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Background: This retrospective observational study analyzed the therapeutic efficacy of
autologous bone marrow mononuclear cells (BMMNCSs) in a large cohort of patients with
autism spectrum disorder (ASD).

Methods: Overall, 1,011 patients with ASD who received intrathecal administration of au-
tologous BMMNCs were included. Changes in symptoms and outcome measures—the
Indian Scale of Autism Assessment (ISAA) and Childhood Autism Rating Scale (CARS)—
were recorded. Brain positron emission tomography computed tomography (PET/CT)
was used to objectively assess changes in brain metabolism.

Results: At a mean follow-up of 19.3 months, 90.6% of patients showed improvement
after cell therapy. Symptomatic improvements were observed in attention and concen-
tration, command following, eye contact, sitting tolerance, social interaction, hyperactiv-
ity, communication, speech, stereotypical behavior, aggressiveness, and self-injurious
behavior. Patients who received multiple doses of cell therapy demonstrated better
outcomes, and improvements were seen across all age groups and regardless of dis-
ease severity. Changes in ISAA and CARS scores were statistically significant (P<0.05).
Comparative PET/CT scans of 401 patients revealed improved metabolism in the amyg-
dala, hippocampus, parahippocampal gyrus, caudate nucleus, cerebellum, mesial tem-
poral lobe, thalamus, and superior and middle temporal poles, which corresponded to
symptomatic improvements. No major adverse events were reported. Nine of the 1,011
patients experienced seizures, four of whom had a prior history. These events were man-
aged with medication, with improvements still observed in the nine patients.
Conclusions: Intrathecal transplantation of autologous BMMNCs, combined with neu-
rorehabilitation, yields positive outcomes for patients with ASD. This approach helps
reduce the degree of impairment and improves quality of life.

Keywords: Autism spectrum disorder; Bone marrow; Mononuclear cells; Positron emission
tomography computed tomography; Cell therapy
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HIGHLIGHTS

* This study demonstrates the efficacy of autologous
bone marrow mononuclear cell transplantation in a
large cohort of 1,011 patients, with an average follow-up
of 19.3 months.

* Of these, 90.6% showed significant symptomatic im-
provements.

« Comparative brain positron emission tomography/com-
puted tomography revealed increased glucose uptake
and cerebral metabolism in key brain regions associat-
ed with autism.

INTRODUCTION

Autism spectrum disorder (ASD), a complex neurodevel-
opmental condition, affects about 1% of the general popu-
lation worldwide [1]. It is characterized by impairments in
communication, social interaction, and cognition, as well
as repetitive behaviors [2]. ASD is often associated with
other comorbidities, such as hyperactivity and attention
disorders, sleep disorders, anxiety, depression, epilepsy,
and abnormal functioning of the digestive system, includ-
ing chronic constipation and/or diarrhea [3]. The neuro-
pathology of ASD may include cerebral hypoperfusion,
atypical neural connectivity, cerebellar alterations such
as decreased density of Purkinje cells, cerebral cortex de-
fects, altered density of dendritic spines, and atypical my-
elination, along with immune dysfunction, increased oxida-
tive stress, inflammation and apoptosis, hypoxia, atypical
excitatory-inhibitory signaling, neuronal migration defects,
and synaptic dysfunction [4-6].

Conventional treatments for ASD, such as psychologi-
cal interventions, behavioral therapy, occupational therapy,
speech therapy, and pharmacotherapy, have limited effi-
cacy in addressing the core neuropathology [2]. Therefore,
new treatments are necessary to address these unmet
medical needs. Autologous bone marrow mononuclear
cells (BMMNCs) have shown promising therapeutic effi-
cacy in ASD based on their regenerative and restorative
properties [7]. They do not possess tumorigenicity and
eliminate the risk of immune rejection [8]. BMMNCs mi-
grate to dysfunctional areas and stimulate neurogenesis,
angiogenesis, immune modulation, and anti-inflammatory
responses via paracrine mechanisms [9]. They also pro-
mote endogenous neural stem cell proliferation, support-
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ing brain repair processes [10]. In this study, the efficacy
of autologous BMMNCs was analyzed in a large cohort of
1,011 patients with ASD.

METHODS

The study protocol was approved by the Central Drugs
Standard Control Organization (CDSCO)-registered Insti-
tutional Ethics Committee (IEC) of NeuroGen Brain and
Spine Institute (NGBSI/IEC/AT-CS-01/2018/ISSUE-01/RE-
VISION-01). The treatment protocol and possible adverse
events (AEs) were explained in detail to all parents or care-
givers, and written informed consent was obtained prior to
the intervention, including consent for publication.

Study Design

This retrospective observational study included patients
diagnosed with ASD according to the Diagnostic and Sta-
tistical Manual of Mental Disorders, Fifth Edition (DSM-5)
criteria who underwent autologous BMMNC transplanta-
tion. A total of 1,011 patients with ASD were enrolled. The
primary aim was to evaluate the efficacy of cell transplan-
tation in combination with neurorehabilitation as a treat-
ment for ASD in a large population. Additionally, the study
describes various factors influencing the outcome of the
intervention. The intervention consisted of intrathecal ad-
ministration of autologous BMMNCs along with standard
neurorehabilitation. Neurorehabilitation included behavior-
al therapy, psychological intervention, occupational ther-
apy, activities of daily living (ADL) training, physiotherapy,
aquatic therapy, speech therapy, special education, and
dietary recommendations.

Patient Selection

Patient selection was based on the World Medical Associ-
ation's Helsinki Declaration for ethical principles in medical
research involving human participants [11].

Inclusion Criteria

Both male and female patients who were diagnosed with
ASD based on DSM-5 criteria and were over 2 years old
were included.

Exclusion Criteria

Patients were excluded if they had acute infections, severe
anemia (hemoglobin <8 g/dL), pyrexia, human immuno-
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deficiency virus, hepatitis B, hepatitis C, malignancies,
bleeding tendencies, renal failure, severe liver dysfunction,
or other acute medical conditions such as respiratory
infections. Patients with other comorbid neurological con-
ditions, such as cerebral palsy, intellectual disability, or
learning disability, were also excluded.

Intervention

Preintervention assessment

All patients underwent detailed serological, biochemical,
and hematological testing before the intervention. They
also underwent brain magnetic resonance imaging (MRI),
brain positron emission tomography computed tomogra-
phy (PET/CT), and electroencephalography (EEG). Further
evaluation was performed by a multidisciplinary team,
including a neurologist, neurosurgeon, pediatrician, phy-
sician, psychologist, occupational therapist, physiothera-
pist, speech therapist, and special educator, to assess the
severity of each patient's condition.

Aspiration of bone marrow mononuclear cells

Patients were administered granulocyte colony stimulating
factor subcutaneously at 48 hours and 24 hours prior to
BMMNC aspiration. The dosage was weight-dependent:
patients weighing <15 kg received 150 pg, while those >15
kg received 300 pg. On the day of transplantation, bone
marrow was aspirated under general anesthesia with se-
dation in the operating theater under aseptic conditions.
Between 80 and 100 mL of bone marrow (depending on
the patient's age and body weight) was aspirated from the
anterior superior iliac bone using a bone marrow aspiration
needle and collected in heparinized tubes. Heparin (Gland
Pharma) diluted in normal saline (250 IU/mL) was added
to the sterile 50 mL BD Falcon tubes (Corning) in which the
bone marrow was collected.

Isolation of bone marrow mononuclear cells

Mononuclear cells (MNCs) were separated from the bone
marrow using a density gradient separation method. The
bone marrow was diluted 1:1 with normal saline and cen-
trifuged at 440 x g for 35 minutes in a swinging bucket
rotor without a brake at 20 °C. MNCs were then obtained
as a buffy coat and collected using a 3-mL BD pipette.
The cells were washed three times with normal saline by
centrifuging at 300 x g for 15 minutes in a swinging bucket
rotor without a brake at 20 °C, then resuspended in 1 mL
of normal saline. The viability of the isolated cells was as-
sessed using trypan blue vital dye, which was mixed in a 1:1
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proportion and loaded onto a hemocytometer to determine
total cell count and viability. More than 1 x 108 MNCs were
injected, with a viability exceeding 98%. CD34+ analysis of
the samples was also performed using a flow cytometer
(Attune NXT; Thermo Fisher Scientific Inc.).

Administration of bone marrow mononuclear cells

The isolated BMMNCs were injected immediately using
a 25-G spinal needle between the fourth and fifth lumbar
vertebrae under general anesthesia with sedation. Simul-
taneously, 20 mg/kg body weight of methylprednisolone in
100 mL Isolyte P or normal saline was given intravenously
to reduce local inflammation and enhance survival of the
transplanted cells [12]. Patients were monitored for AEs.
In the present study, 543 patients received more than one
dose of cell therapy, with the cell therapy protocol repeat-
ed as described above for each dose.

Neurorehabilitation

Each patient underwent extensive neurorehabilitation for
4 days after cell transplantation. Rehabilitation protocols
were personalized and included applied behavioral anal-
ysis, psychological intervention, occupational therapy,
sensory integration therapy, ADL training, physiotherapy,
aquatic therapy, speech therapy, special education, and di-
etary recommendations. Patients were also given a home
program to continue rehabilitation after discharge.

Follow-up

Patients were followed up at regular intervals (6 months,
12 months, and 18 months). The mean follow-up duration
in the study was 19.3 (+12.8) months. At each follow-up,
patients underwent detailed neurological evaluation and
assessment using the Indian Scale for Assessment of Au-
tism (ISAA) and the Childhood Autism Rating Scale (CARS).

Outcome Measures

The outcome measures used to analyze the effect of the
intervention at follow-up were the ISAA [13] and the CARS
(Supplementary Table 1) [14]. Symptomatic improve-
ments were also recorded. Brain PET/CT was repeated
after 6 months and compared to the preintervention scan
to assess the effect of the intervention on brain function.
The parents or caregivers of 401 patients consented to a
repeat PET/CT scan.

Brain PET/CT Imaging, Processing, and Quantification
Brain PET/CT imaging was performed for all patients as
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part of the preintervention protocol. '®F-fluorodeoxyglu-
cose (FDG) brain PET/CT was used to assess brain glu-
cose uptake on a combined PET/CT scanner (Discovery
IQ; GE HealthCare). Images were reconstructed using
Advantage Workstation (GE HealthCare) software. The
percent hypometabolism of different brain regions was
analyzed using Oasis Cerquant quantification software
(Segami Corporation). The percent hypometabolism of
nine brain regions that are typically hypometabolic in au-
tism was determined and analyzed [15]. These regions
included the amygdala, hippocampus, parahippocampal
gyrus, caudate nucleus, cerebellum, mesial temporal lobe,
thalamus, and superior and middle temporal poles. Based
on the percent hypometabolism, these regions were grad-
ed from 1 to 10 as shown in Supplementary Table 2. Of
the 1,011 patients, 401 underwent a repeat PET/CT scan
after cell therapy to determine the effect of the interven-
tion on brain metabolism.

Adverse Event Monitoring

All major and minor AEs were monitored throughout the
procedure, during the hospital stay, and at follow-up.
Long-term AEs were also tracked. AEs were categorized
as either procedure-related or cell therapy-related. Proce-
dure-related AEs included events associated with bone
marrow aspiration and cell administration via lumbar punc-
ture, such as fever, spinal headache, nausea, vomiting, pain
at the site of aspiration or injection, back pain, skin rashes,
etc. Cell therapy-related AEs included seizures, increased
hyperactivity, and aggressiveness, etc.

Methodology of Analysis

A detailed analysis was conducted to assess the out-
comes of the intervention. This included percentage anal-
ysis of changes in symptoms and calculation of the mean
follow-up period. Subgroup analyses were performed to
evaluate the effects of age, severity of illness, and the
number of cell therapy doses received. The degree of im-
provement was estimated using the ISAA score in relation
to the number of cell therapy doses.

Statistical Analysis

The Wilcoxon signed-rank test (significance level <0.05)
was used to statistically analyze the effects of the inter-
vention on ISAA and CARS scores. This test was also ap-
plied to determine statistical significance within each do-
main of the ISAA. Statistical analyses were conducted for
subgroups based on age, severity of illness, and number
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of cell therapy doses. Changes in percent hypometabo-
lism grades in PET/CT scans before and after intervention
were also evaluated using the Wilcoxon signed-rank test
(P<0.05).

RESULTS

A total of 1,011 patients were included in the analysis,
comprising 841 males and 170 females (male-to-female
ratio 5:1), with an age range of 3 to 31 years (Table 1). The
results of the percentage analysis of symptomatic chang-
es at a mean follow-up of 19.3 months are shown in Fig. 1.
Overall, 90.6% (916 of 1,011) of patients demonstrated
improvement on at least one outcome measure after cell
therapy. Both ISAA and CARS scores displayed positive
changes following cell transplantation: 85% of patients
showed improvement in ISAA scores, while 85.8% showed
improvement in CARS scores (Fig. 2). Statistical analysis
using the Wilcoxon signed-rank test (significance level
P<0.05) demonstrated that improvements in ISAA (Table 2)
and CARS (Table 3) scores were statistically significant.

Analysis of Individual Domains of Indian Scale for
Assessment of Autism

Changes in the scores of individual ISAA domains before
and after the intervention were also analyzed. The ISAA
comprises six domains: social relationship and reciproci-
ty, emotional responsiveness, speech-language and com-
munication, behavior patterns, sensory aspects, and cog-

Table 1. Demographic data

Variable Total (n=1,011)
Sex
Male 841
Female 170
Age (yr)
0-5 96
6-10 529
11-15 266
>15 120
Severity based on ISAA
Mild autism (70-106) 268
Moderate autism (107-153) 728
Severe autism (>153) 15

ISAA, Indian Scale for Assessment of Autism.
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Fig. 2. Improvements in ISAA and CARS scores following cell therapy. The
percentages shown on the graph represent that percentage of patients
demonstrating improved scores of ISAA and CARS. ISAA, Indian Scale for
Assessment of Autism; CARS, Childhood Autism Rating Scale.

Table 2. Wilcoxon signed-rank test results for ISAA total scores and
individual domains

Pre-mean Post-mean

Variable P-value
score score
ISAA 116.93  107.17 <0.05
Category <0.05
Social relationship and reciprocity 35.28 32.74
Emotional responsiveness 14.03 12.43
Speech-language and communication  23.57 22.19
Behavior patterns 18.55 16.6
Sensory aspects 15.09 13.72
Cognitive components 10.41 9.46

ISAA, Indian Scale for Assessment of Autism.
*P<0.05
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Table 3. Wilcoxon signed-rank test results for CARS scores

Scale Pre-mean score Post-mean score P-value
CARS 38.24 35.73 <0.05
CARS, Childhood Autism Rating Scale.
*P<0.05

nitive components. Scores in each ISAA domain showed
statistically significant improvements after cell therapy
(Table 2).

Factors Affecting Outcome of Intervention

Subgroup analyses were performed based on age, sever-
ity of illness (as measured by ISAA), and the number of
doses of cell therapy.

Age

Age-wise analyses were performed for both ISAA and
CARS. All age groups displayed statistically significant
improvement (Tables 4 and 5, Fig. 3).

Severity of illness (ISAA)

Patients were categorized by severity based on ISAA
scores: 70—106 (mild), 107-153 (moderate), and >153
(severe autism). All groups showed statistically significant
improvements. However, only 15 patients were classified
as having severe autism. The results are presented in Ta-
ble 4.

Number of Cell Therapy Doses Received

Percentage analysis based on ISAA and CARS scores
Patients were categorized into three groups based on the
number of BMMNC doses received: one dose, two dos-
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Table 4. Wilcoxon signed-rank test results for subgroup analysis of ISAA
scores

Variable Affected Improved !Dercent P-value
improvement (%)
Age (yr) <0.05
0-5 96 83 86.5
6-10 529 460 87.0
11=18 266 227 85.3
>15 120 89 74.2
Severity on ISAA <0.05
Mild 268 223 83.2
Moderate 728 623 85.6
Severe 15 13 86.7
Cell therapy doses received <0.05
1 467 334 71.5
2 429 414 96.5
>2 115 111 96.5
ISAA, Indian Scale for Assessment of Autism.
*P<0.05

Table 5. Wilcoxon signed-rank test results for subgroup analysis of CARS
scores

Variable Affected Improved !Dercent P-value
improvement (%)
Age (yr) <0.05
0-5 96 86 89.6
6-10 529 461 87.1
11=18 266 224 84.2
>15 120 96 80.0
Cell therapy doses received <0.05
1 467 334 71.5
2 429 419 97.7
>2 115 114 99.1
CARS, Childhood Autism Rating Scale.
*P<0.05

es, and more than two doses. Patients who underwent
cell therapy two or more times demonstrated better out-
comes, with more than 96% showing improvement, com-
pared to those who underwent cell transplantation only
once (Tables 4 and 5, Fig. 4).

Correlation of degree of improvement on ISAA with num-
ber of cell therapy doses

The relationship between the number of cell therapy dos-
es and the degree of improvement in ISAA scores was
analyzed using the Wilcoxon signed-rank test. All groups
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Fig. 3. Age-wise analysis of ISAA and CARS outcomes after cell therapy.
ISAA, Indian Scale for Assessment of Autism; CARS, Childhood Autism
Rating Scale.
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Fig. 4. Analysis of ISAA and CARS outcomes based on the number of cell
therapy doses received. ISAA, Indian Scale for Assessment of Autism;
CARS, Childhood Autism Rating Scale.

showed statistically significant improvements (P<0.05)
in ISAA scores after cell therapy (Table 6). The greatest
change in mean ISAA score before and after intervention
was observed in patients who received two or more dos-
es.

Comparative Analysis of Brain FDG PET Scans

Brain FDG PET scans performed before and after inter-
vention were compared to assess metabolic changes in
the brain following BMMNC administration. '®F-FDG PET
scans show glucose uptake in different brain regions
and reflect the efficacy of treatment in patients with ASD

https://doi.org/10.4285/ctr.25.0009
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Table 6. Analysis of the degree of improvement in ISAA scores based on the number of cell therapy doses received

Pre-mean ISAA score

Cell therapy doses received Number
1 467
2 429
>2 115

Post-mean ISAA score Mean difference P-value
4.55 <0.05
13.05 <0.05
18.64 <0.05

ISAA, Indian Scale for Assessment of Autism.
*P<0.05

through changes in metabolic activity [16]. Comparative
PET/CT scans were performed in 401 patients. Improved
metabolism, evidenced by a reduction in percent hypome-

www.ctrjournal.org

Fig. 5. Representative comparative brain
fluorodeoxyglucose positron emission
tomography scans of patients with autism
spectrum disorder before and after cell
therapy. (A) Arrow-marked blue areas
indicate hypometabolism before therapy.
(B) Arrow-marked green areas indicate
improved metabolism after cell therapy. C,
cerebellum; MT, medial temporal cortex; T,
thalamus.

Fig. 6. Representative comparative brain
fluorodeoxyglucose positron emission
tomography scans of patients with autism
spectrum disorder before and after cell ther-
apy. (A) Arrow-marked blue areas indicate
hypometabolism before therapy. (B) Ar-
row-marked green areas indicate improved
metabolism after cell therapy. C, cerebel-
lum; T, thalamus.

tabolism, was observed in regions including the amyg-
dala, hippocampus, parahippocampal gyrus, caudate
nucleus, cerebellum, mesial temporal lobe, thalamus, and
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superior and middle temporal poles (Figs. 5 and 6). Grad-
ing of these nine regions showed statistically significant
improvement after cell therapy, as demonstrated by the
Wilcoxon signed-rank test (P<0.05).

DISCUSSION

Cell therapy has gained considerable importance and has
been shown to be beneficial in the treatment of various
neurological conditions, including ASD, cerebral palsy, and
intellectual disability [17—20]. ASD is characterized by a
complex, multifaceted underlying neuropathophysiology
that may be ameliorated by cell therapy.

Multiple mechanisms contribute to the pathophysiol-
ogy of autism. Mitochondrial dysfunction is observed in
ASD, with damage to mitochondrial complexes leading to
increased production of reactive oxygen species and ox-
idative stress [21]. Elevated oxidative stress, in turn, con-
tributes to neuronal damage in patients with ASD [22]. ASD
is also marked by immune system dysregulation. Patients
with autism exhibit increased microglial and astroglial acti-
vation. Both microglia and astroglia modulate the immune
system by releasing proinflammatory cytokines such as
interleukin (IL)-17. Increased activation of these neurogli-
al cells alters the brain's cytokine profile, heightening the
neuroinflammatory process and leading to neuronal and
synaptic dysfunction [7,9]. Altered activation of microglia
is also associated with ASD behavioral phenotypes, includ-
ing impaired social interaction, cognitive dysfunction, and
anxiety [23]. Higher levels of IL-17 induce production of IL-
1B, tumor necrosis factor alpha (TNF-a), and matrix metal-
loproteinase-9, causing neurotoxicity and increased neu-
ronal apoptosis [24]. Structural and functional MRI studies
have shown that individuals with ASD exhibit atypical brain
connectivity, gray matter volume, and brain activation [25].
These patients also display an imbalance in excitatory and
inhibitory (E/I) neural connections, with hypofunctioning of
inhibitory GABAergic neurotransmission leading to a high-
er E/I ratio [26]. Atypical brain networks and reduced inhib-
itory control may further contribute to the behavioral and
social dysfunctions seen in autism [25,26]. Patients with
ASD often have constricted blood vessels, resulting in re-
duced cerebral blood flow and subsequent brain damage.
Diminished blood circulation also limits oxygen delivery,
leading to hypoxia [27]. Reduced blood flow has been ob-
served in brain single-photon emission computed tomog-
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raphy studies of patients with autism [28]. Previous brain
PET/CT studies have shown that children with ASD have
relatively lower metabolism in the amygdala, hippocam-
pus, parahippocampal gyrus, caudate nucleus, cerebellum,
mesial temporal lobe, thalamus, and superior and middle
temporal poles [15].

BMMNCs are a heterogeneous mixture of mesenchy-
mal stem cells (MSCs), hematopoietic cells, monocytes,
macrophages, stromal cells, very small embryonic-like
stem cells, progenitor cells, hemangioblasts, and endo-
thelial progenitor cells. As a result, they offer cumulative
benefits compared to individual subfractions alone [29,30].
Upon administration, these cells recognize and home to
sites of injury or damage, where they facilitate repair and
regeneration [31].

In ASD, BMMNCs act through multiple mechanisms, in-
cluding paracrine effects, neuroprotection, immunomodu-
lation, anti-inflammatory effects, angiogenesis, and synap-
togenesis. These cells also stimulate endogenous neural
stem cell proliferation, promoting neurogenesis and pro-
moting functional recovery [10]. BMMNCs secrete a vari-
ety of growth factors, such as vascular endothelial growth
factor (VEGF), brain-derived neurotrophic factor, and nerve
growth factor, which contribute to neuroprotection and
neuroplasticity [7,32,33]. These neurotrophins modulate
synaptic and structural plasticity, thereby supporting learn-
ing and memory [34]. A study in rat models of cerebral
infarction demonstrated that BMMNCs activate PI3K/AKT/
NRF2 pathways, which directly stimulate cellular defense
mechanisms, increase biliverdin expression, and elevate
superoxide dismutase and glutathione peroxidase levels
that are known to reduce oxidative stress. This process
inhibits apoptosis and leads to improvements in various
neurological functions [32]. Reduction of oxidative stress
can ameliorate ASD symptoms such as communication
difficulties, repetitive behaviors, irritability, and sensorim-
otor dysfunction [35]. BMMNCs also induce hypoxia-in-
ducible factor 1-alpha, which increases VEGF uptake by
cells, thus promoting angiogenesis [36]. In addition, these
cells serve as immunomodulators by suppressing the pro-
duction of proinflammatory cytokines such as TNF-a and
increasing anti-inflammatory cytokines such as IL-10, re-
ducing inflammation and alleviating symptoms associated
with ASD [7,37]. MSCs, a subpopulation of BMMNCs, can
release synaptic transmitters that reinforce E/I neural con-
nectivity [23]. Studies have indicated that impaired brain
connectivity may underlie behavioral symptoms and defi-
cits in social cognition, language, and executive functions

https://doi.org/10.4285/ctr.25.0009
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in autism [38].

Therefore, the diverse mechanisms of BMMNCs
appear to collectively contribute to the amelioration of
autism symptoms. Improved brain connectivity leads to
better social relationships, emotional responsiveness,
speech-language and communication, behavior patterns,
sensory processing, and cognitive function. Reduced in-
flammation and restoration of the balance between inhibi-
tory and excitatory neurotransmission result in decreased
hyperactivity and aggression. Enhanced oxygenation and
brain metabolism, along with improved neuronal function,
can increase glucose metabolism in brain regions that
previously exhibited hypometabolism, as observed in brain
PET/CT scans.

The intrathecal route of administration was chosen
because it is straightforward, safe, and relatively less inva-
sive. Administered cells are mobilized directly to the site of
injury via the cerebrospinal fluid (CSF) [31]. Cells in the CSF
within the subarachnoid space travel into the perivascular
space around blood vessels and subsequently enter the
brain parenchyma by diffusion. Additionally, aquaporin-4
channels facilitate the entry of cells into the brain paren-
chyma [39,40]. Patients with autism have altered blood-
brain barrier permeability, which enables transplanted cells
to reach dysfunctional brain regions more effectively [41].
This route improves cell migration to the desired area and
reduces unwanted entrapment of transplanted cells in oth-
er organs, such as the lungs, spleen, and liver [31].

Rehabilitation enhances neural plasticity and facilitates
neuroprotection [42]. Exercise and physical activity are
associated with the activation and proliferation of various
cell types, as well as improved oxygenation and angiogen-
esis [43]. Rehabilitation aids in the mobilization and hom-
ing of transplanted cells to sites of damage and inflamma-
tion. The proliferation of these cells expands the available
pool for mobilization [44]. Lv et al. [45] demonstrated that
in patients with autism, intrathecal and intravenous trans-
plantation of human cord blood cells combined with reha-
bilitation resulted in better outcomes than rehabilitation
alone. Thus, we can postulate that cell therapy in combina-
tion with neurorehabilitation produces superior outcomes
in patients with ASD.

Our two previously published clinical studies have
demonstrated the safety and beneficial effects of
BMMNCs combined with standard neurorehabilitation
in cohorts of 32 and 254 patients diagnosed with ASD,
respectively [17,18]. The first study, published in 2013, re-
vealed statistically significant improvements on the ISAA
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and Clinical Global Impression-Improvement (CGI-I) scale
at a mean follow-up of 12.7 months. On the CGI-Il, 96%
of patients demonstrated global improvement; few AEs
were observed, including seizures in three patients, and
were controlled with medication [17]. The second study,
published in 2020, included 254 patients with ASD [18].
Following the intervention, symptoms were alleviated, and
statistically significant improvements were observed in
ISAA and CARS scores; furthermore, brain PET/CT scans
showed improved brain metabolism. Other studies support
these findings. Villarreal-Martinez et al. [46] and Nguyen
Thanh et al. [47] reported that intrathecal administration
of autologous BMMNCs in patients with ASD improved
clinical outcomes without serious AEs. Kobinia et al. [48]
also demonstrated that autologous bone marrow-derived
cell administration is a safe therapeutic option, with no
reported AEs, in patients with autism. Previous research
further indicated that intrathecal injection of autologous
bone marrow MSCs appears to be safe and feasible for
treating children with ASD [49]. A large meta-analysis and
systematic review published by Villarreal-Martinez et al.
[46] in 2022 examined the safety and efficacy of various
cell therapies in patients with ASD. The results suggested
that cell therapy is safe and clinically beneficial, regardless
of cell source, dosage, or delivery route [50]. While previ-
ous studies on autologous BMMNCs have shown improve-
ment, most had small sample sizes, and some relied only
on biochemical tests without clinical correlation [46,47,51].
In contrast, our study is unique in its large sample size
and clinical correlation, supported by radiological imaging
(PET/CT) evidence.

In the present study, BMMNCs were administered to
1,011 patients with ASD in combination with standard
neurorehabilitation. The efficacy of the intervention was
assessed using the ISAA and CARS outcome measures.
For analyses of illness severity and degree of improve-
ment, the ISAA was preferred, as the CARS does not in-
clude components addressing delayed response, cogni-
tive abilities, or savant skills [13]. Statistically significant
improvements were observed on both outcome measures
following the intervention. Symptomatic improvements
were noted in attention and concentration, command
following, eye contact, sitting tolerance, social interac-
tion, hyperactivity, communication, speech, stereotypical
behavior, aggressiveness, and self-injurious behavior. All
domains of the ISAA demonstrated statistically significant
improvement after cell therapy. Previous studies have re-
ported that individuals with autism exhibit abnormal neu-
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roplasticity. A 2024 study by Chen et al. [52] summarized
the impact of abnormal neuroplasticity and neuroinflam-
mation on information processing, sensory processing,
and social cognition. In our study, postintervention im-
provements in these areas suggest that cell therapy may
contribute to symptomatic improvement by enhancing
neural plasticity, promoting synaptic reorganization, re-
ducing neuroinflammation, and modifying functional neu-
ral connectivity. Our findings are therefore consistent with
existing research on neuroplasticity and neuroinflamma-
tion in ASD. Preclinical studies conducted in BTBR mouse
models treated with cell therapy have also reported sig-
nificant improvement in social interaction and reduced
repetitive stereotypic behaviors, along with increased
hippocampal neurogenesis and elevated brain-derived
neurotrophic factor levels, indicating improved synaptic
plasticity [53]. The observed symptomatic improvement
also correlates with improved metabolism in brain PET/
CT scans across nine distinct brain regions: amygdala,
hippocampus, parahippocampal gyrus, caudate nucleus,
cerebellum, mesial temporal lobe, thalamus, and superior
and middle temporal poles, as shown in Supplementary
Table 3. Thus, the capacity of cell therapy to reduce cere-
bral hypometabolism in patients with ASD appears to be a
key contributor to clinical improvements.

Age-wise analysis of outcome measures (ISAA and
CARS) revealed that patients across all age groups demon-
strated statistically significant improvement. However, a
greater proportion of patients under 10 years old showed
improvement in scores compared to those older than
10 years. Significant improvements were also observed
regardless of disease severity. The present study further
demonstrated that a higher number of cell therapy doses
was associated with better therapeutic effects.

One patient in the study group, who had shown im-
provement following cell therapy, developed severe jaun-
dice after 10 months and subsequently died. This event
was determined to be unrelated to cell therapy.

AEs were categorized as either procedure-related or
cell therapy-related. Procedure-related AEs involved events
associated with bone marrow aspiration and cell admin-
istration via lumbar puncture, including spinal headache,
nausea, vomiting, pain at the site of aspiration or injection,
back pain, fever, skin rashes, etc. In this study, 3.27% of
patients experienced procedure-related AEs, all of which
were managed with medication during their hospital stay.

In the present study, cell therapy-related AEs were
reported in 8.3% of patients. These included increased
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hyperactivity (4.3%) and increased aggressiveness (3.1%).
Seizures were also observed but were classified as AEs
only if there was a new-onset or an increase in frequency
or duration. Among the study cohort, 116 patients had a
history of seizures prior to intervention, and 62 had abnor-
mal EEG findings. Patients with a history of seizures or
abnormal EEG were managed with a prophylactic antiepi-
leptic protocol to reduce the risk of seizures following cell
therapy [54]. Only nine (0.9%) of the 1,011 patients experi-
enced seizures as an AE following cell therapy. Of these,
four had a prior history of seizures, while five (0.5%) had
new-onset seizures, all of which were managed with antie-
pileptic medications. The occurrence of seizures did not
impact the overall outcome of the intervention, as these
patients still demonstrated improvements.

This study lacks a control group to assess the effects
of neurorehabilitation alone. However, since patients were
already receiving rehabilitation prior to cell therapy, they
may serve as their own controls. The number of female
participants was lower than that of males. Comparative
brain PET/CT scans could not be performed for all pa-
tients, as only 401 patients provided consent for a repeat
scan. Future research may benefit from the inclusion of
biomarkers of neuroplasticity and neuroinflammation.

This study demonstrates the efficacy of intrathecal
transplantation of BMMNC therapy combined with neu-
rorehabilitation in a large cohort of patients with ASD. Both
symptomatic and objective improvements, as assessed
by the ISAA and CARS scales and brain PET/CT scans,
provide evidence for the effectiveness of this treatment
approach. These effects result in a reduced degree of
impairment and improved quality of life for patients with
ASD. The study also suggests that multiple doses of cel-
lular therapy may further increase the effectiveness of the
intervention. In summary, intrathecal administration of
BMMNCs appears to be a feasible and effective therapeu-
tic option for autism.

ARTICLE INFORMATION

Conflict of Interest
No potential conflict of interest relevant to this article was
reported.

ORCID

Alok Sharma https://orcid.org/0000-0002-3349-3580

https://doi.org/10.4285/ctr.25.0009


https://orcid.org/0000-0002-3349-3580

Sharma A et al. Cellular therapy for autism

Nandini Gokulchandran
https://orcid.org/0000-0003-2195-7015
Hemangi Sane https://orcid.org/0000-0002-4871-338X
Pooja Kulkarni  https://orcid.org/0000-0001-9332-0721
Krishnaveni Kannan https://orcid.org/0009-0009-4563-1539
Zubiya Shaikh  https://orcid.org/0009-0009-4772-2194
Hema Biju https://orcid.org/0009-0005-0385-5068
Amruta Paranjape https://orcid.org/0000-0003-2099-7648
Myola D'sa https://orcid.org/0009-0009-0186-6467
Prerna Badhe  https://orcid.org/0000-0002-5982-4704

Author Contributions

Conceptualization: AS, HS. Data curation: KK, ZS, HB,
AP, MD. Data analysis: ZS. Investigation: KK, HB, AP, MD.
Methodology: AS, NG, PB. Project administration: HS, PK.
Supervision: PK. Writing—original draft: ZS. Writing—re-
view & editing: all authors. All authors read and approved
the final manuscript.

Supplementary Materials
Supplementary materials can be found via https://doi.
org/10.4285/ctr.25.0009.

REFERENCES

1. Zeidan J, Fombonne E, Scorah J, Ibrahim A, Durkin MS,
Saxena S, et al. Global prevalence of autism: a sys-
tematic review update. Autism Res 2022;15:778-90.

2. Paprocka J, Kaminiéw K, Kozak S, Sztuba K,
Emich-Widera E. Stem cell therapies for cerebral palsy
and autism spectrum disorder: a systematic review.
Brain Sci 2021;11:1606.

3. Lord C, Brugha TS, Charman T, Cusack J, Dumas G,
Frazier T, et al. Autism spectrum disorder. Nat Rev Dis
Primers 2020;6:5.

4. Varghese M, Keshav N, Jacot-Descombes S, Warda T,
Wicinski B, Dickstein DL, et al. Autism spectrum disor-
der: neuropathology and animal models. Acta Neuro-
pathol 2017;134:537-66.

5. Ecker C, Schmeisser MJ, Loth E, Murphy DG. Neu-
roanatomy and neuropathology of autism spectrum
disorder in humans. Adv Anat Embryol Cell Biol
2017;224:27-48.

6. Fetit R, Hillary RF, Price DJ, Lawrie SM. The neuropa-
thology of autism: a systematic review of post-mor-
tem studies of autism and related disorders. Neurosci

www.ctrjournal.org

10.

11.

12.

13.

14.

15.

16.

17.

CTR¢

Biobehav Rev 2021;129:35-62.

Siniscalco D, Kannan S, Semprun-Hernandez N, Esh-
raghi AA, Brigida AL, Antonucci N. Stem cell ther-
apy in autism: recent insights. Stem Cells Cloning
2018;11:55-67.

Goel RK, Suri V, Suri A, Sarkar C, Mohanty S, Sharma
MC, et al. Effect of bone marrow-derived mononuclear
cells on nerve regeneration in the transection model of
the rat sciatic nerve. J Clin Neurosci 2009;16:1211-7.
Forest ED, Gallicchio VS. The effect of stem cell ther-
apy in autism spectrum disorder. J Regen Biol Med
2020;2:1-8.

Nakano-Doi A, Nakagomi T, Fujikawa M, Nakagomi N,
Kubo S, Lu S, et al. Bone marrow mononuclear cells
promote proliferation of endogenous neural stem cells
through vascular niches after cerebral infarction. Stem
Cells 2010;28:1292-302.

World Medical Association. World Medical Associ-
ation Declaration of Helsinki: ethical principles for
medical research involving human subjects. JAMA
2013;310:2191-4.

Jing YH, Hou YP, Song YF, Yin J. Methylprednisolone
improves the survival of new neurons following tran-
sient cerebral ischemia in rats. Acta Neurobiol Exp
(Wars) 2012;72:240-52.

Chakraborty S, Thomas P, Bhatia T, Nimgaonkar VL,
Deshpande SN. Assessment of severity of autism us-
ing the Indian scale for assessment of autism. Indian
J Psychol Med 2015;37:169—-74.

Chlebowski C, Green JA, Barton ML, Fein D. Us-
ing the childhood autism rating scale to diagnose
autism spectrum disorders. J Autism Dev Disord
2010;40:787-99.

Sharma A, Gokulchandran N, Sane H, Nivins S, Paran-
jape A, Badhe P. The baseline pattern and age-related
developmental metabolic changes in the brain of chil-
dren with autism as measured on positron emission
tomography/computed tomography scan. World J
Nucl Med 2018;17:94-101.

Tan Z, Wei H, Song X, Mai W, Yan J, Ye W, et al. Pos-
itron emission tomography in the neuroimaging of
autism spectrum disorder: a review. Front Neurosci
2022;16:806876.

Sharma A, Gokulchandran N, Sane H, Nagrajan
A, Paranjape A, Kulkarni P, et al. Autologous bone
marrow mononuclear cell therapy for autism: an
open label proof of concept study. Stem Cells Int
2013;2013:623875.

11


https://orcid.org/0000-0002-4871-338X
https://orcid.org/0000-0001-9332-0721
https://orcid.org/0009-0009-4563-1539
https://orcid.org/0009-0009-4772-2194
https://orcid.org/0009-0005-0385-5068
https://orcid.org/0000-0003-2099-7648
https://orcid.org/0009-0009-0186-6467
https://orcid.org/0000-0002-5982-4704
https://doi.org/10.4285/ctr.25.0009
https://doi.org/10.4285/ctr.25.0009

CTR¢

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

12

Sharma AK, Gokulchandran N, Kulkarni PP, Sane HM,
Sharma R, Jose A, et al. Cell transplantation as a novel
therapeutic strategy for autism spectrum disorders: a
clinical study. Am J Stem Cells 2020;9:89-100.
Sharma A, Sane H, Gokulchandran N, Kulkarni P,
Gandhi S, Sundaram J, et al. A clinical study of au-
tologous bone marrow mononuclear cells for ce-
rebral palsy patients: a new frontier. Stem Cells Int
2015;2015:905874.

Sharma A, Sane H, Gokulchandran N, Pai S, Kulkarni P,
Ganwir V, et al. An open-label proof-of-concept study
of intrathecal autologous bone marrow mononuclear
cell transplantation in intellectual disability. Stem Cell
Res Ther 2018;9:19.

Balachandar V, Rajagopalan K, Jayaramayya K, Je-
evanandam M, lyer M. Mitochondrial dysfunction: a
hidden trigger of autism? Genes Dis 2020;8:629-39.
Chen L, Shi XJ, Liu H, Mao X, Gui LN, Wang H, et al.
Oxidative stress marker aberrations in children with
autism spectrum disorder: a systematic review and
meta-analysis of 87 studies (N =9109). Transl Psy-
chiatry 2021;11:15.

Liu Q, Chen MX, Sun L, Wallis CU, Zhou JS, Ao LJ, et al.
Rational use of mesenchymal stem cells in the treat-
ment of autism spectrum disorders. World J Stem
Cells 2019;11:55-72.

Inga Jacome MC, Morales Chacon LM, Vera Cuesta H,
Maragoto Rizo C, Whilby Santiesteban M, Ramos Her-
nandez L, et al. Peripheral inflammatory markers con-
tributing to comorbidities in autism. Behav Sci (Basel)
2016;6:29.

Sato W, Uono S. The atypical social brain network in
autism: advances in structural and functional MRI
studies. Curr Opin Neurol 2019;32:617-21.

Kuo HY, Liu FC. Molecular pathology and pharmaco-
logical treatment of autism spectrum disorder-like
phenotypes using rodent models. Front Cell Neurosci
2018;12:422.

Bjgrklund G, Kern JK, Urbina MA, Saad K, El-Houfey
AA, Geier DA, et al. Cerebral hypoperfusion in au-
tism spectrum disorder. Acta Neurobiol Exp (Wars)
2018;78:21-9.

Yang WH, Jing J, Xiu LJ, Cheng MH, Wang X, Bao P, et
al. Regional cerebral blood flow in children with au-
tism spectrum disorders: a quantitative *°mTc-ECD
brain SPECT study with statistical parametric map-
ping evaluation. Chin Med J (Engl) 2011;124:1362-6.
Cuende N, Rico L, Herrera C. Concise review: bone

Clin Transplant Res Published online December 18, 2025

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

marrow mononuclear cells for the treatment of isch-
emic syndromes: medicinal product or cell transplan-
tation? Stem Cells Trans| Med 2012;1:403-8.

Brenes RA, Bear M, Jadlowiec C, Goodwin M, Hashim
P. Protack CD, et al. Cell-based interventions for ther-
apeutic angiogenesis: review of potential cell sources.
Vascular 2012;20:360-8.

Maric DM, Velikic G, Maric DL, Supic G, Vojvodic D,
Petric V, et al. Stem cell homing in intrathecal appli-
cations and inspirations for improvement paths. Int J
Mol Sci 2022;23:4290.

Chen NN, Wang JP, Liu HF, Zhang M, Zhao YZ, Fu XJ,
et al. The bone marrow mononuclear cells reduce the
oxidative stress of cerebral infarction through PI3K/
AKT/NRF2 signaling pathway. Eur Rev Med Pharmacol
Sci 2017;21:5729-35.

Zanirati G, Azevedo PN, Marinowic DR, Rodrigues F,
de Oliveira Dias AC, Venturin GT, et al. Transplantation
of bone marrow mononuclear cells modulates hip-
pocampal expression of growth factors in chronically
epileptic animals. CNS Neurosci Ther 2015;21:463-
T1.

Miranda M, Morici JF, Zanoni MB, Bekinschtein P.
Brain-derived neurotrophic factor: a key molecule for
memory in the healthy and the pathological brain.
Front Cell Neurosci 2019;13:363.

Pangrazzi L, Balasco L, Bozzi Y. Oxidative stress and
immune system dysfunction in autism spectrum dis-
orders. Int J Mol Sci 2020;21:3293.

Kikuchi-Taura A, Okinaka Y, Takeuchi Y, Ogawa Y,
Maeda M, Kataoka Y, et al. Bone marrow mononuclear
cells activate angiogenesis via gap junction-mediated
cell-cell interaction. Stroke 2020;51:1279-89.

Wong RS. Neuroinflammation in autism spectrum dis-
orders: potential target for mesenchymal stem cell-
based therapy. Egypt J Neurol Psychiatry Neurosurg
2022;58:91.

Maximo JO, Cadena EJ, Kana RK. The implications of
brain connectivity in the neuropsychology of autism.
Neuropsychol Rev 2014;24:16-31.

Derk J, Jones HE, Como C, Pawlikowski B, Siegenthal-
er JA. Living on the edge of the CNS: meninges cell
diversity in health and disease. Front Cell Neurosci
2021;15:703944.

Hladky SB, Barrand MA. Mechanisms of fluid move-
ment into, through and out of the brain: evaluation of
the evidence. Fluids Barriers CNS 2014;11:26.
Aragon-Gonzalez A, Shaw PJ, Ferraiuolo L. Blood-

https://doi.org/10.4285/ctr.25.0009



Sharma A et al. Cellular therapy for autism

42.

43.

44.

45.

46.

47.

48.

brain barrier disruption and its involvement in neuro-
developmental and neurodegenerative disorders. Int J
Mol Sci 2022;23:15271.

Wang X, Zhang M, Feng R, Li WB, Ren SQ, Zhang J, et
al. Physical exercise training and neurovascular unit
in ischemic stroke. Neuroscience 2014;271:99-107.
Wahl P, Brixius K, Bloch W. Exercise-induced stem cell
activation and its implication for cardiovascular and
skeletal muscle regeneration. Minim Invasive Ther Al-
lied Technol 2008;17:91-9.

Emmons R, Niemiro GM, De Lisio M. Exercise as an
adjuvant therapy for hematopoietic stem cell mobili-
zation. Stem Cells Int 2016;2016:7131359.

Lv YT, Zhang Y, Liu M, Qiuwaxi JN, Ashwood P, Cho SC,
et al. Transplantation of human cord blood mononu-
clear cells and umbilical cord-derived mesenchymal
stem cells in autism. J Transl Med 2013;11:196.
Villarreal-Martinez L, Martinez-Garza LE, Rodri-
guez-Sanchez IP, Alvarez-Villalobos N, Guzman-Gal-
lardo F, Pope-Salazar S, et al. Correlation between
CD133+ stem cells and clinical improvement in pa-
tients with autism spectrum disorders treated with
intrathecal bone marrow-derived mononuclear cells.
Innov Clin Neurosci 2022;19:78—-86.

Nguyen Thanh L, Nguyen HP, Ngo MD, Bui VA, Dam PT,
Bui HT, et al. Outcomes of bone marrow mononuclear
cell transplantation combined with interventional edu-
cation for autism spectrum disorder. Stem Cells Transl
Med 2021;10:14-26.

Kobinia GS, Zaknun JJ, Pabinger C, Laky B. Case re-

www.ctrjournal.org

49.

50.

51.

52.

53.

54.

CTR¢

port: autologous bone marrow derived intrathecal
stem cell transplant for autistic children: a report
of four cases and literature review. Front Pediatr
2021;9:620188.

Sharifzadeh N, Ghasemi A, Tavakol Afshari J, Moharari
F, Soltanifar A, Talaei A, et al. Intrathecal autologous
bone marrow stem cell therapy in children with au-
tism: a randomized controlled trial. Asia Pac Psychia-
try 2021;13:e12445.

Villarreal-Martinez L, Gonzalez-Martinez G, Saenz-
Flores M, Bautista-Goémez AJ, Gonzalez-Martinez A,
Ortiz-Castillo M, et al. Stem cell therapy in the treat-
ment of patients with autism spectrum disorder: a
systematic review and meta-analysis. Stem Cell Rev
Rep 2022;18:155-64.

Than UT, Nguyen LT, Nguyen PH, Nguyen XH, Trinh DR,
Hoang DH, et al. Inflammatory mediators drive neu-
roinflammation in autism spectrum disorder and cere-
bral palsy. Sci Rep 2023;13:22587.

Chen Z, Wang X, Zhang S, Han F. Neuroplasticity of
children in autism spectrum disorder. Front Psychiatry
2024;15:1362288.

Segal-Gavish H, Karvat G, Barak N, Barzilay R, Ganz J,
Edry L, et al. Mesenchymal stem cell transplantation
promotes neurogenesis and ameliorates autism relat-
ed behaviors in BTBR mice. Autism Res 2016;9:17-32.
Sharma A, Sane H, Paranjape A, Gokulchandran N,
Takle M, Badhe P. Seizures as an adverse event of cel-
lular therapy in pediatric neurological disorders and
its prevention. J Neurol Disord 2014;2:1000164.

13



