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Purpose: Food allergy-induced autism-like behavior has been increasing for decades, but the causal drivers of this association are
unclear. We sought to test the association of gut microbiota and mammalian/mechanistic target of rapamycin (mTOR) signaling with
cow’s milk allergy (CMA)-induced autism pathogenesis.

Methods: Mice were sensitized intragastrically with whey protein containing cholera toxin before sensitization on intraperitoneal
injection with whey-containing alum, followed by intragastric allergen challenge to induce experimental CMA. The food allergic
immune responses, ASD-like behavioral tests and changes in the mTOR signaling pathway and gut microbial community structure
were performed.

Results: CMA mice showed autism-like behavioral abnormalities and several distinct biomarkers. These include increased levels of
5-hydroxymethylcytosine (5-hmC) in the hypothalamus; c-Fos were predominantly located in the region of the lateral orbital prefrontal
cortex (PFC), but not ventral; decreased serotonin 1A in amygdala and PFC. CMA mice exhibited a specific microbiota signature
characterized by coordinate changes in the abundance of taxa of several bacterial genera, including the Lactobacillus. Interestingly, the
changes were accompanied by promoted mTOR signaling in the brain of CMA mice.

Conclusion: We found that disease-associated microbiota and mTOR activation may thus play a pathogenic role in the intestinal,
immunological, and psychiatric Autism Spectrum Disorder (ASD)-like symptoms seen in CAM associated autism. However, this is
only a preliminary study, and their mechanisms require further investigation.
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Introduction
Over the last few decades, food-mediated allergic reactions have become a growing public health concern in the United States,
with approximately 10% of the population having been documented.' Food allergies seriously endanger the health of adults
and children, causing serious adverse reactions and even death. It has a high incidence among infants and young children,
adversely affecting their physical and mental health, and their families experience decreased quality of life. Cow's mike allergy
(CMA) is the most common food allergy in children, affecting up to 2-3%.*> The clinical symptoms of food allergy, include
urticaria, eczema, respiratory tract and gastrointestinal symptoms, and even potentially life-threatening anaphylaxis.® With
CMA, like other allergies, there are no satisfactory therapies available yet, apart from strict avoidance of the allergenic foods.”
There are also challenges in finding suitable substitutes to replace nutrients provided by milk products.®

Accumulating evidence points to the association of food allergy/hypersensitivity with abnormal psychosocial
behavior such as Autism Spectrum Disorder (ASD), anxiety, depression, obsessive-compulsive disorder and attention
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deficit hyperactivity disorder (ADHD).”'* Nonetheless, the underlying mechanisms of behavioral dysfunction caused by
allergic reactions are yet to be determined due to inconsistent results across studies.

ASD, also called autism or autism spectrum disorder, is a complex neurodevelopmental disorder characterized by impaired
social communication and interaction, and by repetitive, stereotyped behaviors. Studies have demonstrated pervasive gut
dysbiosis in ASD, ie, disturbance in communication between the gut and the brain (referred to as “gut-brain axis”).'> " The
mammalian microbiome can affect behavior and several symbionts even produce neurotransmitters.'® For example, trans-
plantation of gut microbiota from human donors with ASD into germ-free mice resulted in mice displaying autism-like
behavior.'® The intestinal bacterial communities between ASD individuals and the normal control group are different, as is the
case in ASD mice model.?** Interestingly, growing evidence points to the gut microbiota having an important role in the
development of food allergy.”>2° It has been suggested the gut microbiota is a target for innovative strategies against food
allergy.”” Azza Abdel-Gadir et al underscore the potential for microbial therapies in treating this disorder.”® Such findings
could have radical implications for the treatment of ASD and/or food allergy, and the results of the studies are encouraging.
However, few studies have focused on the relationship between microbiota signature and allergy-induced autism.

Mammalian/mechanistic target of rapamycin (mTOR) signaling pathway plays a pivotal role in protein synthesis and
regulation of brain homeostasis in autism patients.””** The mTOR pathway may be a pivotal link between the immune
disturbances and behavioral deficits observed in autism.>'? As a greater body of evidence points toward elevated
inflammatory states and immune dysfunction as key characteristics of ASD pathophysiology. There are differences
between the immune cytokine profiles such as interleutin (IL)-2, IL-4, IL-5, IL-6, IL-10, tumor necrosis factor (TNF)-a,
transforming growth factor (TGF)-B, and interferon (IFN)-y of individuals with ASD and healthy controls.***** IL-33 also
plays an important role in allergic diseases>> and it might be useful in treating food-induced anaphylaxis in patients with
ASD.*® Yet, their direct role in food allergy associated autism like behavioral abnormality remains to be established.

We hypothesize that perturbation of the gut microbiota leads to changes in the immune system and the gut-brain axis,
which may affect the occurrence of autism (allergy-induced autism). In order to explore the contribution of the
microbiota to allergy-induced autism-like behavioral etiology, we established a novel model of cow’s mike allergy-
induced autism. We investigated the mechanism of action involving the microbial metabolites in the gut that affect brain
function and autism-like behavior in association mTOR signaling and CMA reactions.

Materials and Methods

Mice

Three-week-old specific pathogen-free male C3H/He N mice were purchased from the Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) and maintained under barrier conditions in filter-topped microloan cages with wood-
chip bedding. Mice were fed a cow’s milk-free diet (River Laboratory Animal Technology Co., Ltd. Beijing, China). Animals
were single-housed under standard laboratory conditions of food and water ad libitum, 22 +2°C, a 12 h light—dark cycle (lights
on at 08:00) and relative humidity 50-60% unless otherwise specified. The animal study was reviewed and approved by
Animal Care and Use Committee of Henan University of Chinese Medicine. All experiments were conducted in accordance
with the guidelines of the Animal Care and Use Committee of Henan University of Chinese Medicine. Every effort was made
to minimize the number and suffering of animals used.

Whey Sensitization/Challenge Protocol and Assessment of Anaphylaxis

The model of cow’s mike allergy-induced autism was established as described by de Theije’s et al, with modifications.?”
Whey is a milk protein fraction composed of several milk allergens (B-lactoglobulin, a-lactalbumin, bovine lactoferrin,
bovine serum albumin, and bovine immunoglobulins), some of which are major allergens, and used to induce our food
allergy model.*® After 1 week acclimation, mice were sensitized intragastrically (i.g) with 20 mg whey (Hefei Bomei
Biotechnology Co., LTD, China) in 0.5 mL of PBS plus 10 pg cholera toxin (CT, List Biological Laboratories, Campbell,
CA, USA) as an adjuvant from week 1 through week 5 and oral 100 mg whey containing 10 pg CT from week 6 through

week 7. Mice were then sensitized via intraperitoneal injection (i.p.) with 500 pg whey in 0.2 mL of PBS containing
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2 mg Alum (ThermoFisher, USA) from week 8 through week 9. Naive mice received PBS alone. Sham mice received CT
and alum alone. A schematic for the sensitization and challenge timeline was depicted in Figure 1.

To further exploit behavior and avoid multiple behavioral testing on 1 day, self-grooming and T maze spontaneous
alternation were assessed one and two days after the last sensitization, respectively. One week after the last sensitization,
mice were challenged i.g. with 50 mg whey in 0.5 mL of PBS. The day after challenge, mice were exposed to a social
behavior test as described below. Anaphylactic symptoms and body temperature were evaluated approximately 30
minutes after the challenge, as described previously:>**® 0, no symptoms; 1-mild reaction, scratching and rubbing
around the snout and head; 2-moderate reactions, puffiness around the eyes and snout, diarrhea, pilar erection, reduced
activity, and/or decreased activity with increased respiratory rate; 3-severe reactions, wheezing, labored respiration,
cyanosis around the mouth and the tail; 4-near fatal, no activity after prodding, or tremor and convulsion; and 5, death.

Blood was collected after cardiac puncture. Serum was prepared by centrifuging at 9168 g for 15 min at 4°C after
standing for 30 min at room temperature. Plasma was harvested by centrifuging at 2292 g for 15 min at 4°C within 20
minutes after blood collection. After sacrifice, serum, plasma, brain and intestinal tissues were immediately isolated and
stored at —80°C until further use.

Behavioral Tests

Self-Grooming

After the last sensitization, mice were scored for spontaneous grooming behaviors as described below.*”*! Self-grooming
behavior was scored by placing each mouse in an empty cage with the dimensions of 33 cm length x 21.5 cm wide %
20 cm high, without bedding where each mouse was allowed to habituate for 5 minutes. Video recordings were used for
behavioral scorings of frequency and cumulative time spent grooming all body regions. Each mouse was scored for 5 min
by two independent researchers who were blinded for treatment schedule. To eliminate possible bias due to odors left by
previous mice the cage was cleaned with water followed by 70% ethanol after each mouse was tested.

T-Maze Spontaneous Alternation

One day after the self-grooming test, mice were scored for T-maze alternation as described earlier with minor
modifications.>” The T-maze with the dimensions of 36.4 cm long x 7.6 cm wide x 15 cm high and two lateral arms
was 26.6 cm long x 7.6 cm wide % 15 ¢cm high. After the animals had been released from the start arm, they were free to
choose between both lateral arms. As soon as the animal had entered one lateral arm, it was confined in the goal arm by
lowering the door for 30 seconds. A time interval of 2 min, and a trial consisted of 2 runs. A total of 5 trials were
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performed. The T-maze was cleaned with 70% ethanol after each mice was tested to eliminate possible bias due to odors
left by previous mice. The alternation ratio was defined as the number of trials in which an animal alternated divided by
the total number of trials.

Social Interaction Test (SIT)

The morning after the whey challenge, mice were exposed to a SIT as described below.*'*** In brief, Mice were placed in
a 45 x 45 cm open field, with an empty wire cage located against one wall. After a 5 min habituation phase (no target), an
age- and gender-matched unfamiliar target mouse was placed into the wire cage for an additional 5 min (target). By using
tracking software, an interaction zone around the wire cage was digitally determined. Total distance moved, time spent in
the interaction zone and latency in the interaction zone were recorded.

Measurements of Serum Whey-Specific Immunoglobulins

Serum samples were collected 30 min after oral challenge. Whey-IgE, whey-IgG2a, whey-IgG1 levels in serum were
measured by enzyme linked immunosorbent assay (Elisa) as reported previously.*>** Briefly, microtiter plates (Corning
Costar, Lowell, MA, USA) were coated with 100 uL whey (3000 pg/well, sample wells), 100 uL anti-mouse IgE (2 pg/
mL, #553413, BD Biosciences, USA, for IgE reference wells), or DNP-HSA (Sigma-Aldrich for IgG2a and IgG1
reference wells) and incubate for overnight at 4°C.

After washings with PBST (0.05% Tween 20 in PBS), plates were blocked with 2% BSA-PBS. Washed plates were
incubated with 50 pL diluted serum samples (sample dilution recommended 1:20, sample wells), 50 uL. mouse IgE (Starting
concentration 100ng/mL followed by 7 serial dilutions in 2% BSA-PBS, #557079, BD Biosciences, USA, reference wells),
anti-DNP-IgG2a (Starting concentration 100ng/mL followed by 7 serial dilutions in 1% HSA-PBST, YULMADNP205,
Accurate Antibodies, USA, reference wells), or anti-DNP-IgG1 (Starting concentration 100ng/mL followed by 7 serial
dilutions in 1% HSA-PBST, YULMADNPI105, Accurate Antibodies, USA, reference wells) overnight at 4°C.

After washings with PBST, plates were subsequently incubated with 100 pL/well biotinylated anti-IgE (2 pg/mL in
2% BSA-PBS, #553419, BD Biosciences, USA), 1gG2a (1 pg/mL in 1% HAS-PBST, # 553388, BD biosciences, USA)
or IgG1 (1 pg/mL in 1% HAS-PBST, # 553441, BD biosciences, USA) detection antibodies, and developed using AVP-
Avidin peroxidase (1:2000 in 2% BSA-PBS or 1:2000 in 1% HSA-PBST, MFCD00130587, Sigma Aldrich, USA) and
ABTS substrate (5120-0043, KPL, USA).

Color was allowed to develop for at least 30—60 minutes and absorbance was measured at 405 nm on a microplate
reader (FilterMAX F5, Molecular Devices, USA).

Measurements of Serum mMCP-I, IL-6, IL-10, and Plasma Histamine Levels

Mast cell protease-1 (mMCP-1) levels in serum samples collected 30 min after oral challenge were measured using
Mouse MCPT-1/mMCP-1 Elisa Kit (MultiSciences, Hangzhou, China). IL-6 and IL-10 levels were determined by Mouse
IL-6 or IL-10 Elisa development Kit (Mabtech, Nacka, Sweden) and histamine levels were determined by HIS
(Histamine) Elisa Kit (Multi sciences, China), according to the protocol of the manufacturer.

Histopathological Examination, Immunohistochemistry and Toluidine Blue Staining
Tissue processing and embedding: After ear, jejunum and brains were fixed with 10% formalin for 24 h. The samples
were dehydrated by incubations in different concentration of alcohol and then, cleared with xylene. Afterwards, samples
were embedded in paraffin at 56°C in a hot air oven for 24 h. Coronal brain sections were processed for paraffin
embedding and 4-um sections were prepared.**

Histopathological Examination: Jejunum sections were stained with hematoxylin and eosin (HE), and then examined
pathological change under a light microscope (Olympus BX61, Tokyo, Japan), and photographed at 400 x magnification,
as described previously.**

Immunohistochemistry: 4 brain areas prefrontal cortex (PFC), amygdala, hippocampus and hypothalamic were
selected for study of potential changes. serotonin 1A (5-HT1A), c-Fos and 5-hydroxymethylcytosine (5-hmC) were
measured respectively in brain by immunohistochemistry. Brain sections were incubated with a blocking buffer for 1
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h. After washing with PBS, the sections were immersed in 0.3% PBST for 10 min. The sections were blocked and
incubated with anti- 5-HT1A (ab85615, Abcam, USA), anti- c-Fos (ab222699, Abcam, USA) or anti- 5-hmC antibodies
(ab214728, Abcam, USA) overnight. Afterwards, the sections were washed with PBS and then incubated with
a secondary antibody (BS13278, Bioworld, USA) for 1 h at room temperature. After washing, sections were then
stained with DBA (ThermoFisher, USA) and examined under a light microscope (Olympus BX61, Tokyo, Japan) to
determine the expression of 5-HT1A, c-Fos, 5-hmC, and photographed at 400 x magnification. Positive staining shows
different degrees of yellow or pale brown, and the area percentage (Area%) was measured by Image J software.

Toluidine blue staining: Mast cells were stained according to the toluidine blue staining method described
previously.'” The number of mast cells in each group were observed under a light microscope (Olympus BX61,
Tokyo, Japan).

Western Blotting

After sacrificing, brain tissues were immediately isolated from mice and snap frozen in dry ice, stored at —80°C until analysis.
Coronal slices of 500 mm were sectioned. Then, bilateral brain regions (hippocampus, hypothalamus, PFC, amygdala) were
isolated from the coronal slices using a scalpel. The levels of the phospho-mTOR (p-mTOR), p-AKT, mTOR, AKT, p70s6k
proteins were analyzed using the Western blot methodology, as described previously.*>*® The primary antibodies against
p-mTOR (ab109268), p-AKT (ab81283), mTOR (ab32028), AKT (ab227385), p70s6k (ab186753) were from Abcam,
Cambridge, MA, USA. The primary antibody against GAPDH (P04406) was from Abways Technology, Shanghai, China.
The secondary antibody anti-Rabbit IgG (H&L)-HRP (BS13278) was from Bioworld Technology, Beijing, China. The gray
values of the protein bands were calculated using Image J software.

mRNA Expression Analysis

Total RNA of the brain (hippocampus) was isolated by TRIzol Reagent (Ambion, USA). The PrimeScriptTM RT reagent
kit with gDNA Eraser (TAKARA, Japan) was used for reverse transcription, and the cDNA was stored at —20°C. RT-PCR
was performed in Applied Biosystems 7500 Fast Real-Time PCR System (ThermoFisher Scientific, USA), using SYBR
Premix Ex TaqTM II kit (TAKARA, Japan). Relative gene expression in relation to reference gene (GAPDH) was
calculated using the 22T method. Primers for IL-4, IL-18, IL-33, IL-1, TGF-B and GAPDH were commercially
purchased from Sangon Biotech (Shanghai, China).

Bacterial DNA Isolation and 16S rRNA Gene Sequence Analysis

Stool samples were snap-frozen in liquid nitrogen before storage at —80°C. Total community genomic DNA isolation was
performed using a fecal DNA isolation kit (MoBio Laboratories, USA), following the manufacturer’s instructions. Our
target was the V3—V4 hypervariable region of the bacterial 16S rRNA gene. Sequencing was performed using the
[llumina MiSeq system (Illumina MiSeq, USA), according to the manufacturer’s instructions. Alpha diversity analysis,
including Shannon, ACE, Chaol, Simpson index, was calculated using Mothur. PCOA analysis based on unweighted
unifrac distance matrix using R studio. STAMP software (version 2.1.3) and Welch’s #-test were used to compare the
abundance of bacterial. Heat maps were constructed based on the abundance of bacterial genus levels or OTUS using
GraphPad Prism 8 software (version 8, GraphPad Software, Inc., San Diego, CA, USA). A detailed procedure is
described in Supplementary Methods.

Western Blotting

Experimental results are expressed as mean + standard error of mean (SEM). All data were analyzed with GraphPad
Prism 8 software (version 8, GraphPad Software, Inc., San Diego, CA, USA), except for the 16S rRNA gene sequence
analyses. Statistical significance was determined by using the Student ¢ test or one-way ANOVA. Results were considered
statistically significant when P<0.05.
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Results
Severe Anaphylactic Reactions Occurred and the Levels of Serum Whey-Specific
Immunoglobulins and IL-6 and IL-10 Increased in CMA Mice

Food-induced allergic responses were quantified by using a clinical allergy score, body temperature, plasma histamine
and serum mMCP-1 levels. Compared to control sham-sensitized mice, severe allergic reactions occurred in the allergic
group mice (Figure 2B), and allergic mice body temperatures (Figure 2A) were decreased, while the plasma histamine
(Figure 2C) and serum mMCP-1 (Figure 2D) concentrations were increased in allergic mice.

Increased levels of IgE are characteristic signs of food allergy. Serum samples from the animals were analyzed for
whey-specific IgE, 1gG1 and IgG2a levels using Elisa. Based on the data shown in Figure 2, mice exposed to CT plus
whey displayed a significant increase in whey-specific IgE (Figure 2E), IgG1 (Figure 2F) and IgG2a (Figure 2G) after 9
weeks, compared with sham mice. Here, the higher levels of this immunoglobulin attested to the development of allergy
to the whey. Allergic mice showed significantly increased serum levels of IL-6 (Figure 2H) and IL-10 (Figure 2I).

The CMA Mice Exhibited Severe Autism-Like Behaviors

To assess the effect of the allergic response on social behavior, mice were exposed to a social interaction test the day after
challenge with whey (Figure 3A). Compared with sham mice, the allergic mice spent the same time in the interaction

A B C -
40- 41 45001
PCIE 551 e z | ° °2,°
© - —
§0 99y o o a E
g 371 [ ] E 21 ﬁ 2 4000
= a E
56 e :
S s a1 o0 00 7]
o 354 I
o —=
34 T T T W 3500-
Naive Sham CMA Naive Sham CMA Naive Sham CMA
100 200+ rrx 150~ ek
= 80 = 3
T E 150- £
E 60- g ;:_:.’100'
- W 100+ o
& 40 3 2
= ] =0 > 50+
E 204 S s
0- 0-
Naive Sham CMA Sham CMA
G whkk I
15+ rwx 60+ 54 dekhk
E 000 @ 4 ®
£ 10- T 40- ® £ s
© — o -
= @ 24
> 5 = 20- o
K= 14
=
0- 0- 0-
Naive Sham CMA Naive Sham CMA Naive Sham CMA

Figure 2 Response to oral whey challenge in CMA mice, sham-sensitized control mice and naive mice. Post-challenge body temperatures (A). Anaphylactic symptom scores
(B). Post-challenge plasma histamine levels (C) and serum levels of mouse mast cell protease-1 (mMCP-1) (D), Whey-specific IgE (E), IgG| (F), IgG2a (G), IL-6 (H) and IL-10
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are presented as mean+SEM. One-way ANOVA was used for comparison among groups.

zone as the sham-sensitized control mice in the absence of a social target (Figure 3C). However, compared with the sham
group, the allergic mice spent significantly less time in the interaction zone in the presence of a social target (Figure 3C).
In addition, latency of first approach to the social target was significantly increased in allergic mice compared to sham
mice (Figure 3B), while in the absence of social goals, there was no significant difference in the latency between the two
groups of mice (Figure 3B). Compared with the sham group, the moved distance of allergic mice did not change,
regardless of whether social targets existed or not (Figure 3D).

To further study the behavior of allergic mice sensitized by whey, self-grooming and T-maze were used as measures
of repetitive behavior. A significant difference in time spent grooming in the novel environment was observed between
the allergic and sham mice (Figure 3E). T-mazes can be used in a variety of ways to assess the cognitive ability of an
animal, such as spatial memory and/or to strengthen repetitive behavior in food allergic mice.*”*** The mice in the control
group tend to choose the other arm after continuously entering the T-maze. In contrast, the alternation ratio of food
allergic mice is significantly lower (Figure 3F).

Intestinal Anaphylaxis in CMA Mice is Associated with Mast Cell Accumulation and
Elevation of IL-18, IL-33, mTOR mRNA

To investigate the pathogenesis and changes of intestinal inflammatory factors in allergic mice, we performed RT-PCR to
analyze gene expression levels of IL-18, IL-33 and m-TOR. Compared with the sham group, the inflammatory factors IL-
18 (Figure 4A), IL-33 (Figure 4B) and m-TOR (Figure 4C) mRNA in the small intestine of allergic mice were over
expressed. However, there was no significant change in IL-4, IL-1p and TGF-B (data not shown).

The H&E section of the lower part of the jejunum showed that the intestinal mucosa of the mice in the naive and sham
group was clearly structured, the intestinal villi were arranged neatly, and there was no obvious damage to the villi and no
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inflammatory cell infiltration. Compared with the sham group, the intestinal villi of the allergic group mice were arranged
irregularly and injured and the accumulation of mast cells in the small intestinal lamina propria (Figure 4D and E). This shows
that whey allergen caused intestinal mucosal lesions in the allergic mice.

Neuronal Activation and DNA Metabolites Were Increased and Reduced in the
Monoamines in the Brain of CMA Mice

The recent discovery of the highest concentration of 5-hmC in the brain adds a new dimension to the epigenetic
regulation of neurogenesis and the development of complex behavior disorders.*” DNA methylation plays an important
role in the pathogenesis of ASD.’® 5-hmC is an important indicator reflecting the degree of DNA methylation and
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a stable epigenetic marker.’' In order to examine whether allergen-mediated peripheral inflammation occurring in the
intestine could lead to epigenetic modification of gene expression. Here, we hypothesized that CMA would lead to the
expression of 5-hmC. To test this idea, brain sections (coronal) from naive, sham, allergic mice were immunostained for
5-hmC. Here, allergic mice showed significantly higher expression of 5-hmC in hypothalamus (Figure SA and E).

The expression of c-Fos in the brain can be used as a sign of neuron activation. Compared to sham mice, robust c-Fos
induction was observed in the lateral orbital (LO) area of the PFC of allergic mice (Figure 5B and F). But the induction
was limited to this area because there was no difference in the ventral orbital (VO) area of the PFC (representative
photomicrographs and data not shown).

5-HT1A is a subtype of 5-HT receptor, which is the most widely distributed in the brain, and has become an
important target for clinical drug treatment of depression and anxiety disorder. Altered 5-HT1A functionality in
hippocampus could contribute to the relatively low sociability of BTBR mice (a potentially useful tool for autism
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research).’” To investigate whether change in 5-HT1A was involved in CMA mice, the levels of 5-HT1A have been
analyzed by immunohistochemistry. The allergic mice showed significantly lower expression of 5-HT1A in amygdala
(Figure 5C and G) and PFC (Figure 5D and H), compared with sham mice.

Considerable Differences in Gut Microbiota of CMA Mice

A number of studies have reported that gut microbiota have been demonstrated to play significant roles in allergy and
ASD.** In order to assess the difference in bacterial diversity between the three groups, the sequences were aligned to
estimate the alpha diversity and beta diversity. There were no significant differences in the Shannon, ACE, Chaol and
Simpson indices between the naive, sham, and allergic groups (Figure 6A). Of note, the unweighted PCoA plots revealed
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a distinct clustering of microbiota composition for naive, sham, and allergic groups (Figure 6B). These results suggest
that the diversity of gut microbes in whey allergic mice did not change significantly, but their abundances were different.

16S rRNA amplicon sequencing analyses confirmed that CMA were associated with pronounced changes in gut microbiota
composition. We have observed considerable differences in gut microbiota of each group samples in genus levels (Figure 6C). In
order to determine the changes in the fecal microflora of allergic mice, Student’s ¢ test was performed for bacteria genus level. At
the genus level (Figure 6H), Barnesiella (Figure 6E) and Clostridium_XIVa (Figure 6F) were significantly more abundant in the
allergic group than in the sham group; however, Lactobacillus (Figure 6D) and Parvibacter (data not shown) was significantly
reduced in the allergic group. Furthermore, we observed that Bosea was not present in allergic group (Figure 6G). According to the
relative abundance data of the samples, we screened out 72 OTUs with higher relative abundance. The relative abundance of these
72 OTUs was further analyzed by clustering analysis represented by a heat map (Figure 61). These data suggest that the abundance
of OTUI, OTU215, OTU49, OTU 41 and OTU23 in the allergic group has a significant change, compared with the sham group.

m-TOR Signaling Pathway VWere Enhanced in the Brain of CMA Mice, Allergic Reactions and
Behavioral Dysfunction Severity is Correlated with Gut Microbiota and mTOR Signaling

Research suggests that abnormal mTOR activation in ASD patients,” ASD-related behavioral deficits and several
neurological impairments can be rescued by inhibiting the mTOR signaling pathway.>* To elucidate the changes in the
mTOR signaling pathway in the brains of allergic mice, the relative expression of mTOR, AKT, p70S6K, p-AKT,
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p-mTOR in hypothalamus (Figure 7A), hippocampus (Figure 7A), amygdala (Figure 7B) and PFC (Figure 7C) were
detected by WB.

Based on the data shown in Figure 7, p70S6K expression was enhanced in PFC, amygdala and hippocampus of
allergic mice (Figure 7D, K and L), except hypothalamus. However, the expression of AKT (Figure 7D-F), p-AKT/AKT
(Figure 7D, I and J) and mTOR (Figure 7D, M and N) was not significantly changed in any area of brain. Furthermore,
the expression of p-AKT (Figure 7D and G) was induced in hippocampus, compared with sham, but not in the
hypothalamus, amygdala or PFC (Figure 7D, G and H). We observed that p-mTOR and p-mTOR/mTOR was induced
in amygdala of allergic mice (Figure 7D, P and R). But this increase was limited to this area, because there was no
difference in the hypothalamus, hippocampus and PFC (Figure 7D and O-R). Pearson’s correlation analysis showed that
the levels of mTOR signaling proteins negatively correlated with Lactobacillus abundance (Figure 8). However,
abundance of Clostredium XIVa was shown to positively correlate with p70S6K levels in the hippocampus and PFC
(Figure 8). Notably, both the degree of autism-like behavior and level of mMCP-1 were positively associated with mTOR
signaling pathway proteins, while negatively correlated with the relative abundance of Lactobacillus (Figure 8).
Otherwise, mTOR signaling pathway proteins, autism-like behavior, histamine, or mMCP-1 were not correlated with
Bosea and Barnesiella abundance (Figure 8).

Discussion

In the present study, we describe the systemic allergic reactions in the setting of CMA, including immunoglobulins,
cytokine and mast cell dysregulation. And then, we provide several conceptual advances about mechanism of behavioral
dysfunction caused by allergic reactions. First, we demonstrate that CMA mice showed autism-like behavioral abnorm-
alities, including reduced social interaction and increased repetitive self-grooming behavior. Meanwhile, enhanced
mTOR signaling pathway was found in the brain of CMA mice, especially amygdala. Second, allergy-associated autism
mice exhibited a specific microbiota signature characterized by coordinate changes in the abundance of taxa of several
bacterial genus, including the Lactobacillus, Barnesiella, Clostridium_XIVa and Bosea. Third and finally, allergic
reactions and behavioral dysfunction severity are negatively correlated with the abundance of Lactobacillus, but
positively correlated with mTOR signaling. Furthermore, mTOR signaling proteins levels were negatively correlated
with Lactobacillus abundance, while positively correlated with Clostridium XIVa abundance.

Approximately 60% of CMA patients have an IgE-dependent disease, although estimates vary depending on the
study population and age.® Mice challenged with whey showed severe systemic allergic reactions, decreased rectal
temperature, increased levels of mMCP-1 and IgGl in the blood, and the immune system shifted toward TH2.%
mMCP-1 is a factor in allergic reactions caused by degranulation and release of active mediators of mast cells, which
may be involved in the occurrence of food allergy.’® Some studies reported that serum IL-6 and IL-10 levels may be
useful markers for follow-up in food allergy, especially among IgE-mediated food allergic patients.””>® Another
study suggests that people with ASD have higher levels of IL-6, IL-10 and immunoglobulins IgG compared with
controls.””® IL-6 is known to be involved in pro-inflammatory signaling and has been shown to be permeable to the
blood-brain barrier and potentially interact with the hypothalamus to induce subjective disease perception. Since IL-6
is thought to be a molecular signal of disease when it interacts with the brain, this mechanism may contribute to the
cognitive and behavioral deficits observed in ASD.?*> Changes in IL-1B/IL-10 ratios along with changes in miRNA
expression may serve as biomarkers for immune-mediated inflammation in ASD.®' In our study, we found that the
levels of serum IL-6 and IL-10 in the allergic group were higher than the sham group. The results suggest that IL-6
and IL-10 levels may play an important role in the development of IgE-mediated food allergy. Furthermore, the small
intestines of the allergic mice showed severe lesions. Intestinal villi were injured, and mast cells had accumulated.
Salmond et al found that IL-33-induced lung inflammation in mice by activating mTOR through P110 6 phosphoi-
nositide 3 kinase.®® Jia et al demonstrated that rapamycin protects mice against LPS-induced acute lung injury partly
by inhibiting the production and secretion of IL-18.°* Moreover, recent studies, separately, showed that alarmins like
IL-33 and IL-18 could play a key role in the pathogenesis of mental disorders.®*® Interestingly, we found the
expression of IL-33 and IL-18 mRNA in the intestines had increased, as well as mTOR mRNA in CMA mice.
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Growing evidence has strengthened the possible relation of autism to food allergy.°® The results of several studies are
consistent with our finding. In the current study, we also showed that a type I hypersensitivity reaction of mice,
established shortly after weaning, is associated with autism-like behavior. In addition to impaired social interactions,
compared with sham mice, food allergic mice showed augmented self-grooming, which indicates increased repetitive
behaviors. The decrease in changes in the T-maze is not only a test of spatial memory but also involves the willingness to
explore new environmental stimuli and repetitive behaviors. Here, we demonstrated that the curiosity of allergic mice
(the “willingness” to explore the other place) in response to the new place was decreased. Previous studies showed that
indicate that male mice are more susceptible to whey-sensitization and the effect of the antigen manifests as a decrease in
their stereotypical burrowing behavior.'® However, it is not clear why sex dichotomy in the susceptibility to allergy and
behavioral disorders, which require further investigation in the future.

Disrupted brain 5-HT homeostasis and dysfunction of the amygdala and PFC are linked to ASD.®"°® The 5-HT1A
receptor is the most widely distributed 5-HT receptor subtype in the brain, and plays an important role in the regulation of
serotonergic neurotransmission. It is abundantly present in the frontal cortex and hippocampus, and has been implicated
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in the pathogenesis of anxiety, depression, and autism, suggesting it is an important target for drug therapy. In the
valproate (VPA)-induced rat model of ASD, treatment with a 5-HT1A receptor agonist, increased social interaction and
improved fear memory extinction in the VPA-exposed offspring.®” Genome-wide 5-hmC analysis shows that the
distribution of 5-hmC in the brain is highly variable. It has been demonstrated that there is an enrichment of cerebellar
5-hmC in ASD when compared with controls.®” It has been discovered that neural factors were also involved in the
effector phase of food allergy (pathophysiological response after activation of mast cells). The evidence is that the
increased expression of c-Fos in the intestinal muscularis neurons and brain after the intestinal exposure to antigens.”®
With a whey-induced allergic model, we investigated the possible role of amygdala 5-HT1A, 5-hmC and c-Fos in
allergy-induced autism-like behavioral. Here, these were detected using immunohistochemistry. We found a significantly
lower 5-HT1A expression in the amygdala and PFC, higher 5-hmC in the hypothalamus, and increased c-Fos levels in
LO, but not VO. The results provide evidence that 5-hmC, 5-HT1A and c-Fos may contribute to allergy-induced autism-
like behavior.

Links between food allergy and autism are still unclear, but gut microbiota play an important role in pathophysiology
of both disorders.”""”? Children with autism often have gastrointestinal problems related to the severity of autism
problem, so-called “brain-gut-microbiome axis”.'>’>’7 A clinical trial evaluated the impact of Microbiota Transfer
Therapy on gastrointestinal and ASD symptoms of 18 ASD-diagnosed children. The results showed approximately 80%
reduction of GI symptoms at the end of treatment, and significantly improved behavioral ASD symptoms that remained
improved 8 weeks after treatment ended.*> Some studies found that Bacterial taxa within Clostridia and Firmicutes were
associated with the disappearance of milk allergy symptoms,** and germ-free mice are more likely to be allergic to milk
protein and ovalbumin.”® In ASD patients, the abundance of harmful bacteria such as Clostridium and Barnesiella is
higher, compared with the control group.”®’® However, the results of beneficial bacteria such as Bifidobacterium and
Lactobacillus in different studies are not consistent."*' Although the current study results are different, it still
emphasizes that microbiota changes play an important role in the pathogenesis of autistic and food allergic
patients.'>® In order to clarify how the food allergy immune response affects the autistic behavior of mice, gut microbial
community structure were assessed by using 16S rRNA sequencing. In this model, our current study also found that
Barnesiella and Clostridium XIVa were significantly more abundant in the allergic group than in the sham mice.
However, Lactobacillus was significantly reduced in the allergic mice. Furthermore, we observed that Bosea was not
present in allergic mice. Our results demonstrate that the autism-like behavior in mice were related to changes of
microbiota, but we do not conclude that bacteria are entirely causal for the symptoms. Factors such as allergic reactions,
coupled with altered microbiota, may together influence the etiology of autism-like behavior. However, these hypotheses
need more data to prove in future research.

Akt (Protein Kinase B, PKB/AKT), a serine/threonine protein kinase, is a direct downstream effector of phosphoi-
nositide 3-kinase (PI3K) and a key component of the PI3K/mTOR/Akt signaling network. mTOR associates with several
protein components to form two functionally distinct complexes: mTORC1 and mTORC2. Activation of mTORCI1
follows that of PI3K, which, through distinct interactions with pyruvate dehydrogenase kinase 1 (PDK1), can phosphor-
ylate and partially activate Akt at threonine (Thr)-308. Additional evidence suggests that Akt can indirectly promote the
activation of ribosomal S6 kinase (S6K) and eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-
BP1) by directly phosphorylating mTOR. Studies have shown that the mTOR signaling pathway plays a significant role
in the pathogenesis of ASD.?° It is a central point in the gut-immune-brain axis.®> The excessive activation of PI3K/
AKT/mTOR pathway in allergic mice with ASD-like behaviors was detected in our study. Rapamycin is an effective and
specific mTOR inhibitor, which has been shown to improve cognitive impairment in mice,? indicating that the disorder
of the PI3K/AKT/mTOR pathway may contribute to autism pathophysiology. Interestingly, mTOR signaling is also
involved in various immune response and inflammatory processes,”” mouse food allergy was attenuated by rapamycin
through an immunosuppressive effect and inhibition of intestinal mast cell hyperplasia.** Another data suggest that
basophil stimulation is associated with modulation of mTOR effector phosphoproteins.®> The over-activation of mTOR
signaling pathway both in the brain and in the intestine of allergic mice may point to an important link between food
allergy and ASD.*' Emerging evidence suggests that rapamycin and other mTOR inhibitors might also be good
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candidates for therapeutic drugs for food allergy.** Meanwhile, rapamycin could inhibit the signaling to improve the
allergic immune responses and the allergic-induced autism-like behavioral symptoms.*!

Furthermore, any mTOR inhibitors can alter gut microbiota. Metformin, an mTORCI inhibitor, could promoted the
abundance of mucin-degrading bacterium Akkermansia muciniphila. This abundance was correlated with a reduction of
inflammation symptoms.®® Resveratrol, an activator of mTORC2, but inhibitor of mTORCI, suppresses the growth of
bacterial strains, including Lactococcus and Clostridium XI1.®" Several groups have identified the metabolites secreted by
microbiota that are links between mTOR signaling and microbiota.®® For instance, butyrate, induces autophagy via the
mTOR pathway.

Autism is well established to be a developmental syndrome of hippocampal dysfunction,® and the amygdala is well
known to be linked to social interaction.’® Felix-Ortiz and Tye reported that amygdala inputs to the ventral hippocampus
bi-directionally modulate social behavior.”® These associations have implications for our study. To assess the importance
of mTOR pathway in food allergy, and to determine whether it is a link between food allergies and autism-like
behavioral, we evaluated components of the mTOR signaling pathway in several brain regions including hippocampus,
hypothalamus, amygdala and PFC. We found mTOR signaling pathways were enhanced in the brain, especially in the
amygdala. The levels of p70S6K, but not AKT and mTOR, were enhanced in PFC, amygdala, and hippocampus of
allergic mice. The levels of p-AKT/AKT and p-mTOR/mTOR were increased in amygdala of allergic mice. The extent of
p70S6K levels, p-AKT/AKT and p-mTOR/mTOR in amygdala were shown to negatively correlate with Lactobacillus
abundance. Furthermore, the autism-like behavior was also shown to negatively correlate with p70S6K levels in PFC and
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hypothalamus. However, it is not entirely clear how is the mTOR pathway being activated in CMA mice and the
downstream targets which require further investigation in the future.

Overall, these results demonstrate that mTOR signaling pathway and gut microbiota have a very important role in
allergic response and autism-like behavior. The results of the study are encouraging, but more data are needed to better
define the potential of regulating the gut microbiome-brain axis to fight allergen-induced autism-like behavioral.
Furthermore, in clinical practice, Lactobacillus is one of the most commonly used probiotics and may help provide an
effective strategy to prevent or treat FA and FA-related conditions based on modulation of the intestinal microbiota.”'"*
A clinical study to examine the effectiveness of probiotics in allergen-induced autism-like behavioral and other

neurodevelopmental disorders may be useful.

Conclusion

In conclusion, our results indicate that the mTOR signaling pathway and Lactobacillus might be the critical link in
regulating gut-immune-brain axis in the intestinal, immunological, and psychiatric ASD-like symptoms seen in our
model of CMA-induced autism. Our findings show that mTOR signaling pathway proteins may be potential targets,
while the intestinal bacterium Lactobacillus may be used as a probiotic to prevent and treat allergen-induced autism-
like behavioral and other neurodevelopmental disorders (Figure 9). It is a compelling hypothesis that changes of gut
microbiota, especially Lactobacillus attenuation and mTOR signaling activation in the brain, may be an important
mechanism linking allergic reactions and autistic behaviors. They warrant further investigation.
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