has not been reported in the previous studies.

In conclusion, we have established a successful
FA model, in which the allergic inflammation mainly
occurred in the duodenum, jejunum, ileum, and colon.
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And we also found that activation of intestinal muco-
sal MC could be more easily and reliably identified by
measuring mMCPT-1 levels of intestinal tissues, which
can evaluate the anaphylaxis of different intestinal tis-
sues in FA. We concluded that the combined detection
of OVA-specific antibodies and local mMCPT-1 levels
could potentially be used as the major indicator for
assessment of FA.
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