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ABSTRACT

Purpose: Recent clinical trials have successfully used oral immunotherapy (OIT) to treat food
allergies. Probiotics have immunomodulatory effects by balancing Th1/Th2 immunity and
enhancing regulatory T-cell activity. In this study, we analyzed the effects of OIT, probiotics
alone, and probiotics administered simultaneously with OIT in a mouse model of egg allergy.
Methods: C3H/HeJ mice were sensitized by intragastric administration of ovomucoid (OM) with
cholera toxin. For the OIT regime, increasing doses of OM were administered orally to sensitized
mice. Lactobacillus caseivariety ramnosus (Lcr35) was also administered. The mice were divided into
4 groups: control (no OIT), OIT, Lcr35, and OIT plus Ler35 (OIT + Ler35). The effects of OIT and
Lcr35 treatment were estimated based on the symptom score, rectal temperature, serum levels
of OM-specific immunoglobulin (Ig)E, IgA, IgG1, and IgG2a immediately after and 2 weeks after
ceasing treatment and histological staining of the small intestine.

Results: The severity of anaphylaxis decreased in all treatment groups. Simultaneous
administration of Ler35 and OIT decreased the severity of anaphylaxis compared to controls
and the OIT group. The protective effects were sustained 2 weeks after ceasing treatment in
all treatment groups. A significant decrease in OM-specific IgA, IgG1, and IgG2a levels was
observed in both the OIT and OIT plus Lcr35 groups. However, a significant decrease in the
OM-specific IgE level was observed only in OIT plus Lcr35 treated mice and was sustained 2
weeks after ceasing treatment. Mucin amounts in the small intestine decreased after OIT, OIT
plus Ler35, and Ler35 treatment with the lowest in the OIT plus Ler35 group.

Conclusions: Lcr35 treatment during OIT had some synergic effect for protection against
anaphylaxis in a mice model of egg allergy. These findings should be confirmed in future
animal studies including more detailed immunological profiles and human studies.

Keywords: Food hypersensitivity; immunotherapy; Lactobacillus rhamnosus; probiotics, IgE

INTRODUCTION

Food allergies are believed to affect between 6% and 8% of young children and 2% of
adults,’? and are increasing in prevalence.>* Allergic reactions to various food allergens can
range from mild reactions to anaphylaxis and cause a decrease in body temperature.>> Most
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children develop tolerance during the first 5 years of life. However, some persist until late
childhood or adulthood, resulting in significant negative effects on their quality of life. Egg
allergy is the most common food allergy along with cow's milk allergy in children,*” which
have a wide spectrum of clinical presentations, including anaphylaxis.

The treatment of food allergies relies on dietary avoidance of the inciting food or food protein
until tolerance has developed. In recent years, there has been increasing success in clinical

trials of food oral immunotherapy (OIT),#* and OIT is considered a promising treatment for
providing protection against allergic reactions caused by accidental food exposure. Clinical trials
have mainly focused on egg, milk, and peanut allergies.”> The majority of studies have shown
that OIT can induce ‘desensitization,” the transient ability to tolerate a food that is lost when

OIT is stopped.™* However, its ability to induce tolerance that lasts after stopping OIT remains
unclear.”*® Along with safety problems, this restricts the general use of OIT in clinical practice.

The underlying immune mechanisms induced by allergen immunotherapy remain unclear.
Possible mechanisms include induction of immunoglobulin (Ig)G4-blocking antibody, loss of
effector Th2 cells, and induction of regulatory T cells.” The mechanisms of clinical tolerance
during OIT require further studies.®

Specific modalities have been developed to augment the immune modulatory effects of OIT,
such as using adjuvants including anti-IgE, pre/probiotics, and biologics.!*"** Among these
modalities, probiotics may be the most promising because of their inmunomodulatory
effects and safety profile.

Probiotics have immunomodulatory effects by balancing Th1/Th2 immunity and enhancing
regulatory T-cell activity. Several studies have documented such effects in mouse models

of food allergy.** Therefore, some synergistic effects are expected when probiotics are
simultaneously administered during OIT. However, few studies have explored the use of
probiotics during food OIT in both mice and humans.

We analyzed the effects of OIT, probiotics alone, and the synergistic effects of probiotics
during OIT in a mouse model of egg allergy. Moreover, we explored whether probiotics could
induce tolerance through a synergistic effect on egg OIT.

MATERIALS AND METHODS

Ethics statement

All mice were treated in accordance with the Guide for the Care and Use of Laboratory
Animals as adopted by the Soonchunhyang University College of Medicine. All animal studies
were approved by the Institutional Animal Care and Use Committee at Soonchunhyang
University Bucheon Hospital (SCHBC_2016_01).

Egg allergy model of mice

Female, 3-week-old C3H/HeJ mice were sensitized by intragastric administration of 1 mg
of ovomucoid (OM; Sigma-Aldrich, St Louis, MO, USA) with 10 pg of cholera toxin (List
Biological Laboratories, Campbell, CA, USA) as an adjuvant weekly for 6 weeks. The mice
were divided into 4 groups (n=18 in each group): controls (no OIT), the OIT group, the
Lactobacillus casei rthamnosus (Lcr35) group, and the OIT combined with Ler35 group (OIT +
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Fig. 1. Experimental design of the food allergy model with OIT and probiotic (Lcr35) treatment.
EW, egg white; OM, ovomucoid; OIT, oral immunotherapy.

Lcr35). The mouse egg allergy model was generated according to Leonard et al.”® The OIT and
Lcr35 (Hanwha Pharma, Seoul, Korea) was administered daily for 2 weeks. On days 64 and 77,
allergen challenge was performed. On day 78, mice were sacrificed (Fig. 1). Then we collected
the small intestine, and histology analyses were performed.?>?**-2

Administration of OIT

Mice were challenged 1 week after the last sensitization. The OIT was performed daily through
the drinking water with egg white protein (EW; Sigma-Aldrich) for 2 weeks. During OIT, the
administered dose of EW was increased: 1 mg (days 1 and 2), 5 mg (days 3 and 4), 10 mg (days
5-7), 25 mg (days 8 and 9), and 50 mg (days 10-14). The oral administration was based on a
drinking volume of 5 mL/day. Oral administration was performed according to Leonard et al.*

Lcr35 preparation

Lcr35 probiotics used in this experiment were in the form of sterilized lyophilized powder obtained
from Hanwha Pharma. Lcr35 probiotics (1 x 10° colony-forming units/250 pL/mouse/day) was
reconstituted with 250 pL of sterile phosphate buffered saline. In this method, an oral feeding
cannula gavage was attached to the syringe to deliver Lcr35 probiotics. Ler35 probiotics were orally
administered daily to the sensitized mice for 2 weeks (days 49-62) 1 week after the last sensitization.

Allergen challenge

To explore the effects of OIT, Lcr35, and OIT with Ler35, oral challenges were performed with
25 mg of OM 1 day (63 day) and 14 days (76 day) after the discontinuation of OIT and/or Lcr35.
Based on the symptom score of anaphylaxis and rectal temperature measured 30 minutes
after the challenge, anaphylaxis severity was graded. Symptom scores were graded as follows:
0 = no symptoms; 1 = scratching around nose and head; 2 = puffiness around the eyes and
mouth with reduced activity; 3 = labored respiration, cyanosis around the mouth and tail, or
both; 4 = no activity after prodding or tremor and convulsion; and 5 = death.”?*

Measurement of antibodies in serum

OM-specific IgA, IgE, IgG1, and IgG2a levels were quantified using the enzyme-linked
immunosorbent assay (ELISA) assay kit (Life diagnostics Inc., West Chester, PA, USA)
according to the manufacturer's instructions. Serum extracts were loaded on the ELISA plate.
The absorbance was measured at 450 nm on a Microplate Reader.

Histological analyses

The samples of small intestine tissue from mice were flushed with saline, fixed in 4%
paraformaldehyde, processed, and infiltrated with paraffin. Paraffin sections were cut with a
microtome, deparaffinized, and rehydrated in an ethanol series. Sections were stained with
hematoxylin and eosin or with Alcian blue. The number of goblet cells per crypt-villus was
measured (5 randomly selected fields/16 mice per group) using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). To compare the number of goblet cells per crypt-
villus between the 2 groups, Mann-Whitney U test was used.
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Statistical analyses

Data were analyzed using SPSS version 18.0 software (SPSS Inc., Chicago, IL, USA) using
the 2-sample ¢ test, the Mann-Whitney U test, and Pearson's y? test for normally distributed,
skewed, and categorical data, respectively. All Pvalues of less than 0.05 were considered to
indicate statistical significance. Results are expressed as the mean + standard error of the
mean unless otherwise stated.

RESULTS

Effects of oral administration of OIT and Lcr35 probiotics on the severity of
anaphylaxis in a mouse model of egg allergy

Mice treated with OIT were protected from OM-induced anaphylaxis compared to the control
group. Simultaneous administration of Ler35 during OIT (OIT + Ler35) significantly reduced
the severity of anaphylaxis compared to controls and the OIT group. The administration

of Lcr35 alone also decreased the symptom score and had a protective effect on rectal
temperature compared to the control group. However, the Lcr35 group did not show
significant changes in the symptom score or rectal temperature compared to the OIT group.
The clinical protective effects remained 2 weeks after ceasing treatment in all treatment
groups. These results support the synergistic immunomodulatory effects of Lcr35 probiotics
on OIT in a mouse model of food allergy (Fig. 2).
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Fig. 2. Anaphylaxis symptom scores and rectal temperature. Mice were orally challenged with ovomucoid on day 1 and 14 after discontinuation of OIT and/or
Lcr35 treatment. (A) Day 1 after discontinuation of OIT (on OIT) and (B) day 14 after discontinuation of OIT.

OIT, oral immunotherapy.

*P < 0.05 compared to the control group (vs. No OIT); TP < 0.05 compared to the OIT group (vs. OIT).
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Changes in the serum level of OM-specific IgE and IgA after treatment with
OIT and Lcr35 probiotics

OM-specific Ig levels were measured after treatment. A significant decrease in the OM-
specific IgE level was observed only in OIT + Lcr35 treated mice, not in mice treated
separately with OIT and Lcr35, and the decrease was sustained 2 weeks ceasing treatment.
The level of OM-specific IgA significantly decreased in mice treated with OIT and OIT +
Lcr35. Compared to the OIT group, the combined treatment of Ler35 and OIT significantly
reduced the level of OM-specific IgA. However, the difference in OM-specific IgA level
between the groups was not significant 2 weeks after ceasing treatment (Fig. 3).

Changes in the serum level of OM-specific IgG1 and 1gG2a levels after
treatment with OIT and Lcr35 probiotics

We investigated the effect of OIT and Lcr35 probiotics on the serum level of OM-specific
IgG1 (Th2 response) and IgG2 (Th1 response). The levels of OM-specific IgG1 significantly
decreased after treatment with OIT, Lcr35, and OIT + Lcr35. The levels of IgG2a, which were
expected to increase after treatment, also decreased after each treatment. However, 2 weeks
after ceasing treatment, they increased in the OIT and Lcr35 groups compared to control
mice. Unlike the OIT and Lcr35 group, mice treated with Ler35 + OIT had lower levels than
controls and the OIT group 2 weeks after ceasing treatment. In all treatment groups, the
patterns of OM-specific IgG1 levels 2 weeks after ceasing treatment remained the same as
immediately after ceasing treatment (on OIT) (Fig. 3).
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Fig. 3. Serum levels of OM-specific Ig measured via enzyme-linked immunosorbent assay on days 1 (on OIT) and 14 after discontinuation of OIT and/or Lcr35
treatment. (A) OM-specific IgE levels, (B) OM-specific IgA levels, (C) OM-specific IgG1 levels, and (D) OM-specific IgG2a levels.

OM, ovomucoid; OIT, oral immunotherapy; Ig, immunoglobulin.

*P < 0.05 compared to the control group (vs. No OIT); TP < 0.05 compared to the OIT group (vs. OIT). (continued to the next page)
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Fig. 3. (Continued) Serum levels of OM-specific Ig measured via enzyme-linked immunosorbent assay on days 1 (on OIT) and 14 after discontinuation of OIT and/
or Ler35 treatment. (A) OM-specific IgE levels, (B) OM-specific IgA levels, (C) OM-specific IgG1 levels, and (D) OM-specific IgG2a levels.

OM, ovomucoid; OIT, oral immunotherapy; Ig, immunoglobulin.

*P < 0.05 compared to the control group (vs. No OIT); TP < 0.05 compared to the OIT group (vs. OIT).

Changes in mucus secretion in the small intestine after treatment with OIT
and Lcr35 probiotics

Analyses of mucus expression levels were performed using Alcian blue staining in the small
intestine. Acidic mucins are stained blue in the small intestine. In all treatment groups
including the Lcr35 group, the amount of mucin significantly decreased compared to the

no OIT group. In addition, the decrease in mucin was most significant in the OIT + Lcr35
treatment group (Fig. 4), suggesting that Lcr35 treatment during OIT has a synergistic effect
on mucin suppression in a food allergy model.

DISCUSSION

OIT for the treatment of food allergy induces immune modulation and desensitization,® but

its ability to induce tolerance has not been well-explored. Previous studies have supported the
effects of OIT in mouse models of food allergy.”>#** Among the modalities under investigation

to augment the immunomodulatory effects of OIT, we investigated the effects of oral probiotics
during OIT and demonstrated that Lcr35 treatment during OIT has some synergic effect to
augment the effects of OIT. Lcr35 treatment alone also had a protective effect against anaphylaxis.

Recent increases in allergic diseases may be associated with a lower incidence of infectious
diseases and decreased exposure to microorganisms due to a more hygienic lifestyle.
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Fig. 4. Histological findings of the small intestine of mice treated with egg OIT and Lcr35. (A) Hematoxylin and
eosin stain (upper, x200) and Alcian blue stain (lower, x400). (B) Mucus cell count in the small intestine.

OIT, oral immunotherapy.

*P < 0.05, compared to the control group; TP < 0.05 compared to the OIT group.

Probiotic microorganisms have immunomodulatory effects on dendritic and T-cell
responses, although their immunomodulatory effects depend on the strains. Recently, the
use of probiotics has been proposed as a promising treatment modality for the management
of allergic diseases. In a murine model of food allergy, oral treatment of a probiotic mixture
was effective in redirecting Th2-polarized immune responses towards Th1l and T regulatory
responses and had protective effects against allergen-induced anaphylaxis.?*® Similarly, we
showed that the administration of Lcr35 alone had some protective effect against anaphylaxis
in a mouse model of egg allergy, but its effect was less significant than OIT treatment.

Previous studies have shown that probiotics do not accelerate tolerance induction in
patients with food allergy. Supplementation of L. casei and Bifidobacterium lactis to extensively
hydrolyzed formula does not accelerate milk tolerance in infants with allergy to cow's milk.”

Few studies have explored the use of probiotics during food OIT in mice or humans. Two
studies (although not for food allergies) showed that probiotics can be useful as an adjuvant
for sublingual immunotherapy. One study suggested that Bifidobacterium bifidum is a valid
candidate adjuvant for specific immunotherapy of type I allergies.” According to Moussu et
al., * and Van Overtvelt et al., 3 lactic acid bacteria can be useful as an adjuvant to enhance
sublingual immunotherapy efficacy in a murine asthma model. A recent study in patients
with peanut allergy showed that coadministration of a probiotic and peanut OIT may induce
sustained unresponsiveness and immune changes,* and its follow-up study 4 years after
treatment cessation provided long-lasting clinical effect and persistent suppression of the
allergic immune response to peanut.®® However, that study did not clarify the relative effects
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of co-administered probiotics during OIT compared to OIT alone. The effect of probiotics
plus OIT was only compared with that of placebo, not with that of OIT or probiotics
monotherapy. To determine the synergistic effect of probiotics during OIT, it should be
compared with the effect of OIT without the administration of probiotics. This is not easy
in clinical practice, so we used a mouse egg allergy model to compare the effect of OIT

plus probiotics with that of OIT or probiotics alone. We explored whether probiotics have a
beneficial effect on the induction of sustained unresponsiveness through synergistic effects
on egg OIT.

In the present study, simultaneous administration of Lcr35 during OIT significantly reduced
the severity of anaphylaxis and the level of OM-specific IgE and IgA compared to controls and
OIT alone. The level of OM-specific IgG1 also significantly decreased compared to controls
and the OIT group. The amount of mucin in the small intestine decreased after OIT, OIT +
Lcr35, and Ler35 treatment with the lowest level in the OIT + Ler35S treatment group. These
results support the synergistic immunomodulatory effects of Lcr35 probiotics on OIT in a
mouse model of food allergy. However, further studies are required to clarify the synergistic
effects of probiotics, including more detailed immunological profiles in mice and humans.

Leonard et al. reported that OIT resulted in clinical protection (desensitization) against
food-induced anaphylaxis, but not tolerance 2-weeks after discontinuation of OIT in a mouse
model. However, in the present study with the same mouse model, the protective effects were
sustained 2 weeks after ceasing treatment in all treatment groups, including the OIT group.
The explanation for the different results after prolonged off-treatment remains unclear.
However, it may be partly due to differences in probiotic species.

Allergen immunotherapy induces the production of allergen-specific IgG, particularly [gG4
functioning as a blocking antibody. In mice, allergen-specific IgG2a inhibits IgE-mediated
mast cell activation.* The effects of immunotherapy may be associated with the ratio of
allergen-specific IgE to IgG antibodies.*® However, the importance of IgG-induction in the
clinical efficacy of allergen immunotherapy remains controversial. The levels of OVA-specific
IgG1 and IgG2a antibodies have been shown to inhibit IgE-triggered mast-cell activation

in mice.*® Although previous studies have shown no significant difference in the serum
levels of OM-specific IgG1 and IgG2a between OIT-treated mice and controls,” we observed
differences between treated mice and controls. Unexpectedly, the levels of IgG2 significantly
decreased after treatment with OIT, Lcr35, and OIT + Lcr35.

It is known that IgA plays a role in protection against allergy and may be important in the
development of immune tolerance after OIT.>** In a recent study, IgA significantly increased
after the rush phase of OIT in patients with egg allergy and then decreased during the
maintenance phase.* Contrary to our expectations, the level of OM-specific IgA decreased
after treatment with OIT, Lcr35, and OIT + Lcr35. However, further studies are required to
explore the role of allergen-specific IgA during OIT and probiotic treatment.

Overall, we observed that combined treatment of Lcr35 during OIT had a synergistic effect for
protection against anaphylaxis and perhaps a partial effect on the development of sustained
unresponsiveness in a mouse model of egg allergy. Lcr35 treatment alone also showed some
protective effect against anaphylaxis. These findings remain controversial and should be
confirmed in human studies. Moreover, further experiments are required, including more
detailed immunological profiles such as spleen cell analyses and cytokine profiles.
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