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Abstract

A number of studies have reported comorbidity of food allergies with various neuropsychiatric
disorders, such as anxiety, depression, attention-deficit hyperactivity disorder, and autism.
However, inconsistent results across clinical studies have left the association between food

allergy and behavioral disorders inconclusive. We postulated that the heterogeneities in genetic
background among allergic cohorts affect symptom presentation and severity of food allergy,
introducing bias in patient selection criteria toward individuals with overt physical reactions. To
understand the influence of genetic background on food allergy symptoms and behavioral changes
beyond anaphylaxis, we generated mouse models with mild cow’s milk allergy by sensitizing male
and female C57BL/6J and BALB/cJ mice to a bovine whey protein, p-lactoglobulin (BLG; Bos

d 5). We compared strain- and sex-dependent differences in their immediate physical reactions

to BLG challenge as well as anxiety-like behavior one day after the challenge. While reactions

to the allergen challenge were either absent or mild for all groups, a greater number of BLG-
sensitized BALB/cJ mice presented visible symptoms and hypothermia compared to C57BL/6J
mice. Interestingly, male mice of both strains displayed anxiety-like behavior on an elevated zero
maze without exhibiting cognitive impairment with the cross maze test. Further characterization
of plasma cytokines/chemokines and fecal microbiota also differentiated strain- and sex-dependent
effects of BLG sensitization on immune-mediator levels and bacterial populations, respectively.
These results demonstrated that the genetic variables in mouse models of milk allergy influenced
immediate physical reactions to the allergen, manifestation of anxiety-like behavior, levels of
immune responses, and population shift in gut microbiota. Thus, stratification of allergic cohorts
by their symptom presentations and severity may strengthen the link between food allergy and
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behavioral disorders and identify a population(s) with specific genetic background that have
increased susceptibility to allergy-associated behavioral disorders.
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Akkermansia

1. INTRODUCTION

Food allergy, defined as “an adverse health effect arising from a specific immune response
that occurs reproducibly on exposure to a given food” (Boyce et al., 2010), is an increasingly
prevalent health concern worldwide (Mullins, 2007; Liu et al., 2010; Gupta et al., 2018; Loh
and Tang, 2018; Sicherer and Sampson, 2018). In the United States, where approximately
8-10% of children and adults are afflicted with food allergy, cow’s milk allergy (CMA)

has been reported as the second most common food allergy in both age groups (Gupta et

al., 2018; Gupta et al., 2019). Clinical presentations of CMA can vary across individuals,
and their manifestations may be immediate or delayed (Hill and Hosking, 1995; Baehler

et al., 1996; Koletzko et al., 2012; Dupont, 2014). Symptoms that are typically recognized
as “allergic reactions” include edema, hives, diarrhea, vomiting, respiratory distress, and
systemic anaphylaxis, which occur immediately after ingestion of milk via immunoglobulin
E (IgE)-mediated responses (du Toit et al., 2010; Burks et al., 2012; Mousan and Kamat,
2016). Delayed symptoms of CMA are more generalized cutaneous and gastrointestinal
discomfort, such as eczema and constipation, and can emerge several hours to days
following milk consumption via IgE-independent mechanisms (du Toit et al., 2010; Mousan
and Kamat, 2016).

In addition to the clinical presentations mentioned above, mood, cognitive, and behavioral
symptoms have been associated with CMA, and thus, neuropsychiatric disorders such as
anxiety, depression, attention deficit hyperactivity disorder (ADHD), and autism may partly
be neurological manifestations of hypersensitivity to cow’s milk proteins and other dietary
allergens in some individuals (Davison, 1949; Speer, 1954; Boris and Mandel, 1994; Hak et
al., 2013; Lyall et al., 2015; Topal et al., 2016; Xu et al., 2018). In support of this notion,
removal of suspected food from patients’ diet has been reported to alleviate their symptoms
while reintroduction exacerbates them (Davison, 1949; Speer, 1954; Boris and Mandel,
1994; Stevens et al., 2010). Furthermore, oral immunotherapy of children with CMA was
found to significantly improve anxiety (Carraro et al., 2012). Despite a large number of case
reports and cohort studies that demonstrated positive correlations between neuropsychiatric
conditions and atopic diseases (Afari et al., 2001; Heaney et al., 2005; Mostafa et al.,

2008; Yaghmaie et al., 2013; Garg and Silverberg, 2014; Lyall et al., 2015; Ferro et al.,
2016; Goodwin et al., 2017; Busquets et al., 2019; Blondal et al., 2020), CMA or other

food allergies as a pathophysiological trigger of mood and behavioral symptoms has not
been fully acknowledged in the field, but rather perceived as a psychological trigger of fear
arising from the anticipation for accidental exposures to offending allergens (Cummings et
al., 2010; Walkner et al., 2015; Herbert et al., 2016; Polloni and Muraro, 2020). Inconsistent

Brain Behav Immun. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 3

results across clinical studies, perhaps due to multiple variables associated with the cohorts,
have also likely contributed as inconclusive evidence for the role of food allergy as a causal
factor for neuropsychiatric symptoms. Indeed, variables, such as genetic background and
ethnicity, diet, and medical history, are challenging to normalize with human subjects in
addition to the differences in the presentations, number, and severity of food allergies.
Furthermore, intestinal microbiota, which has been increasingly implicated in both allergy
(Inoue et al., 2017; Kourosh et al., 2018; Hussain et al., 2019) and neuropsychiatric
disorders (Finegold et al., 2002; Wang et al., 2013; Naseribafrouei et al., 2014; Kelly et

al., 2016; Gupta et al., 2019), is another possible variable that may affect study outcomes
and should be taken into consideration.

Mouse models, therefore, provide valuable tools by allowing researchers to control many
of these variables. Previously, we and others demonstrated that allergic sensitization to
cow’s milk proteins elicited behavioral abnormalities in otherwise healthy wild-type mice
(de Theije et al., 2014; Germundson et al., 2018; Smith et al., 2019; Germundson et al.,
2020). Moreover, these studies showed that the increases in c-Fos immunoreactivity (de
Theije et al., 2014), degranulated mast cell numbers (Germundson et al., 2018), astrogliosis
(Germundson et al., 2018; Smith et al., 2019), and proinflammatory cytokines (Smith et

al., 2019) were found in the brains of allergen-sensitized mice. These results suggested

that behavioral symptoms in food allergy were more than comorbidity, prompting further
investigation of CMA as a causative factor that could influence brain function and behavior.

In our mouse model, CMA-associated behavioral changes were observed only in male mice
and not in female mice (Germundson et al., 2018; Smith et al., 2019). Interestingly, sex
differences have also been reported in humans for behavioral disorders and food allergies
(Altemus, 2006; Kelly and Gangur, 2009; Acker et al., 2017; Xu et al., 2018; Murray

et al., 2019). Together with individual differences in offending allergen types, symptom
presentations, and reaction severity, the susceptibility toward CMA-associated behavioral
manifestations may depend on the genetic background of allergic individuals.

In this study, we therefore examined the influence of strain and sex differences in CMA-
induced behavioral manifestations using male and female mice of two genetically distinct
strains, C57BL/6J and BALB/cJ. Mice were sensitized to p-lactoglobulin (BLG: Bos d 5), a
major allergen in bovine whey, for 5 weeks and challenged with BLG during the 6 week
to assess their immediate physical reactions. Anxiety-like behavior and spatial memory
were also tested one day after the allergen challenge. In addition, fecal microbiomes were
compared among the mouse groups to determine the potential contribution of sex and
strain in influencing intestinal microbiota after BLG sensitization. Our results indicated
that these genetic variables significantly affected CMA sequelae and their extent, including
immediate reactions to the allergen, behavior changes, systemic cytokine levels, and
intestinal microbiota.
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2. MATERIALS AND METHODS

2.1. Reagents and antibodies

Purified BLG (#L0130) was purchased from MilliporeSigma (Burlington, MA, U.S.A.)

and used as the allergen for sensitization. Azide-free cholera toxin (CT: #100B) from

Vibrio cholerae was obtained from List Biological Laboratories (Campbell, CA, U.S.A.) and
used as the adjuvant. For isotype-specific immunoglobulin ELISA, Dynabeads™ Protein G,
anti-mouse IgE, 1gG1, and IgG2a secondary antibodies, and ELISA Support Pack Plus
were purchased from ThermoFisher Scientific (Waltham, MA, U.S.A.). The secondary
antibodies were used at 1:1,000. The ELISA Support Pack Plus contained TMB (3,3’,5,5’-
tetramethylbenzidine) and phosphoric acid as the substrate and stop solution, respectively.
For quantitative cytokine arrays, the slide-based Quantibody® Mouse Cytokine Array Q5
(QAM-CYT-5) was acquired from RayBiotech Life (Peachtree Corners, GA, U.S.A.). The
fluorescence signals from the array experiments were quantified by the manufacturer.

2.2. Mice

Three-week-old male and female C57BL/6J and BALB/cJ mice were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). Upon arrival, mice were caged by sex and randomly
divided into groups of 5 mice per cage before housed under a 12-h light/12-h dark cycle

in a specific-pathogen-free environment at the University of North Dakota animal facility.
Ten mice were used per experimental group. All animals were given ad /ibitum access to a
whey-free rodent diet (Teklad 2018, Envigo, Indianapolis, IN) and ultra-filtered water. Body
weights of mice were recorded weekly to assess health and growth throughout the duration
of the experiment. All procedures involving mice were approved by the University of North
Dakota Institutional Animal Care and Use Committee prior to experiments.

2.3. Stool sample collection

After 1 week of acclimation with the whey-free diet, each mouse was individually placed
in a cage until stool samples were collected and returned to its home cage with original
cage mates. Fecal pellets from each mouse were collected in an autoclaved microfuge tube
using sterile forceps and placed on ice until pellets were harvested from all mice. Stool
samples were frozen stored at —80 °C until used for microbial DNA extraction. Additional
fecal samples were collected in the same manner immediately prior to euthanasia to assess
post-sensitization changes in fecal microbiomes.

2.4. Allergen sensitization and challenge

The sensitization procedure was carried out based on the protocol by (Li et al., 1999; Berin
et al., 2006) as described previously (Smith et al., 2019; Smith and Nagamoto-Combs,
2020). Briefly, sex- and strain-matched 4-week-old mice were randomly assigned to sham
and BLG-sensitization groups and given weekly intragastric gavage for 5 weeks (Fig. 1A).
For each gavage, sham and BLG mice were fasted for 2 hours prior and received 200 pL of
either vehicle or BLG solution, respectively. The vehicle contained 10 pg CT as an adjuvant
in 200 pL sodium carbonate/bicarbonate buffer (0.2 M, pH 9.0), while the BLG solution
contained 1 mg BLG in the vehicle. Mice were returned to their home cages without food
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for additional 2 hours before allowing access to the whey-free diet. At Week 6, all mice were
fasted for 2 hours and challenged with 50 mg BLG in 200 pL sodium carbonate/bicarbonate
buffer (0.2 M, pH 9.0). Physical symptoms were scored at 30-min post-challenge according
to the anaphylaxis scoring scale described by Li et al. (1999)(Li et al., 1999) (Table 1). To
assess the degree of challenge-induced hypothermia, body temperature was recorded using

a MicroTherma 2T Handheld Thermometer with a RET-3 probe (Braintree Scientific, Inc.,
Braintree, MA, U.S.A.). Mice were returned to their home cages and allowed to rest for one
day until behavior tests.

2.5. Behavioral assessments

2.5.1. Open-field (OF) activity monitoring—A plexiglass enclosure (40.6-cm width
x 40.6-cm depth x 38.1-cm height; San Diego Instruments, San Diego, CA, U.S.A.) with a
defined 20-cm x 20-cm center zone was used (Fig. 1B). Mice were individually placed in
the same area of the enclosure outside of the center zone (marked with a red star in Fig. 1B)
and allowed to freely explore for 10 min, and their spontaneous activities were recorded by
an overhead digital video camera. The number of entries into the center zone of the box,
total time spent in the center zone, the average duration of visit to the center zone, and the
number of fecal pellets produced during the test duration, average speed, distance traveled,
and time immobile were recorded to objectively assess anxiety-like behavior as well as
overall activity levels using ANY-maze software (Stoelting Co., Wood Dale, IL, U.S.A)).
The number of fecal pellets was manually counted from the video recordings by two blinded
observers as a mobility-independent measure of anxiety-like behavior. The enclosure was
thoroughly cleaned with Process NPD (STERIS, Mentor, OH, U.S.A.) between tests.

2.5.2. Elevated zero maze (EZM)—A commercially available EZM apparatus
(Stoelting Co.) was used to measure anxiety-like behavior as previously described (Smith et
al., 2019). Briefly, mice were individually placed in one of the walled sections of the circular
maze (Fig. 1C) and allowed to freely explore the apparatus for 10 min while being video
recorded. The time spent in the open zones, the number of entries into the open zones, and
the average duration of visit to the open zones were analyzed using ANY-maze software and
manually validated by a blinded observer. A few mice failed to stay on the maze for the
entire test duration, and they were excluded from the final analysis.

2.5.3. Cross maze—A cross maze was used to evaluate spatial working memory. The
maze was custom-made with white plexiglass with four identical cross-shaped arms (5-cm
width x 30-cm length) with a 5-cm x 5-cm center area and 15-cm high walls based on the
specifications by Kulas et al. (2018) (Kulas et al., 2018). Mice were individually placed in
one of the arms designated as the starting arm and allowed to explore the maze freely for

12 min (Fig. 1D). The sequence of arm entries was recorded by an overhead digital video
camera and analyzed by a blinded observer. “Alternations” was defined as the instances
where the mouse successfully entered all 4 arms of the maze without reentering a previously
entered arm. The percentage of alternations was calculated as using the following equation
(Kulas et al., 2018):

% alternation = [(# of alternations)/(total entries —3)] x 100.
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2.6. Euthanasia and terminal blood sample collection

Mice were sacrificed 2 days after the allergen challenge and 1 day after the behavioral
assessments (Fig. 1A). After post-sensitization stool collection, mice were euthanized via
CO», asphyxiation followed by intracardiac perfusion with phosphate-buffered saline (PBS;
pH 7.4). Cardiac blood was collected prior to perfusion to prepare serum and plasma
samples for immunoglobulin and cytokine ELISAS, respectively. For plasma samples,
approximately 100 pL of blood was collected in EDTA-coated Microvette tubes (Sarstedt,
Inc., Newton, NC, U.S.A.) and centrifuged for 10 min at 2,000 x gat 4 °C. For serum
preparation, blood was collected in microfuge tubes and allowed to coagulate for 30 min at
room temperature before centrifuged at 2,000 x g for 15 min. Aliquoted serum and plasma
samples were stored at —80 °C until used.

2.7. Enzyme-linked immunosorbent assay (ELISA) for BLG-specific immunoglobulin

detection

BLG-specific immunoglobulins were detected using ELISA as previously described (Smith
et al., 2019; Germundson and Nagamoto-Combs, 2020). Briefly, 96-well ELISA plates were
coated with 20 pg/mL BLG in 100 mM sodium carbonate/bicarbonate buffer (pH 9.6)
overnight at 4 °C, rinsed with PBS containing 0.05% Tween-20 (PBS-T) and blocked with
PBS-T with 0.5% bovine serum albumin. Serum samples from mice were first diluted to
1:40 to adsorb 1gG using magnetic protein G beads, and resulting supernatants were used
for BLG-specific IgE detection. Bead-bound 1gG was eluted in 50 mM glycine (pH 2.8)

for 2 min at room temperature, neutralized with 1 M Tris buffer (pH 7.5), and used to
detect BLG-specific IgG1 and IgG2a. Samples were placed in the allergen-coated wells and
incubated overnight at 4 °C. BLG-specific immunoglobulins were detected by respective
anti-mouse secondary antibodies followed by avidin-HRP and using TMB as the substrate.
Reactions were terminated by adding 2 N H,SOy4 prior to reading at 450 nm on a Biotek
ELx 800 microplate reader with Gen5 software (Biotek Instruments).

2.8. Cytokine quantification

Plasma samples prepared from terminal blood were used to profile cytokines and
chemokines using Quantibody® Mouse Cytokine Array Q5 Kit. Samples were first diluted
to 1:5 before assayed using the multiplex kit according to the manufacturer’s instructions.
Upon completion of the assay procedure, the slides were sent to RayBiotech Array

Scanning and Analysis Services for quantification of the fluorescence signals. The resulting
fluorescence signal values were analyzed using RayBiotech Q-Analyzer® an array-specific
Microsoft Excel-based software tool (https://www.raybiotech.com/files/analysis-tools/QAM-
CYT-5.xls).

2.9. Fecal microbiome analysis

To compare fecal microbiome profiles, microbial DNA was extracted from stool samples
using ZymoBIOMICS DNA kit (Zymo Research, Irvine, CA, U.S.A.) and sent to the
Genome Technology Access Center at Washington University (St. Louis, MO, U.S.A.)
for 16S ribosomal RNA gene sequencing. Sample library preparation for 8 hypervariable
regions of the 16S gene was performed with Fluidigm Juno LP 192.24 IFC system.
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Sequencing was carried out on a HiSeq 3000 with approximately 11M 150 bp paired-end
reads, yielding an average of 44,277 reads per sample. The raw FASTQ files were assessed
for quality by DADAZ2. The forward and reverse reads were truncated using filterAndTrim
function of DADA2 package at 140 and 130 base position, respectively. After dereplication
by DADAZ2, filtered paired-end reads were merged, and a quality-aware correction model
was used to remove noise and chimeras to call final amplicon sequence variants (ASVs)
(Callahan et al., 2017). ASVs were classified taxonomically based on the SILVA database
(version 132, https://zenodo.org/record/1172783#.X3zfvy2Z0L8), and the ASVs that were
not assigned to phyla or assigned to non-bacterial kingdoms by the phyloseq R package
(version 1.32.0) (McMurdie and Holmes, 2013) were removed. Furthermore, the ASVs with
prevalence < 9 and total abundance < 222 (lower quartile) were excluded from downstream
analysis. Taxonomy classification for trimmed reads was performed by Kraken 2 (version
2.0.8-beta) (Wood et al., 2019) based on MiniKraken2_v1 database (version 201904).
Differential species were screened out by the DESeq2 package (version 1.28.1).

The alpha diversity metrics were analyzed using the estimate_richness function.
Proportionally normalized data was used for Bray-Curtis Principal Coordinates Analysis
(PCoA) to reveal differences between experimental groups. The ‘Adonis’ feature from

the vegan (version 2.5-6) R package was used to assess whether sample grouping by
metadata factor accounted for inter-sample differences (Oksaren et al., 2020). The DESeq?2
package (version 1.28.1) was used to identify significant differences in ASVs between
groups (Love et al., 2014). Differential ASVs were then subjected to KEGG pathway profile
analysis using Tax4Fun2 R package (version 1.1.5) (Wembheuer et al., 2020) with ‘Ref99NR’
database mode and Tax4Fun2_ReferenceData_v1.1. KEGG pathways with adjusted p value
< 0.05 were considered significant after multiple testing correction.

2.10. Species-specific quantitation of Akkermansia muciniphila

Abundance of A. muciniphila at pre- and post-sensitization was detected from 100 ng

of microbial DNA using quantitative PCR (qPCR). The species-specific primers, S-St-
Muc-1129-a-a-20: 5’-CAG CAC GTG AAG GTG GGG AC-3’ and S-St-Muc-1437-a-A-20:
5 - CCT TGC GGT TGG CTT CAG AT-3’ (Collado et al., 2007) and iTag™ Universal
SYBR® Green Supermix (Bio-Rad Laboratories, Hercules, CA, U.S.A) were used to
perform gqPCR on a C1000 Touch Thermocycler (Bio-Rad) for 40 cycles (denaturing at

95 °C for 15 sec, annealing at 55 °C for 30 sec, and extension at 72 °C for 30 sec). Cq values
were computed using Bio-Rad CFX Manager 3.1, and the amount of A. muciniphila was
expressed as 27C4.

2.11. Statistics

All statistical analyses, except the microbiome analysis, were performed using GraphPad
Prism 9 software (GraphPad Software, Inc., San Diego, CA, U.S.A.). Differences between
strain-matched sham and BLG groups and between treatment-matched two strains were
compared independently among male and female groups using two-way ANOVA with
Fisher’s least significant difference (LSD) test, unless specified in the figure legends. The
ROUT method (Q=1%) was used to identify outliers in a group when appropriate, and
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the values were removed from the final results. A pvalue less than 0.05 (p < 0.05) was
considered statistically significant.

3. RESULTS
3.1. BLG sensitization produced distinct physical responses in C57BL/6J and BALB/cJ

mouse strains upon BLG challenge.

During the 6 weeks of sensitization, body weights of mice were recorded weekly to monitor
overall health. As observed in our previous study (Smith et al., 2019), BLG sensitization had
no impact on the overall growth of sex-matched mice (Fig. 2A). When challenged with 50
mg of BLG in Week 6, most of the C57BL/6J mice, regardless of sex, were asymptomatic
(Fig. 2B) and scored 0 on the anaphylaxis scale (Table 1). A few mice in the BLG-sensitized
group showed minor symptoms although the maximum score did not exceed 2, and the
differences between the average scores of sex-matched sham and BLG-sensitized groups
were not statistically significant (male C57BL/6J sham: 0.10 + 0.09, male C57BL/6J BLG:
0.6 £ 0.3, p=0.10; female C57BL/6J sham: 0.10 + 0.09, female C57BL/6J BLG 0.5 =

0.2, p=0.10; n= 10 in all groups). While the sensitized BALB/cJ mice of both sexes

also did not score more than 2, many more animals presented with observable symptoms
than sex-matched C57BL/6J mice, and the differences between the average scores of the
sex-matched sham and BLG groups for BALB/cJ were significantly different (male sham:
0.10 £ 0.09, male BLG: 1.2 + 0.3, p=0.0007; female sham: 0.10 + 0.09, female BLG: 1.8
+0.2,p<0.0001; 7= 10 in all groups). Sex- and treatment-matched strain differences in
clinical scores were only significant between BLG-sensitized female sham and BLG mice
(0 <0.0001). Similarly, when body temperatures were measured to assess allergen-induced
hypothermia (Fig. 2C), the majority of BLG-sensitized male and female C57BL/6J mice
maintained their normal body temperature at 30 min post-challenge, showing no significant
differences between sex-matched sham and BLG groups (male C57BL/6J sham: 37.9 + 0.2;
male C57BL/6J BLG: 37.5 + 0.4; female C57BL/6J sham: 37.75 £ 0.09; female C57BL/6J
BLG: 37.3 £ 0.4; n=10 in all groups). However, BLG-sensitized BALB/cJ groups of

both sexes clearly presented allergen-induced hypothermia reflective of histaminergic action
from mast cells (Makabe-Kobayashi et al., 2002) (male BALB/cJ sham: 38.6 £ 0.3, male
BALB/cJ BLG: 36.8 + 0.7, p= 0.006; female BALB/cJ sham: 37.52 + 0.06; female
BALB/cJ BLG: 35.7 + 0.5, p=0.0007; n= 10 in all groups). In addition, as with the clinical
scores, BLG-sensitized female BALB/cJ group displayed greater hypothermic responses
than sex-matched C57BL/6J mice (p= 0.003). In contrast, the strain differences in allergen-
induced hypothermia in BLG sensitized mice were not significant in males (p = 0.27).
These results indicated that the severity of allergic responses was sex- and strain-dependent,
with female BALB/cJ mice exhibiting most robust reactions among the BLG-sensitized
groups tested, followed by male BALB/cJ mice. In contrast, BLG-sensitized C57BL/6J
mice displayed minimally observable physical responses upon allergen challenge as we had
previously reported (Smith et al., 2019).
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3.2. Allergen-specific immunoglobulins were differentially produced in BLG-sensitized
mice in a sex- and strain-dependent manner.

To validate the development of adaptive immunity after the sensitization procedure,
subclasses of BLG-specific immunoglobulins, IgE, 1gG1, and 1gG2a, were individually
detected using ELISA (Fig. 3, also see Supplementary Material 1). When compared to
respective sham mice, BLG-specific IgE (Fig. 3A) was significantly elevated approximately
by 2-fold in the sera of sensitized male C57BL/6J mice (1.8 = 0.4 fold, n= 10, p=0.05)

and male and female BALB/cJ mice (male: 2.1 + 0.4 fold, 7= 10, p=0.006; female: 2.20

+ 0.41 fold, 7= 10, p=0.0007), but not in BLG-sensitized female C57BL/6J mice (1.0

+ 0.2 fold, ~=10, p=0.28). In contrast, neither male nor female C57BL/6J mice showed
allergen-specific 1gG1 production (Fig. 3B) even though robust increases in serum levels of
BLG-specific IgG1 was detected in the sensitized BALB/cJ mice of both sexes (male: 46 + 3
fold, n=10, p<0.0001; female BALB/cJ BLG: 43 + 3 fold, n= 10, p< 0.0001). Similarly,
elevated levels of BLG-specific 1gG2a were found in both male and female BALB/cJ mice
(male: 8 + 5 fold, 7=10, p=0.04; female: 10 + 3 fold, 7= 10, p < 0.0001) but not

in C57BL/6J mice (Fig. 3C). These results indicated that BALB/cJ mice responded to

BLG sensitization by productions of all immunoglobulin subclasses tested. In contrast, such
response was limited to allergen-specific IgE in male C57BL/6J mice whereas females of
this strain did not show significant immune responses after the 5-week sensitization regimen
and an allergen challenge. Thus, the sex and strain of mice influenced the extent and the
class of allergen-specific immunoglobulins produced after BLG sensitization.

3.3.  Anxiety-like behavior differentially manifested in BLG-sensitized male C57BL/6J and
BALB/cJ mice after allergen challenge without affecting general activity and cognitive

function.

For the OF test, we first tracked the frequency of visits to the center zone, the total time
spent in the center zone, and the average duration of each visit to the center zone at

1-min intervals to detect possible time-dependent changes in anxiety-like behavior during
the course of the 10-min testing period (Supplementary Material 2). From this preliminary
analysis, we observed that significant differences between the sham and BLG groups in the
measured parameters were often apparent during the first 4 min as previously reported by
others (Bailey et al., 2007; Tanda et al., 2009; Maeta et al., 2018) but became less evident
during the latter half of the test duration. Thus, the activity parameters during the first 4

min of the test period were compared among the groups (Fig. 4). BLG-sensitized male
C57BL/6J mice made significantly fewer entries to the center zone of the OF arena (sham:
6.8+0.8, n=8;BLG:4+1, n=8, p=0.001), spent less total time in the center zone
(sham: 16 £ 5 sec, n=8; BLG: 5+ 2 sec, n=8, p=0.004), and spent less time in the
center zone per entry (sham: 3 £ 1 sec, 7= 8; male C57BL/6J BLG: 1.0 + 0.3 sec, n=8,
p=0.03) than their sham counterparts (Fig. 4A—C). The CMA-associated effects on these
parameters were not statistically significant for male BALB/cJ mice and female mice of both
strains. However, in comparison to C57BL/6J mice, all groups of BALB/cJ mice noticeably
avoided the center zone during the test period, posing a challenge in detecting any changes
with BLG sensitization. In an attempt to detect differences in anxiety-like behavior between
the treatment groups for BALB/cJ mice using another approach, the numbers of fecal
pellets produced during the test were counted (Crumeyrolle-Avrias et al., 2014; Seibenhener
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and Wooten, 2015). Greater numbers of fecal pellets, considered to reflect an increased
anxiety-like state in rodents, were produced by BLG-sensitized male BALB/cJ mice than
their sham control mice (Fig. 4D, sham: 3.8 £ 0.5, n=10; BLG: 6.1 £ 0.8, n=10, p=0.01)
although no differences were found in any other groups.

To differentiate anxiety-like behavior from motor deficits, we also examined general
locomotor activities of mice, the total distance traveled, and total time immobile. There
were significant inter-strain differences between sex- and treatment-matched groups, with
BALB/cJ mice, regardless of sex or treatment, being overall less active than C57BL/6J

and avoiding the center zone (Supplementary Material 3). Furthermore, BLG-sensitized
male BALB/cJ mice traveled less distance than strain-matched sham mice, although the
difference in time immobile was not statistically significant. In contrast, there were no
significant differences between sex-matched C57BL/6J sham and BLG groups, suggesting
that decreases in the number of entries to the center and time spent in the center observed in
male mice of this strain were not likely due to reduced mobility.

Anxiety-like behavior of mice was also assessed using the EZM test by monitoring their
avoidance of the open zones (Fig. 5). As observed with the OF test, the BALB/cJ strain
exhibited overall greater tendency to avoid open zones of the EZM compared to sex-

and treatment-matched C57BL/6J mice. When comparing sex- and strain-matched groups,
BLG-sensitized male mice of both strains made fewer entries to the open zones than their
respective sham counterparts (Fig 5A; male C57BL/6J sham: 16 + 2, n=8; male C57BL/6J
BLG: 9+ 2, n=8, p=0.01; male BALB/cJ sham: 6 + 2, n=10; male BALB/cJ BLG: 0.6
+0.3, =10, p=0.03). Similarly, BLG-sensitized male C57BL/6J and BALB/cJ mice spent
less time in the open zone than sex- and strain-matched sham mice (Fig 5B; male C57BL/6J
sham: 82 £ 9, n=8; male C57BL/6J BLG: 42 + 12, n= 8, p=0.006; male BALB/cJ sham:
26 + 11, n=10; male BALB/cJ BLG: 0.9 + 0.4, n=10, p=0.05). In addition, sensitized
BALB/cJ male mice also spent less time in the open zone per entry than sham mice (Fig

5C; male BALB/cJ sham: 2.5 £ 0.8, n=10; male BALB/cJBLG: 0.7 + 0.4, n=10, p=
0.03). No differences were found in female mice of either strain in these parameters. These
results further supported that sex and strain influenced the manifestation of CMA-associated
anxiety-like behavior.

To evaluate whether CMA altered cognitive function, spatial memory was tested by
quantifying the number of spontaneous alternations performed in the cross-maze test. In
contrast to anxiety-like behavior, the ability of mice to strategically explore each arm of the
maze was not affected by BLG sensitization in either strain or sex (Fig. 6A). However, it is
important to note that many of the female BALB/cJ mice (5 sham and 6 BLG mice) either
stayed in the entry arm or did not complete a cycle into all arms during their test period
(Fig 6B) and were therefore excluded from the final analysis of % alternations (Fig. 6A).
These results suggested that BLG sensitization did not affect cognitive ability with respect
to spatial memory. No obvious strain differences were detected in their ability to alternately
explore all arms of the maze.
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3.4. BLG sensitization yielded distinct sex- and strain-dependent plasma cytokine and
chemokine profiles.

Because CMA-induced immunoglobulin production and anxiety-like behavior manifestation
were sex- and strain-dependent, it was likely that distinct immune responses with unique
inflammatory mediators were triggered in each mouse group upon allergen challenge.

Thus, we next characterized cytokines, chemokines, and associated immunologic factors

in each experimental group. In particular, we expected to observe elevation of Thl- and Th2-
associated cytokines in C57BL/6J and BALB/cJ strains as they reportedly have respective
immune biases (Autenrieth et al., 1994; Nishimura et al., 1997; Mills et al., 2000; Watanabe
et al., 2004). To quantify the factors at the systemic level, we assessed the plasma samples
using Quantibody® Mouse Cytokine Array Q5 system (Fig. 7, see Supplementary Material
4 for the complete quantitative data). In BLG-sensitized male C57BL/6J mice, 9 analytes
were significantly increased in comparison to their respective sham mice (Fig 7A). CCL1
(C-C motif chemokine ligand 1) and CSF1 (colony stimulating factor 1, also known as
macrophage colony stimulating factor or M-CSF) showed the most striking changes with
allergen sensitization by increasing 12 + 4 fold and 9 * 2 fold, respectively. However, the
absolute amounts of these factors were relatively low (CCL1 in sham: 1.1 + 0.5 pg/mL,
BLG: 13 + 4 pg/mL; n= 10, p=0.0003; CSF1 in sham: 19 + 10 pg/mL, BLG: 176 + 38
pg/mL; n= 10, p=0.0001). Other analytes that were significantly induced in sensitized
male C57BL/6J mice were, in the order of greatest to lowest, 7 £+ 2 fold for IL-13 (sham: 780
+ 261 pg/mL, BLG: 5353 + 1667 pg/mL; 7= 10,p=0.0007), 6 + 2 fold for CCL17 (sham:
83 + 22 pg/mL, BLG: 528 + 187 pg/mL; n=10,p=0.004), 4.5 £ 0.8 fold for IL-21 (sham:
41 + 23 pg/mL, BLG: 188 + 33 pg/mL; n=10, p=0.0009), 4.0 + 0.6 fold for FGF2 (sham:
49 + 11 pg/mL, BLG: 195 + 29 pg/mL; 7= 10,p=0.0001), 3.0 + 0.7 fold for CCL12 (sham:
86 + 35 pg/mL, BLG: 258 + 57 pg/mL; n=10, p=0.02), 1.8 + 0.3 fold for 1L-10 (sham:
177 £ 31 pg/mL, BLG: 318 £ 52 pg/mL; n= 10, p=0.04), and 1.31 + 0.05 fold for CCL9
(sham: 3762.313 + 355 pg/mL, BLG: 4910 + 191 pg/mL; n= 10, p=0.002). None of the
analytes quantified with this assay were induced in BLG-sensitized female C57BL/6J mice
(see Supplementary Material 4).

The cytokine profile of BLG-sensitized male BALB/cJ mice was distinct from that of
sex-matched C57BL/6J mice, and 4 analytes were significantly reduced in BLG-sensitized
mice compared to the sham mice (Fig 7B). The analyte levels were lower by 0.5 + 0.1 fold
for IL-1p (sham: 103 = 15 pg/mL, BLG: 56 £ 11 pg/mL, n= 10, p=0.02), 0.5 = 0.2 fold
for IL-13 (sham: 414 + 59 pg/mL, BLG: 216 + 72 pg/mL; n=10, p=0.03) 0.3 £ 0.1 fold
for CSF2 (sham: 157 + 25 pg/mL, BLG: 49 + 20 pg/mL, n= 10, p=0.002), and 0.52 + 0.05
fold for TNFRSF1A (sham: 1087 + 121 pg/mL, BLG: 566 + 56 pg/mL; n= 10, p = 0.0002)
in BLG sensitized mice. In contrast, 3 analytes were increased in BLG-sensitized female
BALB/cJ mice (Fig 7C), including 2.6 £+ 0.5 fold for IL-15 (sham: 683 + 340 pg/mL, BLG:
1788 + 353 pg/mL, n= 10, p=0.007), 5 £ 2 fold for TNFRSF1B (sham: 39 + 8 pg/mL,
BLG: 176 + 61 pg/mL, n=10, p=0.02), and 6 + 2 fold for ICAM-1 (sham: 93 + 40 pg/mL,
BLG: 518 + 184 pg/mL, n= 10, p=0.02).

This array data demonstrated that BLG sensitization resulted in altered levels of distinct sets
of immunologic mediators in the circulation, with C57BL/6J male mice having the greatest
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number of mediators that were significantly affected. Therefore, our results indicated that

the same allergen triggered varying immune responses depending on the sex and strain

of sensitized mice. Importantly, the cytokine profiles from BLG-sensitized C57BL/6J and

BALB/cJ mice failed to categorize their strain-specific responses simply into Thl and Th2
responses, respectively.

3.5. BLG-sensitization differentially altered the composition of intestinal microbial
community in a sex- and strain-specific manner.

Because BLG was orally introduced during the sensitization procedure, we postulated that
allergen sensitization and the subsequent challenge had produced inflammatory conditions
in the intestinal tract and influenced the commensal microbial community. Altered intestinal
microbiota has been implicated in a variety of pathological conditions, including food
allergy and neuropsychiatric disorders (Wang et al., 2011; Scheperjans et al., 2015; Blazquez
and Berin, 2017; Vuong et al., 2017; Pulikkan et al., 2018). To assess whether BLG
sensitization resulted in alterations in intestinal microbiota, we next performed microbiome
analysis by 16S ribosomal RNA gene sequencing from stool samples. Following sequencing,
microbial taxonomy was classified using amplicon sequence variants (ASVs) at the species
level. Approximately 400-500 species were classified in each treatment group (Fig. 8A).
There was a significant strain-dependent difference in the number of observed species
between C57BL/6J and BALB/cJ male sham mice (Fig. 8A). Species richness was greater
for BALB/cJ sham mice compared to respective C57BL/6J mice in males (C57BL/6J sham:
392.2 + 21.3, BALB/cJ sham: 500.3 + 17.0; n= 10, p< 0.0001). Furthermore, assessment of
alpha diversity indicated significant differences between sex- and strain-matched treatment
groups for male C57BL/6J mice (Simpson index) and female BALB/cJ mice (Shannon

and Simpson indices), showing BLG-associated decrease and increase in biodiversity,
respectively (Supplementary Material 5).

We next performed PCoA using the Bray-Curtis dissimilarity method to cluster the beta
diversity of sex- and strain-matched treatment groups. There was clear separation between
sham and BLG groups in both male and female C57BL/6J mice (Fig. 8B). Similarly, the
clustering of the two groups was distinct for female BALB/cJ mice, whereas some overlap
was observed for male BALB/cJ mice (Fig. 8C). These results suggested that intestinal
microbial composition becomes altered with BLG sensitization, although the extent of the
change may be strain-dependent.

When taxonomic compositions from the experimental groups were compared at the phylum
level, each group showed a distinct profile, although Firmicutes and Bacteroidetes were the
two dominant bacterial phyla as reported elsewhere (Fig. 9A). The relative abundance of
these phyla was uniquely influenced by BLG sensitization in a sex- and strain-dependent
manner (Fig. 9B-I). For C57BL/6J, Verrucomicrobia and Proteobacteria were significantly
lower in BLG-sensitized male mice, whereas sensitization resulted in a greater abundance
of Bacteroidetes and Patescibacteria and reduced abundance of Actinobacteria in female
mice. In contrast, for BALB/cJ mice, Cyanobacteria was the only phylum that was lower

in BLG-sensitized male mice, while female mice did not show any significant differences
between sham and BLG groups in the identified phyla. Among the differences described
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above, the most notable sensitization-associated differences were reduced abundance of
Verrucomicrobia in male C57BL/6J by 84.1% (0.16 + 0.03 fold) and increased abundance of
Bacteroidetes in female C57BL/6J by 30.5% (1.31 + 0.07 fold). The complete microbiome
profiles for all the experimental groups are provided in Supplementary Material 6.

Proliferation of Akkermansia muciniphila in C57BL/6J male mice was inhibited with

BLG sensitization.

Because C57BL/6J male mice exhibited significant changes in intestinal microbiota
associated with anxiety-like behavior, we focused on this group to investigate the potential
role of their commensal bacteria in their behavioral and immunologic responses. Here,

we examined the pre- and post-sensitization fecal amounts of Akkermansia muciniphila, a
species belonging to the phylum, Verrucomicrobia, which was significantly decreased in
BLG-sensitized mice (Fig. 9E). A. muciniphila has also been implicated in various disease
conditions, including neurological disorders (Wang et al., 2011; Hill-Burns et al., 2017; Li
etal., 2019; Xu et al., 2019). As shown in Fig. 10, the relative amounts of A. muciniphila
detected in pre-sensitization samples from the sham and BLG groups were comparable,
ranging from 4.5x1077 to 1.1x107° (sham average: 4x1076 + 1x1076, BLG average:
3.2x107% + 0.7x107%; expressed as 2-C4 values). However, A. muciniphila increased in
sham mice during the course of the 5-week sensitization period, averaging 22 + 8-fold
increases at post-sensitization with a range of 2.2 to 73.5-fold increases. On the other hand,
all BLG-sensitized mice, except one mouse identified as an outlier (279 value: 9.4x107,
see the Materials and Methods section), showed profound decreases in the relative amount
of the bacteria after sensitization, averaging 0.2 + 0.1 fold, indicating that the growth of
this bacteria was stifled in this group. Because A. muciniphila was the predominant species
of Verrucomicrobia identified and detected in the microbiome (Supplementary Material 6),
the significant reduction of the phylum observed in BLG-sensitized C57BL/6J male mice is
therefore likely due to attenuated colonization of A. muciniphila (Fig. 9A).

3.7. The altered microbiome profile of BLG-sensitized male C57BL/6J was associated
with molecular interactions known to affect neurological functions.

In order to explore possible molecular targets that might have been influenced in our
BLG-sensitized mice, we identified the pathways that were associated with the microbial
changes observed in this study using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway Database (https://www.genome.jp/kegg/pathway.html). Known molecular
interaction pathways with significant differences between sex- and strain-matched sham
and BLG-sensitized groups are presented as Supplementary Material 7. We found a

greater number of pathways that were significantly associated with the microbiome of
BLG-sensitized C57BL/6J male mice than any other groups. Interestingly, among them
were some pathways involved in neurological disorders and neurotransmission, such as
serotonergic/dopaminergic synapses and Parkinson’s disease (Fig 11). Although the analysis
does not articulate specific molecules within each pathway that were likely affected by the
sensitization-associated microbiome changes in C57BL/6J male mice, the result suggests
that the neurological functions were possibly influenced in these mice.
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4. DISCUSSION

The severity and presentations of food allergy symptoms widely vary among individuals
and likely contribute to inconsistencies across human cohort studies that investigate the
association of food allergy with affective, behavioral, and cognitive disorders. Indeed,

the heterogeneity in responses to allergens is often observed in human patients (Burks et

al., 2012; Bird et al., 2015; Sicherer and Sampson, 2018; Fritscher-Ravens et al., 2019).

We postulated that the presence of allergy-associated behavioral manifestations would be
influenced by sex and genetic background. In this study, we therefore used a mouse

model of CMA to evaluate the effect of strain and sex on CMA-associated anxiety-like
behavior and cognitive function as well as physical reactions, immunological responses, and
microbial changes.

We first assessed whether the BLG sensitization regimen effectively induced CMA.
Following an oral allergen challenge, both C57BL/6J and BALB/cJ strain mice showed

no or mild observable reactions, scoring a severity level of 0-2 upon allergen challenge
(Fig. 2B). This outcome was not unexpected given that we and others have previously
reported mild responses to allergen challenges with these strains (Marco-Martin et al., 2017;
Germundson et al., 2018; Smith et al., 2019), and C57BL/6 and BALB/c backgrounds are
known to be more resilient to experimental allergic sensitization than other strains (Xu et al.,
2018). However, greater numbers of BLG-sensitized BALB/cJ mice scored 2 than sex- and
treatment-matched C57BL/6J mice, rendering the modest differences in the clinical scores
and body temperature from their respective sham groups statistically significant (Fig. 2B,
2C). Mast-cell-derived histamine is a known contributor of allergy-induced hypothermia and
respiratory distress, acting via H1/H2 histaminergic receptors. The absence of mast cells

or histamine production in knockout mice, as well as histaminergic receptor antagonists

in wild-type mice, have been shown to ameliorate these symptoms after inducing passive
systemic anaphylaxis (Makabe-Kobayashi et al., 2002).

Thus, our observation suggested that BLG-sensitized BALB/cJ mice were more susceptible
to mast cell degranulation upon allergen challenge. As for the allergen-specific
immunoglobulins, the sensitization-induced changes in their levels did not closely mirror
the physiological responses, and all BLG groups, except C57BL/6J females, showed small
but significant increases in allergen-specific IgE (Fig. 3A). Furthermore, IgG isotypes were
also elevated in both male and female BALB/cJ mice after sensitization (Fig. 3B and 3C).
In contrast, we did not observe elevated 1gG1 in the BLG groups of C57BL/6J mice. These
results indicated that the production of allergen-specific immunoglobulin was differentially
affected by the strain, particularly highlighting the difference in the amounts of IgG1
production. However, we have previously observed elevated BLG-specific IgG1 in male
and female C57BL/6J mice in our earlier study, in which mice were challenged twice, 1
week apart (Smith et al., 2019). Thus, the number of allergen exposure and/or duration after
sensitization may also affect the amounts of allergen-specific immunoglobulins.

A limitation to note for the measurement of allergen-specific IgE in the circulation is that
it may not precisely reflect the total amount of the IgE produced by an allergic individual,
since produced IgE becomes rapidly associated with high-affinity Fce receptor | on immune

Brain Behav Immun. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 15

cells such as mast cells and basophils, and free IgE molecules are subjected to rapid
degradation (Lawrence et al., 2017). Moreover, the serum samples we used in this study
were prepared from the terminal blood, which was collected after 1 week from the last
sensitization dose and 2 days from the allergen challenge (see Fig. 1A). The half-life of

IgE is estimated to be 2-3 days in humans (Lawrence et al., 2017) and 12 hours in mice
(Vieira and Rajewsky, 1988), and thus, the amounts of IgE detected in our assay may have
been an underestimation of actual amounts produced. Another limitation of our current study
was that 1gG2a was measured as one of the allergen-specific immunoglobulins. However,
C57BL/6J mice do not produce 1gG2a but instead produce 1gG2c isotype (Jouvin-Marche et
al., 1989). For further assessments for allergen-induced immunoglobulin levels in this strain,
an lgG2c-specific assay should be used.

Despite the lack of anaphylaxis and other overt physical indications of severe allergic
responses, BLG-sensitized C57BL/6J mice exhibited anxiety-like behavior one day after
the allergen challenge. This CMA-associated behavior change was not observed in female
C57BL/6J mice, an outcome in line with our previous study (Smith et al., 2019). Although
the results from the OF test were difficult to compare in BALB/cJ mice due to their overall
inactivity, the differences between sham and BLG mice were detected for male mice by

the number of fecal pellets and EZM (Fig. 4D and 5A-C). Again, these differences were
not observed in BALB/cJ female mice, suggesting that females were less inclined to exhibit
CMA-associated anxiety-like behavior regardless of strain. The cross-maze test did not show
significant differences between sham and BLG mice in any of the groups or strain- or
sex-dependent effects, suggesting that BLG sensitization followed by acute exposure to the
allergen did not affect cognitive function, at least for spatial memory (Fig. 6).

Similar male-biased symptom manifestations have also been reported in human patients.
Food allergy and certain types of behavioral conditions, such as ADHD and autism,

are more commonly diagnosed in young males (Polanczyk et al., 2007; Kim et al.,

2011; Pinares-Garcia et al., 2018). The sex-dependent dichotomy may be explained by

the differences in the number of T lymphocytes and the presence of promoter elements
within immune-related genes that can be regulated by sex hormones (DunnGalvin et al.,
2006; Markle and Fish, 2014; Klein and Flanagan, 2016; Laffont and Guery, 2019). In
rodent studies, the contribution of estrogen to the regulation of anxiety-like behavior has
also been investigated, although anxiolytic effects seem to depend on the dose of the
hormone, behavior tests used, and age of mice (Boivin et al., 2017; Borrow and Handa,
2017). While it was outside the scope of our current study, identification of mechanistic or
molecular factor(s) that protected our female mice from manifesting CMA-induced anxiety-
like behavior may provide potential therapeutic targets for anxiety.

Sex- and strain-specific variations were also found in the number, type, and levels of
immune mediators detected in plasma, with male C57BL/6J mice showing the most number
of analytes that were significantly altered with BLG sensitization, followed by male and
female BALB/cJ mice (Fig. 7A-C). No significant changes in plasma mediator levels were
detected in female C57BL/6J mice, again underscoring the resilience of this group to the
sensitization. In C57BL/6J males, increases in helper T cell (Th) associated cytokines and
chemokines were particularly notable. While the C57BL/6 and BALB/c strains are typically
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described to have Thl- and Th2-biased immune responses, respectively (Autenrieth et al.,
1994; Nishimura et al., 1997; Mills et al., 2000; Watanabe et al., 2004), it has been argued
that this generalization is based on infection models and does not apply to allergy paradigms
(HayGlass et al., 2005). Our results also seemed to support this argument and did not
categorize the responses of the two strains strictly into either Th1 or Th2. Instead, significant
increases in IL-13 and IL-21 suggested that the responses of BLG-sensitized C57BL/6J
mice were likely mediated by follicular helper T cells (Tfh), which are crucial for the
production of IgE and other isotypes via differentiation of B cells (Gowthaman et al., 2019,
also reviewed by Yao et al., 2020).

The mediator responses by male C57BL/6J and BALB/cJ mice were clearly contrasting,
with the former males showing /ncreases in some mediators and the latter exhibiting
decreases in a distinct set of mediators. In particular, sensitization-associated changes in
IL-13 were observed in both strains but in opposite directions (Fig. 7A&B). Although the
functional significance of these CMA-induced differential changes in the analytes is yet to
be determined, the elevation of IL-13 in C57BL/6J males likely facilitated the production
of BLG-specific IgE. Concurrent increases in 1L-10, FGF2, CSF1, and CCL chemokines

in C57BL/6J males also suggested that mobilization and/or proliferation of immune cells
were prompted, triggering complex systemic pro- and anti-inflammatory responses in BLG-
sensitized mice of this strain. It should be noted that some of these cytokines had been
reported to be elevated in mouse models with more severe allergic reactions. For example,
CCL1 and CCL17 were induced in the intestines of ovalbumin (OVA)-sensitized mice that
developed diarrhea with mast cell infiltration (Knight et al., 2007), and high levels of CCL9
(MIP-1v) was found in OVA-sensitized mouse lungs with increased airway resistance and
eosinophil infiltrates (Rose et al., 2010). These results suggested that, despite their lack of
overt allergic reactions, BLG-sensitized C57BL/6J mice elicited similar immune responses
to those of other animal models of severe allergies, and thus, the absence of typical allergic
reactions might not necessarily indicate the absence of hypersensitivity to the allergen.
Following the same line of argument, the changes in the plasma mediators may not be
accurate indicators of CMA-associated behavioral manifestations. As mentioned above, the
cytokine profile of BALB/cJ male mice was conflicting with their C57BL/6J counterpart
while both groups displayed anxiety-like behavior when assessed with the EZM test. In
addition, a few of the inflammatory mediators were elevated in BALB/cJ female mice after
sensitization (Fig. 7C), but this group did not exhibit behavioral abnormalities, at least with
the tests we performed.

It may also be argued that the observed cytokine changes were reflective of different stress
levels mice might have experienced from the behavior test one day before their blood

was collected. Indeed, it has been shown that foot-shock stress increases the amounts of
inflammatory cytokines in mice, including IL-10 and IL-13 (Cheng et al., 2015). However,
the plasma levels of these cytokines reportedly return to the control levels after 24 h

(Cheng et al., 2015), rendering the possibility that stress was a major contributor of the
cytokine/chemokine changes less likely. Taken together, testing for the altered plasma levels
of immune mediators may be more sensitive in detecting the development of allergen
hypersensitivity than the presence of physical reactions, although it may not predict the
presence of allergen-induced behavioral abnormality.
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We then postulated that intestinal microbiota would be altered following BLG sensitization
procedure. Altered microbiota, or dysbiosis, has been reported in individuals with food
allergy as well as with neuropsychiatric disorders (Bunyavanich et al., 2016; Cenit et

al., 2017; Savage et al., 2018). In addition, a growing amount of evidence supports

that microbiota influences behavior and mood (Tomova et al., 2015; Aizawa et al.,

2016; Mangiola et al., 2016). Indeed, we found clear differences in beta diversity at

the phylum level between sham and BLG-sensitized mice in all groups, although the

most notable change with BLG sensitization was a marked decrease in Verrucomicrobia
(Fig. 8 & 9). While the number of observed species remained relatively unchanged (Fig.
8A), Simpson index for C57BL/6J male mice indicated decreased biodiversity, supporting
previous findings in humans that changes in alpha diversity was associated with milk
allergy (Berni Canani et al., 2018; Shen et al., 2019). We further demonstrated that A.
muciniphila was significantly lowered in the BLG-sensitized male C57BL/6J mice while
its amount was increased in sham mice during the course of sensitization (Fig. 10). This
observation suggested that the colonization of the bacteria in the intestines was restricted
during allergy development. A. muciniphila has been reported to be an important commensal
inhabitant that protects epithelial barrier integrity by regulating mucus production in the
host (Reunanen et al., 2015). Furthermore, altered relative abundance of A. muciniphila has
been found in obesity, diabetes, inflammatory bowel disease as well as neurological diseases
such as Parkinson’s disease, and autism (Wang et al., 2011; Everard et al., 2013; Hill-Burns
etal., 2017; Li et al., 2019; Xu et al., 2019). Thus, it is possible that the lack of A.
muciniphilais associated with anxiety-like behavior and/or other behavioral manifestations.
Further studies in which the amounts of intestinal A. muciniphila are experimentally
manipulated prior to behavior testing will confirm this association. Our KEGG Pathway
analysis further supported that the microbiome changes observed in BLG-sensitized

male C57BL/6J mice likely influenced neurological functions, including those involved

in Parkinson’s disease and dopaminergic and serotonergic synapses (Fig. 11). These
pathways consist of many molecular interactions between enzymes, receptors, channels,
transporters, etc., and therefore it is necessary to validate the involvement of specific
pathway components that were indeed affected by the sensitization-induced dysbiosis. This
extrapolated bioinformatics approach, however, provides valuable information in narrowing
down potential targets for further investigation in our future studies.

5. CONCLUSIONS

Taken together, our results demonstrated some significant sex- and strain-dependent
differences in the symptom presentations of experimentally induced CMA in mice, with
males of both strains having the propensity to display anxiety-like behavior. Other
sensitization-associated differential presentations included serum levels of allergen-specific
IgE/IgG, plasma levels of immune mediators, and changes in microbiota compositions. We
hereby provide evidence that the manifestations of hypersensitivity to the same allergen
are influenced by genetic variables in individuals, and therefore diagnosing food allergy

by immediate reactions after allergen challenge and immunoglobulin levels may exclude

a population of individuals with milder or atypical responses. In addition, stratification of
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allergic cohorts with additional diagnostic criteria may reduce apparent inconsistencies in
human studies.
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HIGHLIGHTS

. Sensitization of C57BL/6J and BALB/cJ mice to B-lactoglobulin resulted in
mild hypersensitivity.

. More BALB/cJ mice exhibited observable symptoms and hypothermia than
C57BL/6J mice.

. Sensitized male mice of both strains exhibited anxiety-like behavior after
challenge.
. The levels of immunologic factors were altered differentially by strain and sex

in sensitized mice.

. Allergic sensitization modified strain- and sex-specific gut microbiota
profiles.
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Figure 1. Experimental timeline and behavior tests.
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(A) Starting at 4-weeks of age, mice were administered 200 L of vehicle containing 10
ug cholera toxin only (Veh) or the vehicle with 1 mg BLG (BLG) by gavage weekly from

Week 1 through Week 5. During week 6, all mice were challenged with 50 mg BLG

in sodium carbonate/bicarbonate buffer (BLG50). One day after the challenge, open field
activity monitoring (B) elevated zero maze (C), and cross maze (D) tests were performed to
assess behavior. The red star in each diagram indicates the starting location.
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Figure 2. Physical responses of mice to BLG sensitization and challenge.
(A) Body weight charts depicting comparable growth of male and female sham

(open symbols) and BLG-sensitized (filled symbols) C57BL/6J (triangles) and BALB/cJ
(diamonds) mice measured weekly during the sensitization procedure. (B) Clinical
symptoms observed by individual mice were determined at 30 min after BLG allergen
challenge in Week 6. Symptoms were scored based on the symptom score table (Table 1).
(C) Body temperature (°C) measured at 30 min after the allergen challenge. Male C57BL/6J
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(blue), male BALB/cJ (red); female C57BL/6J (green), female BALB/cJ (orange). Bars in B
and C indicate group average values = SEM (7= 10 per group), two-way ANOVA.
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Figure 3. Serum levels of BLG-specific immunoglobulin isotypes.
Terminal blood samples were used to detect BLG-specific serum IgE (A), 1gG1 (B) and

IgG2a (C) using ELISA. Fold change was calculated by normalizing optical density (OD)
values obtained for BLG-sensitized groups to those for sex- and strain-matched sham
groups. Sham mice (open bars with open triangles); BLG mice (striped bars with filled
diamonds); male C57BL/6J (blue); male BALB/cJ (red); female C57BL/6J (green); female
BALB/cJ (orange). Bars indicate group average values in fold changes £ SEM (n7= 10 per
group), two-way ANOVA.
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Figure 4. Open-field activity monitoring test.
The overall activity of mice in an open field arena was monitored one day after the BLG

challenge. The first 4 min of the test were analyzed to assess differences in the number of
entries to the center area (A), total time spent in the center (B), and the duration of each
entry to the center (C). In addition, the numbers of fecal pellets excreted during the test were
counted as an alternative measure of anxiety-like behavior (D). Sham mice (open bars with
open triangles); BLG mice (striped bars with filled diamonds); male C57BL/6J (blue); male
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BALB/cJ (red); female C57BL/6J (green); female BALB/cJ (orange). Bars indicate group
average values = SEM (7= 8-10 per group), two-way ANOVA.
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Figure 5. Elevated zero maze test.
Anxiety-like behavior of mice was observed on an EZM apparatus one day after the BLG

challenge. The number of entries to the open zones (A), total time spent in the open zones
(B), and the duration of each entry to the open zones (C) were quantified. Sham mice (open
bars with open triangles); BLG mice (striped bars with filled diamonds); male C57BL/6J
(blue); male BALBY/cJ (red); female C57BL/6J (green); female BALB/cJ (orange). Bars
indicate group average values + SEM (7= 7-10 per group), two-way ANOVA.
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Figure 6. Cross maze test.
Spatial memory of mice was tested using a cross maze one day after the BLG challenge.

Mice were allowed to explore the maze freely for 12 min, and the numbers of successful
sequence alternations (A) and the total number of entries into the arms (B) were recorded
manually from video files. The number of successful alternations of arm entries made

by each mouse was converted to percent alternations using the equation described in the
Materials and Methods section. Mice that did not leave the starting position were removed
from the final analysis. Sham mice (open bars with open triangles); BLG mice (striped

bars with filled diamonds); male C57BL/6J (blue); male BALB/cJ (red); female C57BL/6J
(green); female BALB/cJ (orange). Bars indicate group average values + SEM (7= 5-10 per
group), two-way ANOVA.
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Figure 7. Plasma levels of immune mediators that were significantly different between sex- and
strain matched sham and BLG-sensitized mice.
Levels of the 40 immune mediators included in the Quantibody Mouse Cytokine Array

5 (QAM-CYT-5) were quantified from plasma samples. Only the analytes that showed
significant differences between sex- and strain-matched sham and BLG groups are shown
for C57BL/6J male mice (A), BALB/cJ male mice (B), and BALB/cJ female mice (C). No
significant differences in any of the detected analytes were observed in female C57BL/6J
mice (not shown). The quantification of all analytes for all mouse groups are presented as
Supplementary Material 4. Sham mice (open bars with open triangles); BLG mice (striped
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bars with filled diamonds); male C57BL/6J (A); male BALB/cJ (B); female BALB/cJ (C).
Bars indicate group average values + SEM (7= 10 per group), Mann-Whitney U test.
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Figure 8. Effects of BLG sensitization on fecal microbiome.
Microbial DNA was isolated from fecal pellets and 16S ribosomal RNA gene sequencing

was performed. Fecal microbial compositions were determined as described in the Materials
and Methods section, and alpha and beta diversities were assessed. (A) Assessment of alpha
diversity with the number of observed species. Sham mice (open bars with open triangles);
BLG mice (striped bars with filled diamonds). Bars indicate group average values = SEM
(n=10 per group), two-way ANOVA. (B, C) Assessment of beta diversity with Bray-Curtis
principal coordinate analysis. Sham mice (open triangles); BLG mice (filled diamonds).
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Male C57BL/6J (blue); male BALB/cJ (red); female C57BL/6J (green); female BALB/cJ
(orange).
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Figure 9. Sensitization-associated differences in the relative abundance of major bacterial phyla
detected from fecal microbiome analysis.

Microbial DNA was isolated from fecal pellets and 16S ribosomal RNA gene sequencing
was performed. (A) Relative abundances of detected bacterial phyla were compared among
sex-matched groups. (B-1) Relative abundance of each of the major phyla was compared to
their sex-matched groups. Sham mice (open bars with open triangles); BLG mice (striped
bars with filled diamonds); male C57BL/6J (blue); male BALB/cJ (red); female C57BL/6J

Brain Behav Immun. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Smith et al.

Page 42

(green) female BALB/cJ (orange). Bars indicate group average values + SEM (7= 10 per
group), two-way ANOVA.
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Figure 10. Differences in the amount of A. muciniphila in sham and BLG-sensitized male
C57BL/6J mice before and after the sensitization procedure.

Microbial DNA samples were isolated from fecal pellets that had been collected before
(pre-sensitization) and after (post-sensitization) the 5-week sensitization procedure. The
amount of A. muciniphilain each of the DNA samples were quantified by qPCR using a
specific primer pair. Sham mice (open bars with open triangles); BLG mice (striped bars
with filled diamonds). Bars indicate group averages of individual 2-C4 values = SEM (7= 10
per group), sham vs. BLG: two-way ANOVA,; treatment-matched pre- vs post-sensitization
values were compared using paired t-test. *p=0.01 indicates comparison between pre- and
post-sensitization BLG.
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Figure 11. Central nervous system-related pathways associated with the changes in microbiota in
BLG-sensitized mice.

KEGG pathway analysis was used to identify known functional pathways that were
significantly associated with the microbiome profiles in our mouse groups. Only the
pathways that are related to the central nervous system functions are shown. All results
from the KEGG pathway analysis are provided in Supplementary Material 7.
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Table 1.
Anaphylaxis scoring scales.

Scores and symptom descriptions adapted from Li et al., 1999.

No reaction/clinical symptoms

Scratching and rubbing around the nose and head

Puffiness around the eyes and mouth, pilar erecti, reduced activity

Wheezing, labored respiration and cyanosis around the mouth and tail

No activity after prodding or tremor and convulsion

alrlw N~ | O

Death
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