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Abstract

Mesenchymal stem cell-based therapy has emerged as a great potential approach to treat individuals with autism spectrum disorders (ASD), a
group of developmental disabilities characterized by impairments in social interaction and communication. Stem cells from human exfoliated decid-
uous teeth (SHED), holding earlier developing characteristics, have immune-modulatory and anti-inflammatory properties. To investigate whether
SHED transplantation can rescue autistic-like symptoms in SHANK3 mutant beagle dogs, 12 SHANK3 mutant beagle dogs were randomly assigned
into 2 groups according to their behavior evaluated by social interaction tests. Six mutant dogs received 6 intravenous infusions of SHED and were
followed up for 3 months by testing social interaction and inflammatory cytokine levels. We found that infusion of SHED significantly improved
impaired social novel preference of SHANK3 mutant beagle dogs at 1- and 3-month follow-ups. Social intimacies (following, sniffing, and licking)
between mutant beagle dogs and human experimenters were partly improved. Stressed tail posture, indicating social stress, was also significantly
alleviated. In addition, we showed that the levels of serum interferon-y and interleukin-10 were notably increased and decreased, respectively, in
SHANK3 mutant beagle dogs. Infusion of SHED was able to rescue altered interferon-y and interleukin-10 levels. We failed to observe any serious
adverse events after infusion of SHED. In summary, SHED transplantation may be a safe and effective therapy for ASD. The correction in the levels
of serum interferon-y and interleukin-10 may serve as an index to predict autistic severity and therapeutic outcomes.
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Significance Statement

for autism.

Intravenous stem cells from human exfoliated deciduous teeth (SHED) transplantation can effectively alleviate the autistic-like symptoms
of impaired social novelty preference and social stress in SHANK3 mutant beagle dogs. The levels of serum interferon-y and interleukin-10
were notably increased and decreased, respectively, in SHANK3 mutant beagle dogs. Infusion of SHED can rescue altered interferon-y
and interleukin-10 levels. Our study confirmed that the SHANK3 mutant beagle dog model may be valuable for evaluating SHED-mediated
therapy in autism. Stem cells from human exfoliated deciduous teeth transplantation may serve as a simple, safe, and effective therapy

Introduction

Autism spectrum disorders (ASD) are a group of complex
developmental disorders associated with deficits in social in-
teraction, restricted interests, and/or stereotyped behaviors.!
Additionally, gastrointestinal problems, sleep disorders, at-
tention deficits, and intellectual disability are very common
in children with ASD.? The prevalence of ASD was approx-
imately 2% in 8-year-old children, with 4 times as many
boys affected than girls.? For the treatment of ASD, multiple
approaches have been applied, including intensive behavioral
therapy, occupational therapy, speech therapy, and psycho-
tropic medications.* However, there is no approved medicine
that can ameliorate autistic core symptoms.

The etiology of ASD is not fully understood. It may in-
volve in a complex combination of genetic and environmental
factors.’ In recent years, accumulated evidence showed that
immune dysfunction and neuroinflammation may be involved
in the pathophysiology of ASD.*® Thus, immunomodulatory
therapy may hold promise for treating ASD. Mesenchymal
stromal cells (MSCs) with immune-modulatory capacities have
been isolated from different tissues. Previous reports showed
the safety and a certain degree of efficacy of MSC treatment for
patients with ASD.”!° The exact mechanism of MSC therapy
and its long-term therapeutic effect are largely unknown.

Stem cells from human exfoliated deciduous teeth (SHED)
are derived from neural crest cells and possess an elevated
proliferation rate, number of population doublings, osteo-
differentiation capacity, and immune-modulatory capacities
compared with bone marrow MSCs.!"! Importantly, SHED,
derived from the deciduous tooth, may represent an early
stage of stem cell population when compared with adult
tooth-derived dental pulp stem cells. They express a variety
of neural cell markers including nestin, pIII-tubulin, NeuN,
glial fibrillary acidic protein, and neurofilament medium pol-
ypeptide protein.'""* When injected into the hippocampus of
the mouse brain, SHED survive inside the brain and express
neural markers." Stem cells from human exfoliated deciduous
teeth have been used to treat a variety of neuroinflammation-
related diseases, including spinal cord injury, hypoxic-ischemic
brain injury, and experimental autoimmune encephalomye-
litis through their neuro-regenerative, anti-inflammatory, and
immunomodulatory activities.'>!>!¢ Because SHED can be
derived in a non-invasive manner from exfoliated deciduous
teeth, they are easily accessed as naturally disposed organs
with limited ethical or legal concerns. Stem cells from human
exfoliated deciduous teeth thus have multiple advantages in
clinical use for neural diseases such as ASD.

Autism spectrum disorders animal models can help to un-
derstand ASD-related pathogenesis and develop therapeutic
strategies. Mutations in SHANK3 have been characterized
in drosophila, zebrafish, mouse, rat, and monkey.!”!®
Previous studies have provided insights into the mechanism

underlying SHANK 3-associated ASD.'”'%?* In this study, we
used CRISPR/Cas9-mediated heterozygous SHANK3 muta-
tion beagle dogs as a model to explore the safety and effi-
ciency of SHED therapy for ASD.

Materials and Methods

Animal

Male beagle dogs of 5 to 7 months old with CRISPR/Cas9-
mediated heterozygous SHANK3 mutation and age-matched
wild-type male beagle dogs (Beijing Sinogene Biotechnology
Co. Ltd., Beijing, China) were housed and tested for their
behaviors at Beijing Sinogene Biotechnology Co. Ltd. All
procedures were performed according to the Guidelines of the

Institutional Animal Care and Use Committee of the Beijing
Sinogene Biotechnology Co. Ltd. (XNG-IAC-20191201).

Stem Cells from Human Exfoliated Deciduous Teeth
Preparation

Ethics approval for collection and use of SHED was approved
by the Medical Ethics Committee of Hospital of Stomatology,
Sun Yat-sen University (project ID: KQEC-2021-48-01). SHED
were isolated and cultured as reported previously.?! Briefly,
25 normal humans exfoliated deciduous teeth were collected
from 20 different donors (6-12 years old) as a stem cell re-
source pool. The dental pulp was separated and then digested
in a solution of 3 mg/mL collagenase type I (Worthington
Biochemical Corporation, Lakewood, USA) and 4 mg/mL
dispase (Roche Diagnostics GmbH, Mannheim, Germany) for
1 hat 37°C. Single-cell suspensions were cultured and the cells
were expanded to 90% confluence (10-14 days) to establish
the passage (P) O culture. For passaging, cells were digested
with TrypLE (Gibco, Thermo Fisher Scientific, Waltham, USA)
and expanded to P3 using a-MEM (Gibco, Thermo Fisher
Scientific) containing 15% fetal bovine serum (Gibco, Thermo
Fisher Scientific), 2 mM L-glutamine (Gibco, Thermo Fisher
Scientific), 100 U/mL penicillin and 100 pg/mL streptomycin
(Invitrogen, Waltham, USA), and 10 mM v-ascorbic acid phos-
phate (Wako, Tokyo, Japan). were characterized by cell mor-
phology, surface markers, and multi-differentiation potential
according to our previous study (Supplementary Fig. STA-E).!!
Stem cells from human exfoliated deciduous teeth from this
stem cell pool were suspended in 100 mL saline solution and
infused into SHANK3 mutant beagle dogs intravenously. The
total cell number was calculated as 3 x 10° cells per kg body
weight (Supplementary Fig. S1F for baseline characteristics of
SHED transplantation units).

Study Design
In our study, 12 SHANK3 mutant beagle dogs were equally
grouped into untreated (SHANK3 + saline group) and
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SHED-treated groups (SHANK3 + SHED group) with 6 mu-
tant dogs per group according to their behavior under devel-
opmental impairment conditions evaluated by the 3-chamber
test (Fig. 1A) and social interaction test with experimenters
(Fig. 1B). Specific testing methods and results were noted
below. Six age-matched wild-type beagle dogs were a control
group. A scheme presented the experimental design (Fig. 1C).
Mutant beagle dogs in the SHANK3 + SHED group received
an infusion every 7-10 days for a total of 6 times. Wild-type
beagle dogs and mutant dogs in the SHANK3 + saline group
were given equal volumes of saline infusion. All the beagle
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dogs were then behaviorally evaluated in 1-month and
3-month post-treatment. Complete blood count and blood
biochemical examination of SHED-treated mutant dogs
were performed before and after treatment. The details of
the wild-type and mutant beagle dogs were shown in Fig. 1D.

Behavioral Tests
Three-Chamber Test of Social Novelty Preference

We used a 3-chamber test to examine the social novelty pref-
erence (SNP) of beagle dogs (Fig. 1A).22?* Each chamber was
a hexagon of 0.9 m per side. For habituation, the subject dog
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Figure 1. Impaired social novelty preference (SNP) and social interaction in SHANK3 mutant beagle dogs. (A) Schematic diagram illustrating the
3-chamber sociability test. (B) Schematic diagram illustrating the dog-and-experimenter interaction test. (C) A scheme presenting the experimental
design. After 6 intravenous SHED infusions in SHANK3 mutant beagle dogs at age of 5-7 months, behavior changes were evaluated by the 3-chamber
test and dog-and-experimenter interaction test after 1 month and 3 months following SHED treatment. (D) Baseline characteristics of wild-type

(WT) and SHANK3 mutant beagle dogs. (E) Impaired SNP in SHANK3 mutant beagle dogs. Wild-type dogs spent longer duration of interactions in

the chamber containing the Stranger2 than in the chamber containing Stranger1, displaying the preference for social novelty. SHANK3 mutant dogs
showed no significant differences in the total duration of interactions with the Stranger1 and Stranger2. Moreover, SHANK3 mutant dogs spent less
time interacting with Stranger2 compared with WT dogs (n = 6 in WT, n = 12 in SHANKS3). (F) Reduced social interaction and increased social stress in
SHANK3 mutant beagle dogs. Compared with WT dogs, SHANK3 mutant dogs showed significantly decreased frequency and duration of following,
sniffing, and licking, while significantly increased stress-tail frequency and duration compared with WT dogs (n = 6 in WT, n = 6 in SHANK3 named M1,
M2, M3, M'1, M2, and M'3). Data are presented as mean + SEM. *P < .05, ****P < .0001.
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was allowed to familiarize itself with the chambers and en-
vironment freely for 10 minutes. Then, an unfamiliar dog
(Stranger1) in a cage was placed in one side-chamber, while
another empty cage was placed in the other side-chamber.
The subject dog was allowed to explore the 3 chambers freely
for 10 minutes. In the test, a second stranger dog (Stranger2)
was then placed in the empty cage and the subject dog was
again allowed to explore all 3 chambers freely for 10 minutes.
The position of Stranger1l and 2 within the 3-chamber was
random between tests. All stranger dogs were the same age
and sex as the subject dog. The behaviors of the subject
dogs were recorded by a video camera (HST-T236U4RZE,
Hiside, Shenzhen, China), and the duration of different social
behaviors were analyzed manually by trained experimenters
who were blind to the genotypes and experimental groups of
the subject dogs.

Social Interaction Test Between Dogs and
Experimenters

To examine the social interaction between home-caged dogs
and experimenters, we designed a test based on the classical
behavioral test for beagle dogs (Fig. 1B).2** The test was
performed once daily (90 s a session) for 2 consecutive days.
The test includes 3 steps: Step 1, an experimenter who was
familiar with the subject dogs stood in front of the home-cage
for 30 s; Step 2, the experimenter walked back and forth twice
in front of the home-cage for 30 s; Step 3, the experimenter
placed their hands on the cage and moved their fingers for
30 s. A video camera (DS-IPC-T12H2-I, Hikvision, China)
was placed in front of the home-cage to record the behaviors
of the dog during the 3-step 90 s assay. The duration and
frequency of each specific behavior including following the
experimenter in Step 2, sniffing or licking the experimenter’s
hands in Step 3, and stressed tail positioning (stress tail) were
statistically analyzed during the 90 s assay. Stress tail was de-
fined as the tail being held stiff and low or tucked between the
hind limbs, signaling fear, anxiety, or nervousness.??

Serum Inflammatory Cytokine Evaluation

Blood was collected from each of the beagle dogs 1 day be-
fore SHED treatment as well as 1 and 3 months after the
treatment and allowed to clot at room temperature for 60
minutes. Clotted samples were centrifuged at 3000 rpm for
20 minutes, and serum was removed, aliquoted, and stored
at —80°C until use. Levels of serum inflammatory cytokines
were analyzed using commercially available cytokine ELISA
kits (Quantikine ELISA Kits, R&D Systems, USA; Maisha
Industries, China).

Statistical Analysis

All results were analyzed using Microsoft Excel (Microsoft
Office 365 package, San Diego, CA), Prism GraphPad 8.0
(Prism GraphPad Software, San Diego, CA), and SSPS for
Windows software version 20.0 (SSPS Inc., Chicago, IL)
programs and all data were represented in graphs as the
mean = standard error of the mean (SEM). All analyses were
performed on a blinded basis. The normal distribution of
the data was determined using Kolmogorov-Smirnov test.
P-values were calculated using the Student’s ¢ test between the
means of 2 groups and the non-parametric Mann-Whitney
test, whenever distributions were not normal. Analysis of
variance (ANOVA) was also used to compare the results be-
tween 3 or more groups, followed by Tukey’s post hoc test.
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2-way ANOVA was used to analyze the differences in social
interaction. The correlation between the serum inflammatory
cytokines and SNP was analyzed using Prism GraphPad 8.0
and Pearson’s test was applied for calculating correlations.
The multiple linear regression analysis was performed with
SPSS version 20.0. P-value summaries were as follows: *P <
05 **P < .01; ***P < .001; ****P < .0001.

Results

Impaired SNP and Social Interaction in SHANK3
Mutant Beagle Dogs

A 3-chamber sociability test was used to determine SNP.
According to the typical 3-chamber sociability test,
Stranger1 was in one side-chamber as a familiar social stim-
ulus, and Stranger2 was placed in the other side-chamber
as a novel one.?»* For the wild-type beagle dogs, they
spent longer duration in the chamber containing Stranger2
than in the chamber containing Stranger1, showing a typ-
ical preference for interaction with the novel dog (Fig.
1E). However, SHANK3 mutant beagle dogs showed the
impaired SNP, as noted by no significant differences in
the total duration of interactions with the Stranger1 and
Stranger2 (Fig. 1E). Moreover, SHANK3 mutant dogs
spent less time interacting with Stranger2 compared with
wild-type dogs (Fig. 1E).

We next examined social interaction by performing a dog-
and-experimenter interaction test. Considering the individual
differences of mutant beagle dogs and the fact that not all
mutant dogs showed obvious deficits of social interaction
at 5-7 months old, 6 mutant dogs were selected due to ab-
normal behaviors in the dog-and-experimenter interaction
test. Specific results were as follows: SHANK3 mutant dogs
did not actively initiate or respond to social interaction with
the experimenter, as shown by the significantly reduced fre-
quency and shorter duration of following, sniffing, and licking
compared with wildtype dogs (Fig. 1F). In addition, SHANK3
mutant dogs displayed social stress with more frequent and
longer duration of stress tail (Fig. 1F). Instead, SHANK3
mutant dogs showed impaired SNP and social interaction,
which parallel some typical aspects of autistic phenotypes in
humans.!

Considering the reliability of SHED treatment outcomes,
the 6 mutant dogs with deficits of social interaction were ran-
domly and equally allocated into the SHANK3 + saline group
(n = 3,named M1, M2, M3) and the SHANK3 + SHED group
(n = 3, named M’1, M’2, M’3). The other 6 mutant dogs
without obvious defects in social interaction were also equally
distributed into the 2 groups (SHANK3 + saline group, M4,
MS, M6; SHANK3 + SHED group, M4, M5, M’6).

Blood Biochemistry Tests of SHANK3 Mutant
Beagle Dogs

During the period of SHED transplantation and follow-up visits,
no allergic immune responses or other serious adverse events
were observed in the SHED-treated group. In SHED-treated
mutant beagle dogs, y-glutamyl transpeptidase levels showed
a significant increase, while the phosphorus, calcium, and al-
kaline phosphatase levels were significantly lower compared to
the pre-treatment (Table 1). Despite changes in some indicators,
there were no deviations outside of reference ranges in com-
plete blood count/biochemical examination before and after
treatment.
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Table 1. Blood biochemistry tests of SHANK3 mutant beagle dogs.
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Parameter Pre-treatment (mean + SEM) Post-treatment (mean = SEM) Reference range Unit
RBC 7.15 = 0.39 8.38 + 0.67 5.5-8.5 10'2/L
Hemoglobin 153.80 = 7.81 166.20 = 7.84 120-180 g/L
Hematocrit 50.78 £ 2.79 54.23 +2.40 37-55 FL
MCV 70.97 = 0.29 70.83 = 0.63 60-77 FL
MCH 21.55+0.17 21.68 = 0.21 19.5-24.5 Pg
MCHC 303.33 £ 2.59 306.33 +2.42 320-360 g/L
Platelet 3.79 £0.22 2.6 +0.95 2-9 x10"/L
WBC 14.67 = 2.36 11.45 =£0.82 6-17 x10°/L
Lymphocyte 17.40 = 3.95 28.28 =+ 3.72 12-30 %

CRP 8.17 + 4.04 13.07 = 3.34 0-9.9 ng/L
Glucose 5.48 = 0.36 4.94 = 0.31 4.11-7.95 mmol/L
Creatinine 58.33 £4.75 60.67 = 2.73 44-159 umol/L
Urea 6.02 = 0.55 4.83 +0.27 2.5-9.6 mmol/L
Phosphorus 2.79 = 0.074 1.89 =+ 0.03* 0.81-2.20 mmol/L
Calcium 2.64 = 0.035 2.25 = 0.035% 1.98-3.00 mmol/L
Total protein 60.33 £2.22 60.50 = 1.77 52-82 g/L
Albumin 28.67 +0.76 28.83 +0.79 23-40 g/L
Globulin 31.83 = 1.64 31.67 = 1.15 25-45 g/L
ALT 33.83 £ 6.81 39.17 +5.95 10-125 IU/L
ALKP 110.5 = 5.61 90.17 = 4.14* 23-212 TIU/L
GGT 1.17 = 0.40 3.67 = 0.67* 0-11 IU/L
TBIL <2 <2 0--15 umol/L
CHOL 419 +0.17 3.87+0.13 2.84--8.26 mmol/L
AMYL 51217 + 42.42 490.83 = 21.50 500--1500 IU/L
LIPA 698.50 + 128.66 731.83 + 94.54 200--1800 TU/L
LDH 275.50 = 23.25 324.50 = 78.80 40--400 IU/L

Data are presented as mean = SEM and analyzed using Student’s ¢ test. 7 = 6,*P < .05.

Abbreviations are as follows: RBC, red blood cell; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; WBC, white blood cell; CRP, C-reactive protein; ALT, alanine transferase; ALKP, alkaline phosphatase; GGT,
v-glutamyl Transpeptadase; TBIL, total bilirubin; CHOL, cholesterol; AMYL, serum amylase; LIPA, pancrelipase; LDH, lactate dehydrogenase.

Improved SNP and Reduced Social Stress in
SHANK3 Mutant Beagle Dogs Upon SHED
Transplantation

To assess the effect of SHED transplantation, we compared the
effect on beagle dog behavior of SNP in 1-month and 3-month
post-treatment by the 3-chamber test. Untreated SHANK3
mutant dogs (SHANK3 + saline group) showed no signifi-
cant differences in the duration of interactions between the
Stranger1 and Stranger2, indicating impaired SNP in SHANK3
mutant beagle dogs compared with age-matched wildtype
dogs. Notably, SHED transplantation could restore normal
SNP in the 1-month visit and maintain the long-term (3-month
visit) improvement in the behavior of SHANK3 mutant dogs
(Fig. 2A). Comparison before and after SHED treatment of
mutant dogs, the SNP was also significantly improved both
in 1-month and 3-month visits (Fig. 2B). In addition, SHED-
treated mutant dogs showed a significantly increased dura-
tion of interactions with the novel dogs (Stranger2) compared
with pre-treatment, especially in the 1-month visit (Fig. 2B).
Then, individual SNP of each mutant dog before treatment,
in 1-month and 3-month visits was also evaluated by social
time-difference (ST ;) between the Stranger2 and Stranger1.
The heatmap was generated with green representing the pos-
itive ST, (Stranger2 > Stranger1) and red representing the

negative ST, (Stranger2 < Stranger1) (Fig. 2C). In 1-month
and 3-month visits, 5 of 6 SHED-treated mutant dogs showed
increased ST, (post-treatment minus pre-treatment > 30 s);
Only one SHED-treated mutant dog showed no altered ST,
(=30 s < post-treatment minus pre-treatment < 30 s) (Fig. 2C).
However, in the 1-month visit, 3 out of 6 untreated mutant
dogs presented almost no altered ST, 2 mutant dogs exhibited
increased ST, and one mutant dog showed decreased ST,
(post-treatment minus pre-treatment < -30 s). In 3-month
post-treatment, increased, decreased, and almost no altered
ST, were noted in 2 untreated mutant dogs (Fig. 2C). The
above results indicated the improvement of abnormal social
novelty in SHED-treated animals.

To better assess the therapeutic effect of SHED trans-
plantation, we performed a dog-and-experimenter in-
teraction test, which cannot be adequately performed in
mouse models. The SHED-treated mutant dogs had a sig-
nificantly decreasing duration of stress tail compared with
the untreated mutant dogs (Fig. 2D and E). Although not
statistically significant, there was an improvement to dif-
ferent degrees for SHED-treated mutant dogs on both fre-
quency and duration of following, sniffing, and licking in
the 1-month visit (Fig. 2D). And in the 3-month visit, an
increasing trend in the duration of sniffing and licking was
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Figure 2. Effects of SHED treatment on SNP and social interaction in SHANK3 mutant dogs. (A) In the 1-month and 3-month visits, SHANK3 mutant
dogs treated with SHED restored SNP with similar behavior as the WT, displaying significant differences in the duration of interactions between the
Stranger2 and Stranger1, while untreated mutant dogs exhibited no significant differences between the 2 dogs (n = 6 per group). (B) Stem cells from
human exfoliated deciduous teeth treatment markedly improved SNP in SHANK3 mutant dogs as evidenced by increasing active social duration with
Stranger2, especially in the 1-month visit (n = 6). (C) Individual SNP of each mutant dog was evaluated before treatment, 1-month post-treatment,

and 3-month post-treatment to assess social time-difference (ST ) between the Stranger2 and Stranger1. The heatmap was generated with green
representing the positive ST, (Stranger2 > Stranger1) and red representing the negative ST, (Stranger2 < Stranger1). Pie charts summarized the
heatmap results indicating the number of mutant dogs with increased, decreased, or almost no altered ST, (increased, post-treatment minus pre-
treatment > 30 s; decreased, post-treatment minus pre-treatment < —30 s; almost no altered; —30 s < post-treatment minus pre-treatment < 30 s) (n =
6 per group). (D) Comparison of differences in frequency and duration of following, sniffing, licking, and stress tail relevant to SHED-treated or untreated
SHANK3 mutant dogs before treatment and in 1-month post-treatment. The SHED-treated mutant dogs had a significantly decreasing duration of stress
tail compared with the untreated mutant dogs (n = 3 per group). (E) Comparison of differences in frequency and duration of following, sniffing, licking,
and stress tail relevant to SHED-treated or untreated SHANK3 mutant dogs before treatment and in 3-month post-treatment. The SHED-treated mutant
dogs had a significantly decreasing duration of stress tail compared with the untreated mutant dogs (n = 3 per group, each one was tested twice and all
data were used for analysis). Data are presented as mean + SEM. *P < .05, **P < .01, ****P < .0001.

also observed in the SHED-treated mutant dogs, but this Taken together, these findings demonstrated that ASD-
did not reach statistical significance (Fig. 2E). In summary, related abnormalities of SNP and social stress in SHANK3
social stress in SHANK3 mutant dogs could be effectively =~ mutant dogs could be effectively alleviated by multiple
alleviated by SHED treatment. transplantations of SHED.
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Stem Cells from Human Exfoliated Deciduous Teeth
Transplantation Alters Serum Cytokine Levels

We observed a significantly increased level of serum interferon-y
(IFN-y) and a significantly decreased level of serum inter-
leukin-10 (IL-10) in SHANK3 mutant beagle dogs compared
with wild-type beagle dogs (Fig. 3A). After SHED transplan-
tation, the level of serum IFN-y was significantly reduced in
comparison to that of untreated SHANK3 mutant beagle dogs
in the 1-month and 3-month visits (Fig. 3B). Compared with
pre-treatment, SHED-treated mutant beagle dogs showed a
decreasing trend of IFN-y in 1-month post-treatment and an
increasing trend of IL-10 in 3-month post-treatment (Fig. 3C).
Also, SHED transplantation failed to significantly alter the levels
of serum IL-1p3, IL-6,1L-12,1L-17, TGF-1, TGF-B2, and TNF-a
in 1-month post-transplantation (Supplementary Fig. S2).

To evaluate the correlation between the levels of serum IFN-y,
IL10, and SNP, we used correlation analysis to show that IL-10

A
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level was positively correlated with the degree of SNP (Pearson’s
r=.46,P <.001,7n = 53; Fig. 4A). Whereas IFN-vy level was neg-
atively correlated with the degree of SNP (Pearson’s » = -0.44,
P <.001, n = 53) (Fig. 4B). Based on the results above, multiple
linear regression between IFN-y, IL-10, and ST, in beagle dogs
was constructed and the model for predicting ST, (ST ):

ST, (s) = 2.37 x IL-10 (pg/mL)—0.23 x IFN-y (pg/mL) +
119.01 (R? = 0.33; P < .0001) (Fig. 4C).

To test the validity of the predicting model, we calculated
the correlation between actual ST, (ST, ) and ST,
(Pearson’s 7 = .58, P < .0001, n» = 53) (Fig. 4D).

Discussion

Stem cells from human exfoliated deciduous teeth are derived
from exfoliated deciduous teeth of children in the mixed den-
tition stage; they are a population of postnatal stem cells
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with the ability to differentiate into various cell types.!' Stem
cells from human exfoliated deciduous teeth offer attractive
advantages over other sources of postnatal stem cells, as they
are derived from a source that is easy to harvest through
non-invasive surgical procedures, are naturally disposed of,
and present few ethical or legal concerns.?® Previous studies
have demonstrated that SHED are highly proliferative cells
compared to bone marrow MSCs and dental pulp MSCs.?”
Since SHED derive from neural crest mesenchyme, they ex-
press a variety of embryonic stem cell markers, neural cell
markers, stage-specific embryonic antigens, tumor recogni-
tion antigens and thus have enhanced potential to treat neural
injuries or diseases.'?”*® Our results indicated that SHED
transplantation could effectively improve SNP and reduce so-
cial stress in SHANK3 mutant dogs which exhibited several
behaviors relevant to the core features of ASD.

To date, a few pre-clinical studies have demonstrated the
therapeutic potential of stem cell transplantation in ASD
animal models.?*°A widely studied ASD animal model is
mouse models including the BTBR inbred mouse and the

and ST, . Dotted line represents perfect correlation (r = 1). Solid line represents actual correlation between the ST

) fitted by 2 independent variables of IFN-y and 1110 levels (color plane, R = 0.33, P < .0001). (D) Linear correlation between

and STMre (r=.58, P<

dif-act

SHANK3 mutant mouse, which have been used extensively in
ASD research.?31-3* However, species-dependent differences
in brain structures and variable behavioral models make it
difficult to use therapeutic information from ASD mice to
design potential clinical trials. In recent years, gene-editing
non-human primate animal models have been generated and
demonstrated the value of ASD research.!”!%35 Although the
application of non-human primate models has a promising
future, the limitations at this stage exist, as follows. Cloning
techniques could not facilitate the generation of monkeys with
the same genetic modification and the rate of newborn mu-
tant monkeys has been lower than expected.’® Therefore, due
to ethical concerns, sample numbers, and economic issues,
experiments of stem cell therapy for ASD with non-human
primates have their limitations. Core features of behavioral
phenotypes of ASD presented by heterozygous SHANK3 mu-
tant beagle dogs and the stable genetic background of these
dogs have advantages for ASD research.

Deficits in SNP are a core symptom of ASD and tested by a
3-chamber test.’” In this study, SHED-treated mutant beagle
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dogs represented a significant improvement in SNP. The de-
tailed mechanisms underlying the results need to be further
explored and long-term maintenance of stem cell therapeutic
effect needs to be also addressed. Moreover, the duration and
frequency of following, sniffing, and licking as well as stress
tail served as the main indexes of social interaction evaluated
by the dog-and-experimenter interaction test. Interestingly,
SHED transplantation significantly alleviated the social stress
that mutant dogs experienced during social interaction with
the human experimenter. Previous studies provided emerging
evidence that children with ASD showed enhanced and sus-
tained social stress that increases with aging.’® Social stress
may also play a major role in the lives of adults with ASD
and there is an inverse relationship between stress and so-
cial functioning.”® In addition, SHED-treated mutant dogs
displayed a trend toward increased duration and frequency
of following, sniffing, and licking behaviors, especially in
1-month visit, but there were no statistically significant
differences. It is necessary to conduct additional experiments
with the increased animal number to further examine the
therapeutic effects of SHED in the future.

Several clinical trials using various stem cells to treat
children with ASD have been conducted and some positive
results have been obtained.*** Our results comply with these
studies. In addition, we assessed the therapeutic potential of
SHED in the SHANK3 mutant beagle dogs. Although the
mechanisms by which stem cells benefit ASD children have
not been fully elucidated, it has been suggested that a large
number of cytokines and extracellular vesicles produced and
secreted by transplanted MSCs may regulate recipient im-
mune responses.’”*”* Transplanted MSCs can be trapped
in the lung and undergo extensive apoptosis at 24 h post-
transplantation.*-! It has been suggested that apoptotic MSCs
and their apoptotic vesicles can mediate tissue regeneration
and immune regulation.*-** Although the detailed etiology of
ASD is unknown, it has been demonstrated that inflammation
in the central nervous system and immune system disorders
are important contributors to the pathogenesis of ASD.’*
SSHANK3 knockout mice showed elevated Escherichia coli
lipopolysaccharide level in the liver and increased IL-6 level
in the brain.”® It is reported that neural or systemic inflamma-
tory stimuli can decrease SHANK3 expression in the brain
via NF-kB-related signaling regulation.>*® Moreover, a con-
siderable number of patients with Phelan-McDermid syn-
drome, caused by SHANK3 mutation, show gastrointestinal
symptoms and immune dysfunctions.®! These changes of mo-
lecular and cellular levels underlying ASD provide the basis
for the therapeutic application of stem cells.

Our results indicated that SHANK3 mutant beagle dogs
showed an increased level of serum IFN-y and a decreased
level of serum IL-10 compared to wild-type dogs. SHED
treatment reduced the serum IFN-vy level with a negative cor-
relation of ST .. IFN-y have been proved to play an important
role in T helper type 1 polarization and promote the cellular
immune responses involving natural killer cells and CD8* T
cells, ultimately leading to the clearance of pathogens, cell
debris, and tumor cells.®> Children with ASD showed a signif-
icant increase in immunostaining for IFN-y in CD4* T cells
as well as in the mRNA and protein levels.®® A meta-analysis
also provided evidence for higher concentrations of serum
IFN-y level in autistic patients compared with controls.®*
Moreover, an increased mRNA level of IFN-y was noted in
the human brain of patients with ASD.% Some mouse model
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studies confirmed upregulation of blood IFN-y with autistic
behaviors.®®®” Therefore, it seems that increased serum IFN-y
may serve as a biomarker reflecting neurological damage.
However, the correlation between the levels of IFN-y in the
peripheral and central nervous systems and their relationship
with autistic behaviors need to be further studied. On the
other hand, MSC activation is dependent on the magnitude of
IFN-v exposure and IFN-y stimulation-induced indoleamine
2,3-dioxygenase (IDO) expression, which is a major protein
that mediates the immunosuppression of MSCs through the
[FN-y-Janus kinase (JAK)-signal transducer and activator
of transcription (STAT) 1 pathway.®®”° In-depth proteomic
analysis of IFN-y-treated bone marrow MSCs indicated
that approximately 30% of alterations in the expression of
proteins were associated with immune regulation, particu-
larly immune suppression.”! SHED show enhanced immune-
modulatory properties, probably correlated with increased
HLA-G expression in response to IFN-y treatment.””> The
increased level of peripheral IFN-y in SHANK3 heterozygous
beagle dogs may provide natural IFN-y preconditioning for
SHED.

After SHED treatment, an increased level of serum IL-10
and a positive correlation between the IL-10 level and ST,
were revealed. IL-10 is an important immune regulator which
inhibits undesirable innate and acquired immunity.”® It can
be released by various cell types including B lymphocytes,
monocytes/macrophages, T helper cell 2, and T regulatory
cells.”>7* Previous studies indicated the low level of anti-inflam-
matory molecular IL-10 was associated with autism-related
behavioral impairments and children with ASD showed a sig-
nificantly elevated IFN-y/IL-10 ratio when compared to the
control group.””” Altered levels of serum cytokines reflect a
potential participation of the immune responses in the ASD
development.

The ST, of beagle dogs was significantly correlated with
a decreased level of serum IFN-y and an increased level of
IL-10. Previous studies showed that the ratio of [IFN-y:IL-10
is considered as a meaningful marker to define the disease se-
verity in pulmonary or coronary heart disease and to identify
the high-risk individuals from unaffected sibs of patients with
nonsegmental vitiligo.”®%° Here, we identified a model fitted
by levels of serum IFN-y and IL-10 to evaluate ST, indicating
the degree of autistic severity and therapeutic outcomes of
stem cells. In the future, we need to further explore the below
issues. Firstly, extended follow-up and large-scale study of
SHANK3 mutant beagle dogs with SHED transplantation
will be required to further optimize therapeutic effects and
explore therapeutic mechanisms in depth. Secondly, the re-
gression model is based on serum cytokine measurements,
which can be easily affected by both biological and technical
factors. Although these cytokine concentrations from the
same individual remained stable on repeat measurements, we
cannot fully exclude the effect of unmeasured confounders.
Thirdly, the R? value of our model was not ideal, but it is ac-
ceptable to consider the complex nature of ASD.

Summary

Our study demonstrates that intravenous SHED transplan-
tation can effectively alleviate the autistic-like symptoms of
impaired SNP and obvious social stress in SHANK3 mutant
beagle dogs. These SNP improvements are accompanied
by an increase in the level of serum IL-10 and a decrease
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in the level of IFN-y. Moreover, a linear regression model
for ST, prediction is constructed fitted by levels of serum
IFN-y and IL-10 to evaluate the degree of autistic severity
and therapeutic outcomes. Overall, our study provides the
first evidence that the SHANK3 mutant beagle dog model
may be valuable for evaluating SHED-mediated therapy
in ASD. Stem cells from human exfoliated deciduous teeth
transplantation may serve as a simple, safe, and effective
therapy for ASD.
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