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Abstract 
Bone marrow-derived mononuclear cells (BMMNCs) have been used for decades in preclinical and clinical studies to treat 
various neurological diseases. However, there is still a knowledge gap in the understanding of the underlying mechanisms 
of BMMNCs in the treatment of neurological diseases. In addition, prerequisite factors for the efficacy of BMMNC admin-
istration, such as the optimal route, dose, and number of administrations, remain unclear. In this review, we discuss known 
and unknown aspects of BMMNCs, including the cell harvesting, administration route and dose; mechanisms of action; 
and their applications in neurological diseases, including stroke, cerebral palsy, spinal cord injury, traumatic brain injury, 
amyotrophic lateral sclerosis, autism spectrum disorder, and epilepsy. Furthermore, recommendations on indications for 
BMMNC administration and the advantages and limitations of BMMNC applications for neurological diseases are discussed.

Graphical Abstract
BMMNCs in the treatment of neurological diseases. BMMNCs have been applied in several neurological diseases. Proposed 
mechanisms for the action of BMMNCs include homing, differentiation and paracrine effects (angiogenesis, neuroprotection, 
and anti-inflammation). Further studies should be performed to determine the optimal cell dose and administration route, 
the roles of BMMNC subtypes, and the indications for the use of BMMNCs in neurological conditions with and without 
genetic abnormalities.
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Background

Neurological diseases encompass acute neurological inju-
ries, cerebrovascular accidents, chronic neurodegenerative 
diseases, and neuroinflammatory diseases, and their mani-
festations lead to significant social and economic burden 
(Hess and Borlongan 2008). Traditionally, the treatment of 
these diseases consists mainly of neurorehabilitation; how-
ever, neurorehabilitation provides only modest symptomatic 
relief in severe cases. Despite continuous and extensive 
efforts, treatment options for patients with neurological dis-
eases are still limited (Tamburin et al. 2019).

Recently, cell therapy has emerged as a promising 
approach for treating neurological disorders due to its self-
renewal and replacement capacities, paracrine effects, and/or 
immunomodulatory ability. Neural stem cells (NSCs) have 
been continuously explored as a form of cell replacement 
therapy for neurological disorders. NSCs have shown ben-
eficial effects in replacing injured components of the nervous 
system. However, the administration of NSCs into the brain 
is associated with several issues, including safety and ethi-
cal issues and scientific and regulatory obstacles (Mathews 
et al. 2008). Additionally, the long-term culture of NSCs 
in vitro could result in gene expression changes, reducing 
the neurogenic potential of NSC therapy (Anderson et al. 
2007). Thus, an alternative cell therapy mitigating pathology 
not only through neural replacement but also through neuro-
trophic effects has become an attractive potential approach 
for the treatment of neurological diseases.

Bone marrow–derived mononuclear cells (BMMNCs) are 
a heterogeneous group of cells, including progenitor cells, 
such as hematopoietic stem cells (HSCs); mesenchymal stro-
mal/stem cells (MSCs); endothelial progenitor cells (EPCs); 
very small embryonic-like cells; and immune cells, such as 
monocytes, T cells, B cells, and natural killer cells (Vahidy 
et al. 2016; Suda 2017). BMMNCs can be easily isolated 
from bone marrow (BM) aspirate by density gradient cen-
trifugation. Due to their ease of processing, with no need for 
extensive preparation or cultivation, BMMNCs have become 
an attractive option for cell therapy in regenerative medicine. 
To date, BMMNCs have been evaluated in many clinical 
studies for the treatment of various neurological diseases 
(Sharma et al. 2020b, c, f; Thanh et al. 2019; Costa-Ferro 
et al. 2020; Nguyen Thanh et al. 2021; Taguchi et al. 2015b). 
However, their mechanisms of action contributing to treat-
ment outcomes remain elusive. Furthermore, the optimal 
number of cells, route of administration, and number of 
doses of cells are unclear; therefore, further investigation 
is needed.

The aim of this overview is to analyze the knowns and 
unknowns in the use of BMMNCs for cell therapy, includ-
ing their subtypes; their optimal administration route; their 

mechanisms of action; and their applications in neurologi-
cal diseases, including stroke, cerebral palsy (CP), spinal 
cord injury (SCI), traumatic brain injury (TBI), amyotrophic 
lateral sclerosis (ALS), autism spectrum disorder (ASD), 
and epilepsy. In addition, we discuss recommendations on 
indications for BMMNC administration as well as the advan-
tages and current limitations of BMMNCs in the treatment 
of these diseases.

Clinical Applications of BMMNCs 
in the Treatment of Neurological Diseases

BMMNCs in the Treatment of Stroke

Stroke, which can be subdivided into ischemic and hem-
orrhagic types, is a medical emergency in which there is 
an interruption in blood flow to the brain. Ischemic stroke 
is the predominant type, accounting for 87% of all strokes 
(CDC 2022). Despite reduced mortality due to advances 
in treatment, the proportion of stroke patients with severe 
neurological sequelae remains high. In addition to standard 
treatments, BMMNC administration has recently become an 
alternative option for treating stroke.

BMMNCs have been used to treat stroke at different 
phases, including the acute, subacute, and chronic phases, 
in 14 clinical trials with a total of 224 patients (Table 1). In 
those studies, the BMMNCs were mainly injected through 
either the intra-arterial route or the intravenous route, with 
only a few studies performing intracerebral or intrathecal 
infusion. The number of cells administered ranged from 
10 to 500 ×  106 cells, or, where a cell dose was specified 
instead, the dose ranged from 1 to 10 ×  106 cells/kg of body 
weight (Table 1). These studies reported no adverse events 
or serious adverse events, indicating that the administra-
tion of BMMNCs appears to be safe in patients with stroke 
(Table 1).

However, the efficacy of BMMNC therapy remains 
unclear. Suarez-Monteagudo et al. reported some positive 
changes in neuropsychological evaluation results, such 
as improved blood flow in the patient’s brain and slight 
changes in neuronal activity, after intracerebral injection of 
BMMNCs (Suarez-Monteagudo et al. 2009). In a retrospec-
tive cohort study, intravenous administration of BMMNCs 
improved neurological outcomes and enhanced cerebral 
blood flow and metabolism compared with standard tradi-
tional stroke treatments (Taguchi et al. 2015b). Improve-
ments in the Barthel Index (BI) 7-scale (Battistella et al. 
2011; Savitz et al. 2011; Bhasin et al. 2012; Prasad et al. 
2012), National Institutes of Health Stroke Scale (NIHSS) 
(Battistella et al. 2011; Savitz et al. 2011; Friedrich et al. 
2012; Prasad et al. 2012; Rosado-de-Castro et al. 2013b; 
Taguchi et al. 2015b), and modified Rankin Scale (mRS) 
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scores (Battistella et al. 2011; Savitz et al. 2011; Prasad et al. 
2012) were observed in stroke patients infused intra-arteri-
ally or intravenously with BMMNCs. Intrathecal injection 
of BMMNCs improved ambulation, hand function, stand-
ing balance, walking balance, and functional status(Sharma 
et al. 2014). These findings specifically indicate that the 
patients did not demonstrate deterioration after receiving 
the treatment. However, improvements are expected to occur 
over time regardless of poststroke therapy, and the absence 
of a control group in the study imposes limitations on the 
conclusions that can be derived. Thus, additional research 
is necessary to establish the effectiveness of the therapy.

Although promising outcomes were reported in phase 
I trials, evidence from phase I/II trials using BMMNCs 
supports only the safety of the treatment and not its effec-
tiveness in improving neurological outcomes for infused 
cohorts. In 2012, Moniche et al. reported no significant 
difference in BI or mRS scores or neurological function 
at 6 months postinjection between a group intra-arterially 
injected with an average of 1.59 ×  108 BMMNCs and a 
control group (10 patients per group) in a single-blind con-
trolled phase I/II trial (Moniche et al. 2012). In addition, in 
a phase II, randomized, multicenter, open-label trial, Prasad 
et al. (2014) showed no significant differences in NIHSS, 
BI, or mRS scores between a group infused intravenously 
with 280.75 ± 162.9 ×  106 BMMNCs and a control group 
(Prasad et al. 2014). In 2016, Bhasin et al. reported that 
no significant clinical improvements were observed either 
in patients who were intravenously infused with BMMNCs 
(1 ×  106 cells/kg of body weight) or in a placebo control 
group (10 patients per group) in a randomized placebo-con-
trolled clinical trial (Bhasin et al. 2016). Nevertheless, the 
numbers of patients in these three studies were small; thus, 
further randomized studies should be performed to draw 
accurate conclusions on the effectiveness of BMMNCs for 
the treatment of stroke.

BMMNCs in the Treatment of CP

CP was first described by William Little in 1862 as a syn-
drome of motor impairment that is often accompanied by 
disturbances of sensation, perception, cognition, communi-
cation, and behavior; epilepsy; and secondary musculoskel-
etal problems (Rosenbaum et al. 2007; Colver et al. 2014). 
Despite advancements in modern medicine, infants with CP 
carry major risks of complications and a high mortality rate 
(Blair et al. 2019).

To date, eight clinical studies and case reports, with 
a total of 191 patients, have demonstrated the safety and 
efficacy of BMMNCs in the treatment of CP (Table 2). 
The number of administered BMMNCs ranged from 15 to 
120 ×  106 cells, or, where a cell dose was reported instead, 

the dose was 1 ×  106 cells/kg of body weight; all cells 
were infused via the intrathecal route. No adverse events 
related to BMMNC administration were recorded. In three 
case studies, Sharma et al. reported that a single admin-
istration of BMMNCs improved Functional Independence 
Measure (FIM) and intelligence quotient (IQ) scores and 
significantly increased metabolic activity in the brains of 
CP patients (Sharma et al. 2012, 2013e, 2015c). Mancias-
Guerra C et al. demonstrated that CP patients who received 
BM injections showed an increase in Battelle Developmental 
Inventory (BDI) scores, including adaptive, personal social, 
motor, communication, cognitive and developmental age 
scores (Mancías-Guerra et al. 2014). BMMNC administra-
tion also improved neurological function, including oromo-
tor and neck control; sitting, standing and working balance; 
and speech function (Sharma et al. 2015b); significantly 
enhanced gross (Liu et al. 2017; Liem et al. 2017; Nguyen 
et al. 2018; Thanh et al. 2019) and fine motor function (Liu 
et al. 2017); reduced muscle tone (Thanh et al. 2019); and 
improved quality of life (Nguyen et al. 2018) in children 
with spastic CP (Liu et al. 2017) or CP related to neonatal 
icterus (Thanh et al. 2019) and oxygen deprivation (Liem 
et al. 2017; Nguyen et al. 2018). In addition, autologous 
BMMNC administration was safe and feasible, potentially 
improved cognition (Liem et al. 2020a) and motor function, 
and reduced muscle spasticity for children in a persistent 
vegetative state after drowning (Liem et al. 2020a) and chil-
dren with intracranial hemorrhage incidence that occurred 
during the neonatal period (Liem et al. 2020b).

In summary, BMMNC therapy is a very promising strat-
egy for the treatment of CP. However, results have been 
reported for only one randomized clinical trial. Thus, more 
extensive clinical studies are needed to better understand the 
effects of BMMNCs as a treatment for CP.

BMMNCs in the Treatment of SCI

SCI is defined as damage to the spinal cord. SCI can directly 
affect the mobility and physiological condition of patients 
and lead to paraplegia or tetraplegia, and this type of injury 
is associated with a high rate of mortality. The annual 
incidence of SCI worldwide is approximately 250,000 to 
500,000 patients (WHO 2020). The past several decades 
have been a remarkable time for the development of SCI 
treatment, as numerous pharmacological, neuroprotective, 
and neuroregenerative therapies have been translated from 
preclinical models into clinical trials, including cell-based 
therapy (Wang et al. 2021).

BMMNCs are among the cell types that have been used in 
the treatment of SCI. Four clinical trials, with a total of 202 
patients, have reported the outcomes of therapies in which 
these cells were injected locally or intrathecally (Table 3). 
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The numbers of BMMNCs used were considerably differ-
ent among studies, ranging from 106 to 1000 ×  106 cells. 
A study conducted by Suzuki et al. in 2014 showed that 
intrathecal BMMNC administration was safe in patients with 
SCI. However, the effectiveness of the treatment was not 
well substantiated, with only 40% of treated patients show-
ing improvement in Abbreviated Injury Scale (AIS) Scores 
(Suzuki et al. 2014). More recently, newly published results 
from an open-label study in which approximately 1.06 ×  108 
BMMNCs were delivered intrathecally to 180 patients with 
subacute and chronic SCI demonstrated that BMMNC 
administration was safe and improved functional recovery 
as well as patient's quality of life (Sharma et al. 2020a). Two 
other trials used BMMNCs in combination with an artificial 
scaffold (NeuroRegen) to investigate neurological recovery 
for chronic SCI. Their results indicated that the sensory and 
autonomic nervous function of treated SCI patients were 
partially improved, but motor function was not, suggest-
ing that the NeuroRegen scaffold together with BMMNC 
administration contributed to spinal cord structural recovery 
and continuity after treatment (Xiao et al. 2016; Chen et al. 
2020).

BMMNCs in the Treatment of TBI

TBI is a major global health issue causing trauma-related 
death, especially among young individuals (Rosenfeld et al. 
2012). TBI is characterized by reduced blood–brain barrier 
(BBB) permeability and prolonged microglial activation 
leading to continued production of proinflammatory and 
potentially cytodestructive molecules (Cassidy et al. 2004).

Recently, cell-based therapy, including the use of 
BMMNCs, has been demonstrated to be safe and effective 
in patients with TBI (Table 4). The safety and efficacy of 
BMMNCs have been illustrated in four clinical trials, with a 
total of 95 TBI patients treated. The BMMNCs were injected 
mainly through the intravenous route, with a dose ranging 
from 6 to 12 ×  106 cells/kg of body weight in 3 clinical trials 
(Cox Jr et al. 2011, 2017; Liao et al. 2015) and an average 
of 128 ×  106 injected cells per patient in the remaining trial 
(Sharma et al. 2020e).

One of the first clinical trials of BMMNCs for the treat-
ment of TBI was conducted in 10 pediatric patients (Cox 
Jr et al. 2011), and this trial was followed by a retrospec-
tive cohort study of 10 patients (Liao et al. 2015) with TBI. 
These two studies illustrated that BM aspiration in children 
with TBI is safe and feasible. No severe adverse events—in 
fact, no adverse events at all—were reported in association 
with BMMNC infusion. A progressive improvement in clini-
cal outcomes was detected 6 months after administration 
(Cox Jr et al. 2011). By using the Pediatric Intensity Level 
of Therapy (PILOT) and Pediatric Logistic Organ Dys-
function (PELOD) scales, the retrospective study provided Ta
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foundational data supporting the use of the treatment for 
inflammation-associated cerebral edema as well as the BBB 
permeability of the BMMNCs. Moreover, the study directly 
compared the outcomes of each individual and the corre-
sponding time-matched control with the outcomes of the 
treatment group reported in the initial trial (Liao et al. 2015; 
Cox Jr et al. 2011). In a phase I/II trial, 25 adults with TBI 
were divided into 3 groups who received BMMNCs at three 
different doses: 6 ×  106, 9 ×  106, and 12 ×  106 BMMNCs 
per kg of body weight (Cox Jr et al. 2017). This study con-
firmed the safety of BMMNCs infused via either peripheral 
or central venous catheters and demonstrated the efficacy 
of the treatment through improvements in neurocognitive 
outcomes and reductions in proinflammatory cytokine 
responses (Cox Jr et al. 2017). Recently, the results from an 
open-label, nonrandomized study of intrathecally delivered 
BMMNCs in 50 patients with chronic TBI supported the 
safety of BMMNC treatment (Sharma et al. 2020e). Over-
all, 92% of patients showed improvements in motor func-
tion (sitting and standing balance), memory, ambulation, 
trunk and upper limb activity, communication, psychologi-
cal status, cognition, and quality of life. A positron emis-
sion tomography–computed tomography (PET-CT) scan 
demonstrated improvements in brain metabolism in areas 
correlated with TBI (Sharma et al. 2020e). Taken together, 
the data from recent and ongoing clinical trials on the treat-
ment of TBI using BMMNCs supports the safety of cell-
based therapy and demonstrates that BMMNCs reduce the 
neuroinflammatory response to injury. At present, there are 
two phase IIb trials being conducted in children and adults 
using a Bayesian adaptive design to compare two doses of 
BMMNCs to a control; imaging end points are being used 
as the putative biomarkers of efficacy. When these two tri-
als are completed, the results will definitely provide further 
information and insights into the mechanism underlying the 
efficacy of BMMNCs (Cox 2018).

BMMNCs in the Treatment of ALS

ALS is a chronic degenerative disease mainly affecting 
motor neurons and lung function in adults. The annual 
incidence and prevalence of ALS are approximately 1–1.2 
cases and 6 cases, respectively, per 100,000 people world-
wide (Talbott et al. 2016). Multidisciplinary palliative care 
is required to improve patients’ quality of life (Hardiman 
et al. 2011).

BMMNCs have been used in 7 clinical trials and case 
reports (72 patients in total) for the treatment of ALS 
(Table 5). The cells were mainly injected intrathecally in 
numbers ranging from 80 to 460 ×  106 cells per patient. 
In 2012, a phase I study by Blanquer et al. demonstrated 
the neurotrophic activity of BMMNCs, as evidenced by 

reduced motoneuron degeneration in ALS patients follow-
ing BMMNC infusion into the posterior funiculus of the 
spinal cord (Blanquer et al. 2012). The functional status of 
ALS patients who received intrathecal BMMNC administra-
tion tended to be preserved, as stable ALS Functional Rat-
ing Scale (ALSFRS) scores were observed 3 months after 
treatment (Prabhakar et al. 2012). A retrospective study 
by Sharma et al. demonstrated that intrathecal infusion of 
BMMNCs increased the survival duration of ALS patients 
(Sharma et al. 2015d). Intramedullary injection of BMMNCs 
for patients with ALS has been demonstrated to be safe and 
does not worsen the disease (Ruiz-López et al. 2016). Case 
reports illustrated that intrathecal BMMNC administration 
combined with lithium, riluzole, and rehabilitation slowed 
ALS progression and improved motor function and ALSFRS 
scores in one study (Sane et al. 2016); maintained FIM and 
Berg Balance Scale scores in another study (Sharma et al. 
2019); and mitigated ALS disease progression, increased 
6-min walk test performance, and improved the condition of 
the patient in a third study (Sharma et al. 2020c).

Although BMMNCs were associated with some benefi-
cial effects, most of the previously mentioned clinical stud-
ies were case reports and pilot studies with small numbers 
of participants and no control groups. Thus, further stud-
ies with control groups and larger sample sizes should be 
performed to corroborate the evidence for the efficacy of 
BMMNCs in treating this disease.

BMMNCs in the Treatment of ASD

ASD is a complex spectrum disorder with two main aspects: 
(1) deficits in social communication and interaction and 
(2) restricted interests as well as repetitive and stereotypic 
behaviors. Currently, there is no curative treatment for 
autism in practice. Different clinical trials using cell thera-
pies are being performed (Mukherjee 2017).

To our knowledge, only two research groups, one in Viet-
nam and the other in India, with a total of 9 clinical trials 
and case reports, have applied BMMNCs for ASD treatment 
(Table 6). In these studies, a total of 322 ASD patients were 
intrathecally infused with BMMNCs, with the number of 
cells ranging from 56 to 145 ×  106 cells or the dose of cells 
ranging from 18 to 42 ×  106 cells/kg of body weight.

Sharma et al. (2013a) reported the case of a 14-year-old 
boy with severe ASD who was intrathecally injected with 
BMMNCs. At the 6-month follow-up, his Childhood Autism 
Rating Scale (CARS) score had improved from 42.5 to 
23.5, and a PET-CT scan revealed improved brain function 
(Sharma et al. 2013a). The Sharma group also performed 
an open-label proof-of-concept study of BMMNC adminis-
tration in 32 patients with ASD; they found that the Indian 
Scale for Assessment of Autism (ISAA) scores of 91% of 
patients improved, as did the Clinical Global Impression 
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(CGI) scale scores of 62% of patients(Sharma et al. 2013c). 
Case reports demonstrated that BMMNC infusion combined 
with neurorehabilitation improved ISAA, CGI, CARS, and 
Pediatric Functional Independence Measure (WeeFIM) 
scores and led to a balancing effect on brain metabolism in 
patients with ASD (Sharma et al. 2013b, d, 2015a, 2017, 
2018). Similar results were also obtained in a recent study 
in which 254 ASD patients received BMMNC infusions in 
combination with neurorehabilitation (Sharma et al. 2020d). 
More interestingly, the authors found that younger patients 
and shorter disease duration were correlated with better 
outcomes from the intervention, while sex did not influ-
ence the outcome (Sharma et al. 2020d). In 2020, a clinical 
trial by Nguyen et al. in 30 ASD patients demonstrated that 
BMMNC infusion in combination with behavioral interven-
tion was safe and well tolerated. BMMNC administration 
reduced CARS scores; increased Vineland Adaptive Behav-
ior Scale scores; and remarkably improved social commu-
nication, daily skills, and language (Nguyen Thanh et al. 
2021).

Currently, educational intervention is a routine therapy 
for patients with ASD. Although there is evidence showing 
beneficial effects of BMMNC administration when com-
bined with neurorehabilitation, the studies are limited by 
their small sample sizes. Additionally, the absence of control 
groups in the studies makes it difficult to draw an accurate 
conclusion about the effects of BMMNCs on ASD.

BMMNCs in the Treatment of Epilepsy

Epilepsy is a chronic neurological disorder affecting 0.5–1% 
of the population worldwide (Engel Jr 2001). Although 
pharmacological intervention using antiepileptic drugs is 
the mainstay of epilepsy treatment, almost 30% of cases are 
refractory to this treatment. Furthermore, antiepileptic drugs 
merely provide symptomatic treatment; they do not influence 
the disease itself. Alternative strategies, including surgery 
and a ketogenic diet, are sometimes infeasible or only par-
tially effective for patients (Dalic et al. 2016).

Although numerous preclinical studies in which 
BMMNCs were administered to animals with epilepsy 
showed promising results, there have been limited numbers 
of clinical studies using BMMNCs for patients with epi-
lepsy (2 clinical trials with a total of 24 patients infused) 
(Table 7). In 2018, DaCosta et al. demonstrated the safety 
and feasibility of intra-arterial infusion of BMMNCs in 20 
adult patients with medically refractory mesial temporal 
lobe epilepsy and unilateral hippocampal sclerosis (DaCosta 
et al. 2018). At 6 months after infusion, 40% of the patients 
were seizure free, and memory scores were also increased. 
Milczarek and colleagues studied a regimen consisting of 
a single BMMNC infusion combined with four autologous 
MSC administrations in four children with drug-resistant Ta
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epilepsy (Milczarek et al. 2018). Although no improvement 
was shown after BMMNC infusion, the findings indicated 
that the combination was safe and feasible. BMMNC and 
MSC treatments were associated with considerable neuro-
logical and cognitive improvement (Milczarek et al. 2018). 
Further studies should be conducted to evaluate the efficacy 
of BMMNCs in the treatment of epilepsy.

Harvesting Procedures, Administration 
Routes and Doses of BMMNCs

BM Harvesting Procedures

BM can be aspirated from the posterior iliac crest and ante-
rior iliac crest. The choice between these two sites largely 
depends on standard practice at individual centers. However, 
the collection of BM from the posterior iliac crest in the 
prone position is associated with some risk during anesthesia 
and is less comfortable for patients. Thus, the anterior iliac 
crest might be considered a better choice to address these 
disadvantages (Reed et al. 2018).

The volume of BM aspirated varied depending on the 
study and disease. It seems that the aspirated volume is 
largely contingent on hemodynamics. In general, the volume 
of aspirated BM for the treatment of neurological diseases 
varies widely, ranging from 25 to 200 ml, or depends on 
the body weight of patients. In some studies, the volume 
of aspirated BM that authors collected was based on body 
weight, such as 2 ml/kg in stroke patients (Table 1), 8 ml/
kg in pediatric CP patients under 10 years old (Table 2), or 
3–5 ml/kg in TBI patients (Table 4). It was reported that the 
average number of BMMNCs per milliliter and the percent-
age of  CD34+ cells were sex dependent, as these values were 
lower in females than in males, and there was a dramatic 
reduction in the number of  CD34+ cells in females in the 
older age group (Dedeepiya et al. 2012).

It was also shown that the number and functionality of 
BMMNCs were reduced by age, leading to a reduction in the 
effectiveness of autologous BMMNCs in regenerative medi-
cine (Beausejour 2007). Thus, the volume of aspirated BM 
needs to be considered. The lower the volume of aspirated 
BM, the fewer BMMNCs it will yield. Hence, the volume of 
aspirated BM and the number of collected BMMNCs must 
be balanced so that the desired efficacy of the treatment will 
be achieved without impairing the patient’s general health 
condition. Thus, the intervention should be carefully per-
formed by well-trained personnel. Nguyen et al. demon-
strated that the aspiration of 8 ml BM/kg of body weight 
was safe in children (Nguyen Thanh et al. 2021), while Cox 
et al. showed that the aspiration of a maximum of 5 ml BM/
kg of body weight was safe in adults (Cox Jr et al. 2017). 
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Thus, we suggest that those volumes could be collected to 
yield the maximum number of BMMNCs.

The administration of granulocyte colony-stimulating fac-
tor (G-CSF) prior to BM harvest is well known to mobilize 
the cells and increase the number of cells harvested. The 
stroke studies did not include the injection of G-CSF before 
BM harvest except for Sharma et al.’s study in 2014 (Sharma 
et al. 2014). This group also used G-CSF in CP patients 
before BMMNC aspiration (Sharma et al. 2012, 2015c, 
2013e). Evidence has shown that G-CSF has negative effects 
associated with increased brain atrophy and exaggerated 
inflammatory responses in a mouse model (Taguchi et al. 
2007). In addition to its effect on HSC mobilization, G-CSF 
increased the accumulation of activated macrophages/micro-
glia in the brain, which has been demonstrated to cause brain 
damage in an experimental stroke model by enhancing 
inflammation at the site of cerebral ischemia (Taguchi et al. 
2007). Furthermore, there is a concern regarding diminished 
potency in mobilized HSCs (Patterson and Pelus 2017). The 
injection of G-CSF prior to BM cell administration has also 
been reported to cause low-grade fever and irritability due 
to bone aches in some CP patients (Mancías-Guerra et al. 
2014). Thus, the use of G-CSF to mobilize HSCs before BM 
harvesting is not recommended.

Doses of BMMNCs Administered

Given the different volumes of BM aspirated, different 
BMMNC doses were administered in patients with various 
neurological diseases. Based on published data, the num-
ber and dose of administered BMMNCs varied depending 
on the disease and study: 10–500 ×  106 cells or 1–10 ×  106 
cells/kg of body weight in stroke patients, 15–120 ×  106 
cells or 1 ×  106 cells/kg of body weight in CP patients, 
106–1000 ×  106 cells in SCI patients, an average of 128 ×  106 
cells or 6–12 ×  106 cells/kg of body weight in TBI patients, 
80–460 ×  106 cells in ALS patients, and 56–145 ×  106 cells 
or 18–42 ×  106 cells/kg of body weight in ASD patients. Evi-
dence of an association between the quality and/or quantity 
of infused BMMNCs and potential outcomes was observed. 
Suarez-Monteagudo C et al. reported that the stroke patient 
who received the fewest BMMNCs and had the poorest 
cell survival rate (14 ×  106 cells, 50% viability) had inferior 
neurological and neuropsychological results (Suarez-Mon-
teagudo et al. 2009). In 2015, Taguchi et al. illustrated that 
stroke patients who received a higher dose (mean 3.4 ×  108 
BMMNCs/kg body weight) showed better improvement in 
neurological outcomes than those who received a lower dose 
(mean 2.5 ×  108 BMMNCs/kg body weight) (Taguchi et al. 
2015a). However, Cox Jr et al. demonstrated that an infused 
dose of 6, 9, or 12 ×  106 BMMNCs/kg of body weight did 
not result in different outcomes in TBI patients (Cox Jr et al. 
2017).

It is likely that the number of injections influenced the 
outcomes of BMMNC treatment for neurological dis-
eases. Previous studies showed that an increased number 
of BMMNC injections in the treatment of CP, SCI, and 
ALS was associated with superior improvements (Sharma 
et al. 2020b, 2019, 2020c; Liu et al. 2017; Nguyen et al. 
2017; Thanh et al. 2019). Liu et al. administered four injec-
tions of BMMNCs at three- to four-day intervals in chil-
dren with CP and showed improvements in motor function 
(Liu et al. 2017). Nguyen et al. treated CP patients with 
two injections of BMMNCs separated by a 3-month (Liem 
et al. 2017) or 6-month interval (Thanh et al. 2019) and 
observed an increase in gross motor function scores and a 
decrease in muscle tone scores after the treatment. Recently, 
Sharma et al. reported a higher percentage of SCI patients 
with improvements after two injections of BMMNCs than 
after a single injection (Sharma et al. 2020b). Two (Sharma 
et al. 2019) and three injections (Sharma et al. 2020c) of 
BMMNCs into ALS patients led to improvements in ALS-
FRS-R scores, 6-min walking test distance, and symptoms.

However, there was no significant difference in FIM 
scores between TBI patients who were given two injections 
and those who were given a single injection, suggesting that 
the number of BMMNC injections does not affect potential 
outcomes in the treatment of TBI patients (Sharma et al. 
2020f). Nevertheless, the studies were only case reports, and 
no comparative analysis of the number of injections was per-
formed. Moreover, there is still a lack of direct evidence pre-
senting a correlation between the number of injections and 
therapy outcomes. Thus, further optimization of the number 
of injections for each neurological disease is still needed.

Timing of BMMNC Administration

The therapeutic time window for autologous BMMNCs can 
vary depending on the specific condition being treated. At 
present, there is too little evidence to establish the optimal 
time for BMMNC infusion to treat neurological diseases. 
Previous studies showed that the timing of administration 
for stroke ranged from 24 h after onset to 144 months post-
stroke (Table 1). In CP, the timing of BMMNC administra-
tion is not well identified based on current data. Only three 
studies reported the time window in which BMMNCs were 
administered to CP patients; in all cases, the treatment was 
applied at different time points (2, 12, and 19 years after 
diagnosis) (Table 2). While the time window for the cell 
therapy of SCI ranged from 2 days to 32 months postinjury 
(Table 3), BMMNCs were administered within 48 h to treat 
TBI (Table 4). In almost all clinical studies of BMMNCs 
for ALS, the duration of disease from diagnosis to cell infu-
sion was 1 to 4 years (Table 5). The time windows of cell 
therapy for ASD (Table 6) and epilepsy (Table 7) were also 
very late in almost all cases (ranging from 0 to 15 years 
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after diagnosis for ASD and 1 month to 47 years after 
diagnosis for epilepsy). In general, the earlier the cells are 
administered after injury, the better the potential for posi-
tive outcomes. However, the optimal time window needs to 
be carefully studied. During acute neurological conditions, 
there may still be ongoing tissue damage, inflammation, and 
neuronal death, and the administration of BMMNCs aims 
to modulate these processes and promote tissue repair and 
neuroprotection (Yang et al. 2013; Chen et al. 2020; Wang 
et al. 2021). However, tissue remodeling, neuroplasticity, 
and functional recovery processes may still be under way 
during the subacute phase. Thus, BMMNC transplantation 
supports these regenerative processes and enhances neuro-
logical repair (Prasad et al. 2012; Rosado-de-Castro et al. 
2013b; Sharma et al. 2020b). BMMNC transplantation in 
the chronic phase has been explored in both animal stud-
ies and clinical trials. While the therapeutic effects may be 
less pronounced in this phase than in the acute and subacute 
phases, studies have indicated potential benefits, including 
improved neurological function and quality of life (Bhasin 
et al. 2012; Acosta et al. 2015; Sharma et al. 2020f). Over-
all, it is worth noting that the optimal timing for BMMNC 
transplantation may differ based on the specific neurological 
conditions and the stage of the disease, and research is ongo-
ing to determine the optimal timing for different conditions. 
Additionally, autologous BMMNCs have not yet received 
approval in most countries for the treatment of neurologi-
cal conditions, thus, patients should consult with stem cell 
experts and stay updated on the latest scientific literature 
when considering autologous BMMNC therapy.

Route of BMMNC Administration

The potential outcomes of cell therapy largely depend on 
the delivery of the cells to the target organs. In clinical 
trials, there are different main routes of administration of 
BMMNCs for neurological diseases, including intravenous, 
intra-arterial, and intrathecal injections as well as direct 
injections into the brain or spinal cord. Intravenous admin-
istration is an easy and minimally invasive procedure; how-
ever, only a few infused cells reach the target tissue because 
the cells can be trapped in the lungs and other organs 
(Fischer et al. 2009). Moreover, a concern was recently 
raised that local thrombosis or lung embolism could occur 
after HSC infusion via the intravenous route (Zahid et al. 
2016). Intra-arterial administration is likely to overcome 
this limitation (Amar et al. 2003). Intra-arterial adminis-
tration has the theoretical advantage of selective delivery 
to the injured brain but is associated with risks of arterial 
occlusion or embolization (Sudulaguntla et al. 2017). It was 
reported in one study that BMMNCs started to home to the 
brain in six out of six stroke patients at 2 h after administra-
tion via intra-arterial injection. The remaining cells migrated 

to the liver, lungs, spleen, kidneys, and bladder (Barbosa 
da Fonseca et al. 2010). A subsequent study revealed poor 
distribution (approximately 0.9% of infused BMMNCs) to 
the brain 24 h after administration (Rosado-de-Castro et al. 
2013a).

Intracerebral injection is the most direct method of deliv-
ery to the target site. However, this method is rarely used to 
infuse BMMNCs for the treatment of neurological diseases 
because it is a risky and invasive procedure. The intrathecal 
delivery of cells is particularly attractive due to the less inva-
sive nature of the procedure; additionally this method facili-
tates the migration of cells to the injured site through cer-
ebrospinal fluid (CSF) and the efficient homing of BMMNCs 
across the BBB in a relatively immune-privileged environ-
ment (Bakshi et al. 2004). CSF has also been demonstrated 
to have properties that support cell growth (Miyan et al. 
2006). Indeed, the intrathecal route for children remains 
controversial. A concern about the safety of this route was 
raised, as intrathecal injection can lead to serious conse-
quences, such as arachnoiditis and paralysis due to bleeding 
into the spinal cord (Finlay‐Morreale 2021). In fact, this 
route is routinely used to deliver drugs or local anesthesia 
and to obtain CSF samples with very low risk (Carness and 
Lenart 2019; De Andres 2022). Direct administration/local 
implantation has been used for BMMNC administration in 
patients with SCI (Xiao et al. 2016). However, this route 
requires a surgical procedure and is associated with a high 
risk of bleeding and infection.

Notably, in current practice, the administration route var-
ies depending on the neurological disease. In stroke, various 
methods, including the intravenous, intra-arterial, intrathe-
cal (Sharma et al. 2014), and intracerebral routes (Suárez-
Monteagudo et al. 2009), have been employed for BMMNC 
administration. Among these administration methods, the 
intravenous and intra-arterial routes are commonly used. In 
experimental stroke models, a comparison of intravenous 
and intra-arterial injection showed no significant difference 
in the therapeutic effect on functional recovery or cell dis-
tribution to other organs, such as the lungs and spleen (Vas-
concelos-dos-Santos et al. 2012; Yang et al. 2013). These 
results suggest that intravenous injection may not be inferior 
to intra-arterial injection regarding either therapeutic effects 
or the potential for embolism/deposition in other organs. In 
addition, while the intravenous route is commonly used for 
BMMNC administration in TBI, intrathecal administration 
is the main route for BMMNC administration in patients 
with CP, ALS, and ASD in all reported studies (Tables 2, 
5, 6). Local implantation and intrathecal administration are 
used for BMMNC injection in SCI (Table 3). However, local 
implantation is more invasive than other routes. To date, 
no comparative analysis between administration routes in 
the same context has been performed. Thus, the correla-
tion between the administration routes and the outcomes 



3234 Cellular and Molecular Neurobiology (2023) 43:3211–3250

1 3

of BMMNC administration is a question for which further 
investigation is needed.

In summary, it is important to select an ideal administra-
tion route that will allow the maximum number of infused 
cells to reach the target area while being the least invasive. 
Intrathecal administration allows more infused stem cells 
to reach damaged areas because they are not trapped in the 
lungs and spleen as they are when given intravenously. Thus, 
we suggest that intrathecal administration might be the ideal 
route for stem cell infusion to treat neurological diseases 
where infused cells are required to reach damaged areas for 
recovery. However, more studies are required to identify 
which route should be used to deliver cells for each disease.

Proposed Mechanisms of BMMNCs 
in Neurological Diseases

BMMNCs obtained after Ficoll gradient centrifugation of 
BM to remove granulocytes, red blood cells, and platelets 
are a heterogeneous population of cells with single round 
nuclei; these cells include myeloid cells (monocytes, den-
dritic cells, etc.), lymphoid cells (T, B, and NK cells), and 
stem cells (HSCs, EPCs, and MSCs). The proportions of 
these cell types vary depending on the individual and that 
person’s health condition (Zhao et al. 2012). Malliaras and 
Marban reported very few stem cells (0.01% MSCs and 
2–4% HSCs/EPCs) (Malliaras and Marbán 2011) and Muse 
cells among BMMNCs (Kuroda et al. 2013). Each subpopu-
lation among BMMNCs plays a different role (Table 8) in 
the main proposed mechanisms, including angiogenesis, 
neuroprotection, anti-inflammatory effects, and differen-
tiation into target cells. Most studies have focused on the 
 CD34+ population in BMMNCs to investigate the potential 
efficacy of the treatment.  CD34+ cells have been demon-
strated to migrate to sites of injury to restore damaged neu-
rons (Callera et al. 2007). However, Dawson and colleagues 
have demonstrated that frequency of  CD34+ cells in cord 
blood–derived BMMNCs was not correlated with improve-
ment in children with ASD or CP. A study has shown that 
cord blood–derived  CD14+ monocytes improve brain func-
tion and modulate brain inflammation through a paracrine 
mechanism (Saha et al. 2019).  CD14+ monocytes have also 
been demonstrated to be responsible for brain remyelina-
tion, increased brain connectivity, stimulation of oligoden-
drocyte proliferation, and modulation of neuroinflamma-
tion (Saha et al. 2019). A study by Terry et al. showed that 
 CD34+/M-cadherin+ cells from BM could release proan-
giogenic cytokines and growth factors and differentiate into 
vascular cells, contributing to microvascular remodeling 
(Terry et al. 2011). Li et al. demonstrated that  CD117+ 
cells generated VEGF and differentiated into endothelial 
cells (ECs), facilitating increased microvessel density and 

blood perfusion in mice (Li et al. 2003). Previous stud-
ies have shown that BM-derived  CD133+ cells improve 
endothelial function (Hristov and Weber 2008), ischemia, 
and bone generation (Li 2013).  CXCR4+CD45− BMMNCs 
have been reported to reduce infarction volume and neuro-
logic deficits, decrease TNF-α levels and increase VEGF 
in the brains of ischemic stroke mouse models (Wang et al. 
2015). MSCs have been shown to provide anti-inflammatory 
and neuroprotective effects, enhance angiogenesis and neu-
rogenesis, and improve function (Andrzejewska et al. 2021; 
Hoang et al. 2022). It is believed that interactions among 
various BMMNC cell types are also important in certain dis-
eases. The interaction between cell types among BMMNCs 
might result in additive, synergistic, or even detrimental 
effects on the efficacy of cell therapies. Recently, Yang et al. 
reported that myeloid cell lineage and stem cell/progenitor 
cells appear to be key components among BMMNCs that 
improve functional and histological outcomes in mice after 
stroke (Yang et al. 2016). However, the specific myeloid cell 
types and stem/progenitor cells that are important have not 
yet been identified. Further studies are needed to address 
this question. Depleting specific cell types using antibod-
ies or utilizing animals with knockout and/or deficiency of 
certain genes could be helpful in studying the role of each 
cell population among BMMNCs.

Paracrine Effects

The paracrine effects of BMMNCs are emerging as an 
important mechanism in regenerative medicine. Studies 
have shown that BMMNCs can increase angiogenesis and 
anti-inflammatory effects and provide neuroprotection in 
neurological diseases (Fig. 1).

Angiogenesis

During angiogenesis, new vessels are formed from preexist-
ing vessels through nonsprouting and sprouting mechanisms, 
together with an increase in interaction among pericytes, 
ECs and smooth muscle cells to create a vascular network 
(Zadeh and Guha 2003). The administration of BMMNCs 
has been demonstrated to induce angiogenesis via various 
mechanisms of action (Fig. 2). Vascular endothelial growth 
factor (VEGF) is one of the main regulators of angiogenesis 
(Uccelli et al. 2019). Evidence suggests that EPCs promote 
angiogenesis to improve neurological outcomes by increas-
ing VEGF levels (Asahara et al. 1997). Li et al. demon-
strated that  CD117+ cells generated VEGF, contributing 
to increased microvessel density and blood perfusion in 
mice (Li et al. 2003).  CXCR4+CD45− BMMNCs have been 
reported to increase VEGF levels in the brains of ischemic 
stroke mouse models (Wang et al. 2015). Overall, these 
studies reported that VEGF can be increased by BMMNCs. 
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Pericytes are known to play a crucial role in vessel growth 
and maturation, and VEGF has been demonstrated to induce 
pericyte recruitment and the subsequent release of angiopoi-
etin-1 (Ang-1), a key molecule involved in stabilizing blood 
vessels and promoting vessel maturation (Stratman et al. 
2009; Hellström et al. 2001).

A  s t u d y  by  Te r r y  e t   a l .  r eve a l e d  t h a t 
 CD34+/M-cadherin+ cells from BM could release proan-
giogenic cytokines and growth factors contributing to 
microvascular remodeling (Terry et al. 2011). CXCL-10 
has been found to stimulate the migration and recruit-
ment of MSCs (Kalwitz et al. 2010). The study showed 
that the stimulatory cytokine CXCL-10 was significantly 
increased by  CD34+/M-cad+ cells. A significant release 
of CXCL-10 by  CD34+/M-cad+ cells may help recruit 
endogenous MSCs from the BM to assist in the restora-
tion of blood flow and synergize with cytokines to promote 
arteriogenesis (Terry et al. 2011). The administration of 
BMMNCs significantly increased the density of microves-
sels and the expression of angiogenic factors, including 
VEGF, basic fibroblast growth factor (FGF), and Ang-1 
(Jeon et al. 2007). Reportedly, BMMNC administration 
can increase the neovascularization of ischemic tissue by 
depositing EPCs into the vasculature (Park et al. 2011). 
These cells replace injured mature ECs by incorporating 
into blood vessels, and they secrete many proangiogenic 
factors to promote the survival and proliferation of ECs 
(Urbich et al. 2003). Majka et al. (2001) demonstrated that 
numerous angiogenic factors, such as VEGF, hepatocyte 
growth factor (HGF), FGF-2, TGF-β1, as well as cytokines 
and chemokines involved in angiogenesis, including IL-8, 
MCP-1, and MIP-1α, were detected in media cultures of 
normal BM-derived  CD34+ cells (Majka et al. 2001). A 
recent study by Kikuchi-Taura et al. found that BMMNCs 
activated angiogenesis via gap junction-mediated cell–cell 
interactions in which BMMNCs induced VEGF uptake 
into ECs by increasing the expression and activation of 
hypoxia-inducible factor-1α (HIF-1α). Activation of 
HIF-1α enhanced  the phosphorylation of endothelial 
nitric oxide synthase (eNOS), which is a key mechanism 
of cell therapy–mediated angiogenesis (Kikuchi-Taura 
et al. 2020). Autophagy is known to be induced by a defi-
cient energy supply in ischemic tissue, and glucose is the 
major energy source in ECs (Keaney and Campbell 2015). 
By transferring glucose to ECs, BMMNCs suppressed 
autophagy in the cells (Kikuchi-Taura et al. 2020).

Neuroprotection

The neuroprotective effects of BMMNCs have been dem-
onstrated in previous studies (Fig. 3). BMMNCs decreased 
soluble intercellular adhesion molecule-1 (ICAM-1) and 
increased the serum level of VEGF, leading to a reduction 

in neuropathic symptoms, including foot pain, numbness, 
and weakness, after administration in patients with refrac-
tory diabetic sensorimotor polyneuropathy (Wei et al. 2020). 
Supernatants of BMMNC cultures containing trophic fac-
tors, such as insulin-like growth factor (IGF), VEGF, and 
stromal cell-derived factor-1 (SDF-1), provided neuroprotec-
tion against oxygen–glucose deprivation and hypoxia and 
reduced neuronal death, oxidative stress, and microglial and 
macrophage-mediated toxicity in ischemic stroke (Sharma 
et al. 2010).

Previous reports have demonstrated that BM-derived 
stem cells release neurotrophic factors, including nerve 
growth factor (NGF), neurotrophin-3 (NT-3), glial cell 
line–derived neurotrophic factor (GDNF), fibroblast growth 
factor-2 (FGF-2), and IGF-1, which play important roles 
in neurogenesis (Boucherie et al. 2008; Crisostomo et al. 
2008; Pisati et al. 2007). MSCs from BM also secrete brain-
derived neurotrophic factor (BDNF), a potentially neuro-
protective growth factor that plays a vital role in improv-
ing neuronal survival by protecting neurons from trophic 
deprivation and nitric oxide–induced death (Wilkins et al. 
2009). BM-derived monocytes migrate to the central nerv-
ous system (CNS), where they exert neuroprotective effects, 
increase brain connectivity, and stimulate oligodendrocytes 
(Lampron et al. 2013; Herz et al. 2017; Saha et al. 2019). In 
addition, BMMNC administration elevated HGF levels in 
CSF in a rat model (Yoshihara et al. 2007) and a dog model 
(Tamura and Maeta 2020) of SCI and exerted neuroprotec-
tive effects by introducing many growth factor–producing 
cells, facilitating hindlimb locomotor function in a rat model 
of SCI (Arai et al. 2016).

The protease caspase-3 plays a crucial role in ischemic 
neuronal apoptosis. Sharma et al. reported that medium from 
BMMNC cultures prevented caspase-3 activation and neu-
ronal death in vitro (Sharma et al. 2010). The administration 
of BMMNCs reduced the number of apoptotic cells at the 
site of injury in the spinal cord (Arai et al. 2016). EPCs over-
express Bcl-2, an anti-apoptotic factor in brain tissue, sug-
gesting that EPCs play an anti- apoptotic role, contributing 
to improved outcomes after cell infusion (Hong et al. 2020).

Anti‑inflammatory Effects

BMMNCs exert anti-inflammatory effects by secreting 
or inhibiting several cytokines. Using a mouse model, 
Takamura et al. showed that intrathecal administration of 
BMMNCs suppressed the migration and accumulation 
of microglia and reduced the expression of inflammatory 
cytokines (IL-6, IL-1β, and TNF-α) in the CSF, resulting 
in the relief of neuropathic pain after spinal nerve injury in 
mice (Takamura et al. 2020). Wang et al. demonstrated that 
the  CXCR4+CD45−BMMNC subpopulation reduced TNF-α 
expression in the brains of an ischemic mouse model (Wang 
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et al. 2015). A reduction in TNF-α after BMMNC adminis-
tration was also observed in a rat model of ischemic stroke 
(Suda et al. 2014) and in patients with refractory diabetic 
sensorimotor polyneuropathy (Wei et al. 2020). In addition, 
BMMNC infusion increased anti-inflammatory cytokines 
(IL-4 and IL-10) in epileptic rats (Costa-Ferro et al. 2012). 
Bedi et al. demonstrated that BMMNC administration pre-
served BBB integrity, attenuated the activated microglial/
macrophage response, and improved cognitive function in a 
controlled cortical impact rodent model of TBI(Bedi et al. 
2013).

Modulation of Systemic Inflammation

Altered communication between the central nervous sys-
tem and immune cells contributes to the pathology of sev-
eral neurological and psychiatric disorders (Dantzer 2018; 
Matejuk et al. 2021). In an animal model of chronic mild 
stress, BMMNCs reversed the upregulation of HMGB-1, 
which is a key factor in initiating neuroinflammation and 
depressive behaviors (Wang et al. 2018; Zhang et al. 2019), 
and increased the levels of the neurogenic factor BDNF 
in the hippocampus and spleen (Costa-Ferro et al. 2022). 
Furthermore, cell therapy suppressed IL-1β expression in 
the tissue of the former structure, which further acceler-
ated its anti-inflammatory effect. As a result, mice trans-
planted with BMMNCs demonstrated superior resistance to 

Table 8  The roles of BMMNC subtypes in the treatment of neurological diseases

EPCs endothelial progenitor cells; ECs endothelial cells; HSCs hematopoietic stem cells; MSCs mesenchymal stromal/stem cells; CD cluster of 
differentiation; CXCR C-X-C chemokine receptor; VEGF vascular endothelial growth factor; TNF-α tumor necrosis factor; CNS central nervous 
system

Cell type Main findings References

EPCs – Participate in blood vessel formation
– Vascular repair and remodeling
– Promote angiogenesis through the release of VEGF, 

EC proliferation
– Increase vascular diameter and the number of branch 

points in ischemic regions in a cerebral ischemic animal 
model

– Anti-apoptosis

Kong et al. (2018), Hong et al. (2020), Asahara et al. 
(1997)

MSCs – Anti-inflammatory effects
– Reduce lesion size, cell death
– Neuroprotection
– Enhancement in neurogenesis
– Functional improvement
– Maintenance and remodeling of axons
– Remyelination
– Disease symptom amelioration

Andrzejewska et al. (2021), Hoang et al. (2022)

HSCs  (CD34+) – Induction of migration
– Induction of angiogenesis
– Modulation of neuroinflammation
– Differentiation into ECs

Saha et al. (2019)

CD34+/M-cadherin+ cells – Promote arteriogenesis and angiogenesis Terry et al. (2011)
CD117+ cells – Increase microvessel density and blood perfusion, 

endothelial differentiation, VEGF release
Li et al. (2003)

CXCR4+CD45− cells – Enhance VEGF expression
– Reduce infarction volume and neurological deficits
– Decrease TNF-α expression in the brain of ischemic 

stroke mouse models

Wang et al. (2015)

CD133+ cells – Improve endothelial function, ischemia, and bone 
generation

Li (2013), Hristov and Weber (2008)

Monocyte – Migrate to CNS and remain confined to the sites of 
injury

– Neuroprotective effects

Lampron et al. (2013), Herz et al. (2017)

Muse cells – Migrate to the spinal cord, supporting motor neuron 
survival and suppressing myofiber atrophy

– Differentiate into astrocyte-lineage cells or neural cells, 
facilitating neural reconstruction and function

Kajitani et al. (2021), Uchida et al. (2017), Yamashita 
et al. (2020)
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stress-induced depression (Costa-Ferro et al. 2022). In line 
with these observations, BMMNCs counteracted the secre-
tion of proinflammatory factors, including TNF-α, IL-6, 
and histone H3, and thus reduced systemic inflammation 
and endothelial tissue damage in sepsis (Matsubara et al. 
2021). MSCs, NSCs, and multipotent adult progenitor cells 
in the BM exhibit significant immunomodulatory properties 
(Corey et al. 2020; Stonesifer et al. 2017). These cells acti-
vated T regulatory cells; modulated the cytokine landscape 
by reducing inflammatory IL-1β, IL-6, MCP-1, and MIP-1α 
while increasing anti-inflammatory IL-4, IL-10, and TNF-β; 
and reduced microglial activation in ischemic stroke (Huang 
et al. 2014; McGuckin et al. 2013; Chen et al. 2013).

It remains unclear whether migration of BMMNCs to the 
brain is necessary for their therapeutic effects. In addition to 
the brain, BM-MSCs also migrate to other organs, including 
the lung, liver, spleen, and kidney, in chronic stroke (Yang 
et al. 2011; Acosta et al. 2015). The importance of the spleen 
in the pathology of stroke has been demonstrated in several 
studies, in which animal models of brain injury concur-
rently exhibited undersized spleens with reduced numbers 
of CD8+ T cells (Yang et al. 2017; Vendrame et al. 2006). 

Acosta et al. revealed better survival of BM-MSCs in the 
spleen than in the brain, with 0.03% and 0.0007% survival, 
respectively. Despite the very low rates of homing, BM-
MSCs significantly abrogated neuroinflammation, reduced 
neural loss, and improved motor and cognitive deficits in 
animal stroke models (Acosta et al. 2015). Interestingly, 
BM-MSCs and umbilical cord blood cells were able to 
migrate from the cerebrum to the periphery via the lym-
phatic system to modulate the inflammatory response in the 
spleen (Vendrame et al. 2004; Xu et al. 2019). This behavior 
seemed to be a prerequisite for the neuroprotective effects 
mediated by human multipotent adult progenitor cells, as 
splenectomized animals failed to benefit from cell therapy 
(Yang et al. 2017). Accordingly, the therapeutic effect of 
BM-MSCs was correlated with their presence in the spleen 
and inversely depended on the systemic inflammation status 
(Acosta et al. 2015).

Homing and Differentiation

In vitro experiments and animal studies have revealed that 
BMMNCs can migrate to target sites, including abnormal 

Fig. 1  Paracrine effects of BMMNCs in animal models of differ-
ent neurological diseases. In stroke, BMMNCs reduce the levels of 
inflammatory cytokines, such as TNF-α; increase the levels of growth 
factors and the anti-inflammatory cytokine IL-10; activate metabo-
lism-related genes; and differentiate into ECs and cells expressing the 
neuronal marker NeuN. In SCI, BMMNCs also induce the produc-
tion of growth factors, increase the number of growth factor–produc-
ing cells, and reduce inflammatory cytokine levels and cell apoptosis 
in the injured spinal cord. In TBI, BMMNCs might proliferate and 

migrate to injured sites to attenuate microglial activation and reduce 
macrophage responses. In ALS, BMMNCs decrease inflamma-
tory cytokines and increase neurotrophic factors and growth factors. 
BMMNCs also migrate to the spinal cord and express the neuropro-
tection marker glutamate transporter-1. In epilepsy, BMMNCs sup-
press inflammatory cytokines, increase anti-inflammatory cytokines 
and growth factors, and decrease allograft inflammatory factor-1 and 
the Rho subfamily of small GTPases
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brain areas (Sohni and Verfaillie 2013). Hematopoietic cells 
from BM migrated to the brains of mice three days after 
administration and were widely distributed throughout the 
brain, including the hippocampus, brain stem, thalamus, 
cortex, and cerebellum (Eglitis and Mezey 1997).  CD34+ 
cells have been demonstrated to migrate to sites of injury in 
patients with chronic SCI to restore damaged neuronal cells 
(Callera et al. 2007) (Fig. 4).

The differentiation capacity of BMMNCs is still a mat-
ter of ongoing research and debate (Fig. 4). Studies have 
illustrated that stem cells from BM can differentiate into 
ECs in situ (Jackson et al. 2001). Li et al. demonstrated 
that  CD117+ cells differentiated into ECs, facilitating 
increased microvessel density and blood perfusion in mice 
(Li et al. 2003). Carneiro et al. reported that BMMNCs from 
C57BL/6 mice cultured in different conditions differenti-
ated into early EPCs capable of differentiation into major 
ECs to participate in the re‐endothelization of damaged ves-
sels (Carneiro et al. 2015). Early studies provided evidence 
that stem cells from BM can differentiate into neural and 

glial cells (in vitro and in vivo (Darabi et al. 2013; Song 
et al. 2007), microglia and astrocytes in the brains of recipi-
ent mice (Eglitis and Mezey 1997), vascular cells(Terry 
et al. 2011), oligodendrocytes (Akiyama et al. 2002), and 
cells expressing the neuronal marker NeuN [in the brains 
of recipient mice (Mezey et al. 2000b) and in the CNS of 
adult mice(Brazelton et al. 2000)]. However, several studies 
have shown that the BM cells were not transdifferentiating 
through their intrinsic transdifferentiation capacity. Stud-
ies have reported that the transdifferentiation may be due to 
cell fusion. Tetara et al. demonstrated that BM cells could 
spontaneously fuse with a variety of different cell types, 
including hepatocytes, myocytes, and neurons, leading to 
the expression of markers of the fused cells in the BM cells 
(Terada et al. 2002). Another study by Alvarez Dolado et al. 
showed that BM cells from male mice were able to fuse 
with Purkinje neurons, cardiomyocytes, and hepatocytes 
in female mice, leading to the expression of male-specific 
genes in the fused cells. This suggests that fusion may be 
a mechanism by which BM cells can adopt characteristics 

Fig. 2  BMMNCs induce angiogenesis. BMMNCs  (CD34+,  CD117+, 
 CXCR4+CD45− cells) secrete VEGF, promoting pericyte detachment 
from ECs for endothelial sprouting, and pericytes release Ang-1 for 
vessel growth and maturation. VEGF, basic FGF (bFGF), and IGF 
produced by CD34+/M-cadherin + BMMNCs stimulate the migration 
and proliferation of ECs. CXCR10 secreted by  CD34+/M-cadherin+ 
cells recruits BM-derived mesenchymal stem/stromal cells (BM-
MSCs) to the target site.  CD34+ cells release angiogenic factors 

(VEGF, HGF, FGF-2, and TGF-β1), cytokines, and chemokines 
(IL-8, MCP-1, and MIP-1α) involved in angiogenesis. Interac-
tion between BMMNCs and ECs results in glucose transfer from 
BMMNCs into ECs for energy supply, VEGF uptake by ECs via gap 
junctions between the cells, increased expression and activation of 
HIF-1α, enhanced eNOS phosphorylation, and decreased autophagy 
of ECs
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of different cell types (Alvarez-Dolado et al. 2003). Cell 
fusion has also been demonstrated to be the principal source 
of BM–derived hepatocytes (Wang et al. 2003; Vassilopou-
los et al. 2003; Alvarez-Dolado et al. 2003). In addition, 
some researchers suggest that the observed differentiation 
into neural cells may be due to contamination with neural 
precursor cells rather than transdifferentiation of BMMNCs 
themselves. Sanchez-Ramos et al. showed that BM stro-
mal cells from adult rats could differentiate into cells with 
neuronal morphology and express neural markers in vitro. 
However, the authors acknowledged that the possibility of 
contamination with neural precursor cells could not be ruled 
out as a cause of the observed results (Sanchez-Ramos et al. 
2000). A study by Bjornson and colleagues reported that 
BM cells from male mice could give rise to cells bearing 
neuronal antigens in the brains of female mice that had been 
irradiated and then received BM transplants. However, the 
authors noted that contamination with neural precursor cells 
from the donor mice could not be ruled out as an explanation 
for the observed results (Mezey et al. 2000a). Contamina-
tion with neural crest–derived stem cells and tissue culture 

artifacts is suggested to be a mechanism contributing to the 
apparent switch to a neural phenotype in MSCs (Somoza 
et al. 2008; Montzka et al. 2009).

In general, BMMNCs can migrate and home to affected 
sites. However, the differentiation capacity of BMMNCs is 
still an area of active research, and more studies are needed 
to fully understand their potential. Furthermore, stem cells 
make up a very small percentage of BMMNCs, and even if 
the BMMNC transdifferentiation occurs, the low number 
of BMMNCs that reach the CNS, differentiate into neural 
cells, survive, and integrate into neural tissue implies that 
this process might not be the main protective mechanism of 
BMMNCs.

Mitochondrial Transfer

Mitochondria play an essential role in energy metabolism 
and are crucial for various cellular activities. They provide 
the energy necessary to drive the physiological functions 
of cells. Mitochondrial dysfunction has been identified in 
neurological disorders (Norat et al. 2020). Recently, more 

Fig. 3  Neuroprotective effects 
of BMMNCs. BMMNCs 
improve neuropathic symptoms, 
increase sensory and motor 
nerve conduction velocity 
(NCV), and decrease Toronto 
Clinical Scoring System 
(TCSS) scores by decreasing 
ICAM-1 and increasing VEGF. 
BMMNCs release neurotrophic 
factors (VEGF, IGF, SDF-1, 
IL-10, HGF, MCP-1, NGF, 
NT-3, GDNF, FGF-2, and IGF-
1) to reduce neuronal death, 
oxidative stress, microglial and 
macrophage-mediated toxicity, 
and cavity formation and pro-
vide axon protection and neuro-
genesis. BM-derived monocytes 
migrate to the CNS to increase 
brain connectivity and stimulate 
oligodendrocytes. BMMNCs 
inhibit caspase-3 activation and 
enhance the expression of Bcl-1 
on EPCs to reduce apoptosis
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evidence has demonstrated that mitochondrial transfer 
between cells can rescue and revitalize exhausted cells. 
Hayakawa et al. reported that EPC-derived extracellular 
mitochondria can be incorporated into normal brain ECs 
to support brain endothelial energetics, barrier integrity, 
and angiogenic function (Hayakawa et al. 2018). Mitochon-
drial transfer from BM-MSCs to motor neurons in SCI rats 
reduced apoptosis during the early stage of SCI, improved 
the recovery of locomotor function, and decreased the size 
of the lesion cavity and glial scar during the late stage of 
SCI (Li et al. 2019). Liu et al. demonstrated that BM-MSC 
mitochondria transferred to ECs and provided protective 
effects by improving the mitochondrial activity of dam-
aged microvessels, enhancing angiogenesis, and reducing 
infarct volume in an ischemic stroke rat model (Liu et al. 
2019). Tunneling nanotubes, extracellular vesicles, gap junc-
tions, uptake of isolated mitochondria, and cell fusion have 
been considered among the possible mechanisms of mito-
chondrial transfer (Tan et al. 2022).

Extracellular Vesicles

Cells in the central nervous system orchestrate a complex 
communication network to maintain their neural circuits in 
health and diseases (Ruan et al. 2021). In addition to the 
paracrine effects of soluble factors, extracellular vesicles 
(EVs) provide a unique mechanism governing intercellular 

interactions. EVs contain numerous messenger molecules in 
the form of proteins, mRNAs, microRNAs, long noncoding 
RNAs, metabolites, lipids, and even mitochondria to target 
cells (Ruan et al. 2021; Tan et al. 2022). Furthermore, EVs 
can permeate the BBB, which makes them more capable 
of reaching the brain than cellular drugs (Ramos-Zaldívar 
et al. 2022). Although the majority of EVs are trapped in 
the liver, spleen, lung, pancreas, and GI tract, ca. One per-
cent of injected EVs reach the brain (Wiklander et al. 2015). 
Macrophage-derived EVs express the integrin lymphocyte-
function-associated antigen 1, which interacts with ICAM-1 
on ECs to mediate entry into the brain parenchyma. This is 
further enhanced in response to inflammation (Matsumoto 
et al. 2017; Yuan et al. 2017). In vitro data and experiments 
in zebrafish suggested that EVs crossed the BBB via trans-
cytosis, a process mediating the transport of macromolecules 
from one side of a cell to the other through a cellular barrier 
(Ramos-Zaldívar et al. 2022).

BM-MSCs in the BM microenvironment are the most 
frequently reported source of EVs with therapeutic applica-
tions in neurological diseases (Ghafouri-Fard et al. 2021; 
Gautheron et al. 2023). EVs secreted by BM-MSCs have 
exhibited immunosuppressive, neurogenic, and proangio-
genic properties (Reed and Escayg 2021; Yuan et al. 2022). 
Similar to BM-MSCs, their EVs produced an anti-inflam-
matory milieu with a decrease in IL-1α, IL-1β, and IL-6 
and an increase in IL-10 in rodent models of stroke and TBI 

Fig. 4  Migration and differen-
tiation potential of BMMNCs 
in vitro and in vivo. Intra-
venously infused BMMNCs 
migrate to the mouse brain and 
spinal cord. Those that reach 
affected brain areas express 
markers of microglia or macro-
glia (astroglia and oligodendro-
cytes) or the neuronal marker 
NeuN, and those that reach 
the injured spinal cord express 
markers of oligodendrocytes. 
However, further research must 
explore whether BMMNCs 
can differentiate into cells or 
whether other mechanisms, such 
as cell infusion, contamination, 
or culture artifacts, are involved. 
In vitro, under different culture 
conditions, BMMNCs can 
differentiate into EPCs, ECs, 
gamma-aminobutyric acid-
secreting (GABAergic) neuron-
like cells, and cells expressing 
neuronal and glial markers
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(Kim et al. 2016; Dabrowska et al. 2019). This resulted in 
the deactivation of immune cells and astrocytes in ischemic 
regions (Dabrowska et al. 2019). Exosomes polarize acti-
vated helper T cells into regulatory T cells (Zhang et al. 
2014) while polarizing proinflammatory M1 microglia into 
the anti-inflammatory M2 phenotype via the ERK1/2 path-
way (Zhao et al. 2020). Furthermore, neurogenesis was sig-
nificantly stimulated in the presence of BM-MSC-derived 
EVs. Axonal and synaptic density were increased along 
the ischemic boundary zone of the cortex and striatum in 
treated mice, which were subjected to middle cerebral artery 
occlusion to induce stroke (Xin et al. 2013). EVs contain 
many factors that stimulate axon growth, regeneration of 
oligodendrocytes, and remyelination, leading to white matter 
recovery after stroke (Otero-Ortega et al. 2017). In an exper-
imental TBI model, exosomes positively impacted immature 
and mature neurons in the dentate gyrus (Zhang et al. 2015). 
They reduced glutamate levels and the expression of GLT-1, 
a presynaptic glutamate transporter, via downregulation of 
p38 MAPK signaling in astrocytes. Consequently, caspase-3 
and cleaved caspase-9 levels marking apoptotic neurons 
were reduced in exosome-treated TBI rats (Zhuang et al. 
2022). In these models, neurogenesis was often accompa-
nied by angiogenesis. Indeed, EVs enhanced the formation 
of new blood vessels in ischemic regions of experimental 
stroke (Doeppner et al. 2015). Similarly, exosomes induced 
proliferation of ECs in the lesion region and dentate gyrus 
of TBI mice to further stimulate neural regeneration (Zhang 
et al. 2015). In Alzheimer’s disease, neprilysin, an endo-
peptidase found in BM-MSC-derived EVs, was capable of 
digesting Aβ plaques and reversing cognitive impairment 
induced by beta amyloid 1–42 (Reza-Zaldivar et al. 2019; 
Elia et al. 2019). Overall, EVs are a powerful tool for cell‒
cell communication. The functions of EVs secreted by other 
BMMNC populations outside BM-MSCs remain elusive.

Other Mechanisms

In a recent study, it was reported that BM-derived microglia 
could be recruited to the CNS and phagocytose amyloid β 
accumulated in Alzheimer’s disease (Li et al. 2020). Ogawa 
et al. (2021) reported that BMMNC administration acti-
vated metabolism-related genes in the contralateral cortex 
at 3 h after BMMNC administration and improved motor 
function at 10 weeks after cell therapy in a murine stroke 
model(Ogawa et al. 2021).

Taken together, these findings show that BMMNCs 
mainly act via mechanisms such as homing; differentiation; 
and paracrine effects, including angiogenesis, neuroprotec-
tion, and anti-inflammatory effects. The potential outcomes 
of BMMNCs in the treatment of neurological diseases are 
probably due to these mechanisms.

Indications for BMMNC Administration 
to Treat Neurological Diseases

For decades, BMMNCs have been employed in numerous 
clinical trials and therapeutic services in the treatment of 
several diseases. However, good results are not achieved 
in all patients after treatment. This issue raises the ques-
tion of when BMMNC administration should be indicated. 
Nguyen et al. demonstrated that clinical improvements 
were observed in patients with ASD of different degrees 
of severity after BMMNC transplantation, while ASD 
patients with severe genetic alterations related to the dis-
ease showed no responses to the treatment, suggesting that 
genetic changes might have an impact on the outcomes 
of BMMNC therapy (Nguyen Thanh et al. 2021). While 
several studies employed BMMNCs in treating CP without 
referring to its causes (Sharma et al. 2012; Liu et al. 2017). 
Liem et al. infused the cells in selected patients with CP 
due to acquired causes, such as neonatal icterus or oxygen 
deprivation, but not in patients with CP due to congenital 
causes related to genetic abnormalities (Liem et al. 2017; 
Nguyen et al. 2018; Thanh et al. 2019). Thus, indications 
for BMMNC administration in treating neurological dis-
eases should be based on the etiology, and we suggest 
that BMMNC administration should be indicated only for 
patients without genetic abnormalities.

In addition, the stage, extent, phase (acute, subacute, 
or chronic conditions), and chronicity as well as the age 
of treated patients might also influence the effectiveness 
of BMMNC therapy. A study by Sharma et al. showed 
that SCI patients for whom intervention was performed 
early (12 months postinjury) or those who were younger 
(under 18 years old) achieved better functional outcomes 
of BMMNC treatment (Sharma et al. 2020b). The same 
team also showed that the percentages of improvement in 
FIM scores of patients gradually decreased from patients 
with American Spinal Injury Association (ASIA) grade 
A SCI to patients with ASIA grade D SCI, indicating that 
the rate of improvement was inversely proportional to the 
severity of the injury (Sharma et al. 2020b). Therefore, 
BMMNC administration should be performed at early 
stages of disease to achieve the best outcomes.

Advantages and Limitations 
of the Application of BMMNCs 
for Neurological Diseases

BMMNCs have been used in clinical trials for the treat-
ment of several neurological diseases, with promising out-
comes thus far. BMMNCs have several advantages over 
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other types of stem cells. BMMNCs can be easily isolated 
from BM aspirates using an inexpensive method, density 
gradient centrifugation. While other cell types require time 
for culture/expansion, BMMNCs can be used in patients 
immediately after being harvested. Therefore, BMMNCs 
can be used early in treatment, which can be advantageous 
for patients because diseases may worsen over time or even 
during the preparation of other cell types. In addition, 
because BMMNCs do not require cultivation, the cost of 
BMMNC therapy can be less than that of cell therapies 
that require intensive preparations and cultures. Further-
more, the risk of malignant transformation occurring dur-
ing long-term in vitro cell culture (Taguchi et al. 2015b) 
can be eliminated when BMMNC therapy is used.

However, the use of BMMNCs still has many challenges 
and limitations that need to be resolved. The first limita-
tion of BMMNC application is that the optimal dose, num-
ber of injections, and delivery route for each neurological 
disease have not yet been established. Most clinical trials 
to date have administered all harvested BMMNCs without 
determining an optimal dose. This issue of unknown opti-
mal cell counts obviously leads to difficulties in validating 
and quantifying the outcomes of BMMNC administration. 
Another limitation is that BMMNCs include different sub-
types, whose individual roles have not yet been fully studied. 
Moreover, the interactions among subtypes in BMMNCs 
that might result in additive, synergistic, or even detrimen-
tal effects on the efficacy of cell therapies should be fur-
ther investigated to enhance the effectiveness of BMMNC 
administration.

Several factors influence the quality of BMMNCs. A pre-
vious study demonstrated that the neuroprotective effects of 
BMMNCs in vitro were dependent on age in an experimen-
tal stroke model (Wagner et al. 2012). Aging has also been 
reported to impair angiogenic capacity (Zhuo et al. 2010) 
and hamper the neovascularization (Sugihara et al. 2007) 
of sites containing BMMNCs. Nguyen et al. showed that 
alterations in the mitochondrial DNA of BM-derived MSCs 
affected the proliferation and metabolism of cells, conse-
quently altering the outcomes of autologous cell administra-
tion (Nguyen et al. 2021). They suggested that autologous 
administration of BM-derived MSCs for the treatment of 
type 2 diabetes mellitus should be performed specifically 
in nonobese patients with a disease duration under 10 years 
(Nguyen et al. 2021). Thus, age and comorbidities should be 
considered when evaluating the efficacy of BMMNC admin-
istration for neurological diseases.

Due to rejection issues, BMMNCs have mainly been 
administered to patients autologously thus far. The number 
of participants enrolled in the clinical trials is limited, and 
many studies to date have been case report studies. The lack 
of control groups has it difficult to draw an accurate conclu-
sion about the effects of a single BMMNC administration. 

Therefore, further randomized controlled clinical trials 
employing larger sample sizes should be performed to obtain 
better insight into the role of BMMNCs in the treatment of 
neurological diseases.

Conclusion

In this review, we discussed the known and unknown aspects 
of BMMNC applications in the treatment of neurological 
diseases. We suggest the following:

(1) For the administration of BMMNCs to treat neurologi-
cal diseases, the intrathecal route is ideal because it is 
minimally invasive while maximizing the number of 
infused cells reaching the target areas.

(2) The proper volume of BM should be aspirated to ensure 
that positive effects are achieved without impairing the 
patient’s hemodynamics. Accordingly, further studies 
are also needed to determine the optimal number of 
injections for each neurological disease. The relation-
ship among the administration routes, doses, and out-
comes of BMMNC-based therapies is a question that 
remains to be answered through further investigation.

(3) The proposed mechanisms of BMMNCs include angi-
ogenesis, homing, differentiation, paracrine signaling 
and anti-inflammatory effects. Other potential mecha-
nisms linking BMMNCs to treatment outcomes should 
be further explored using animal models, as should the 
roles of various BMMNC subtypes.

(4) Autologous BMMNC administration should be indi-
cated after careful consideration of the genetic abnor-
malities involved and the stage of disease.

(5) Additional randomized clinical trials should be per-
formed to draw accurate conclusions about the efficacy 
of BMMNCs in the treatment of neurological condi-
tions.

Although BMMNC administration has led to improve-
ments in the treatment of several different neurological 
diseases, there are still challenging questions that need 
to be answered through preclinical and clinical trials 
to enhance the effectiveness of BMMNC therapy in the 
future.

Acknowledgements The authors would like to thank the Vingroup 
Scientist Research and Clinical Application Fund (Grant Number: 
PRO19.47) for supporting this work. All figures were created with 
Biorender.com.

Author Contributions Conception and design of the manuscript: QTN, 
LNT, VTH, TTKP, HK, DMH. Literature review: QTN, LNT, VTH, 
TTKP, DMH. Drafting or revision of the manuscript: QTN, LNT, VTH, 
TTKP, HK, DMH. All authors have approved the final article.



3243Cellular and Molecular Neurobiology (2023) 43:3211–3250 

1 3

Funding This work is supported by the Vingroup Scientist Research 
and Clinical Application Fund (Grant Number: PRO19.47).

Data Availability Not applicable.

Declarations 

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Ethical Approval and Consent to Participate Not applicable.

Consent for Publication Not applicable.

References

Acosta SA, Tajiri N, Hoover J, Kaneko Y, Borlongan CVJS (2015) 
Intravenous bone marrow stem cell grafts preferentially migrate 
to spleen and abrogate chronic inflammation in stroke. Stroke 
46(9):2616–2627

Akiyama Y, Radtke C, Honmou O, Kocsis JDJG (2002) Remyelination 
of the spinal cord following intravenous delivery of bone marrow 
cells. Glia 39(3):229–236

Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, 
Pfeffer K, Lois C, Morrison SJ, Alvarez-Buylla AJN (2003) 
Fusion of bone-marrow-derived cells with Purkinje neurons, 
cardiomyocytes and hepatocytes. Nature 425(6961):968–973

Amar AP, Zlokovic BV, Apuzzo MLJN (2003) Endovascular restora-
tive neurosurgery: a novel concept for molecular and cellular 
therapy of the nervous system. Neurosurgery 52(2):402–413

Anderson L, Burnstein RM, He X, Luce R, Furlong R, Foltynie T, 
Sykacek P, Menon DK (2007) Gene expression changes in long 
term expanded human neural progenitor cells passaged by chop-
ping lead to loss of neurogenic potential in vivo. Exp Neurol 
204(2):512–524

Andrzejewska A, Dabrowska S, Lukomska B, Janowski MJAS (2021) 
Mesenchymal stem cells for neurological disorders. Adv Sci 
8(7):2002944

Arai K, Harada Y, Tomiyama H, Michishita M, Kanno N, Yogo T, 
Suzuki Y, Hara Y (2016) Evaluation of the survival of bone mar-
row-derived mononuclear cells and the growth factors produced 
upon intramedullary transplantation in rat models of acute spinal 
cord injury. Res Vet Sci 107:88–94. https:// doi. org/ 10. 1016/j. 
rvsc. 2016. 05. 011

Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, 
Witzenbichler B, Schatteman G, Isner JMJS (1997) Isolation of 
putative progenitor endothelial cells for angiogenesis. Science 
275(5302):964–966

Bakshi A, Hunter C, Swanger S, Lepore A, Fischer I (2004) Minimally 
invasive delivery of stem cells for spinal cord injury: advantages 
of the lumbar puncture technique. J Neurosurg 1(3):330–337

Barbosa da Fonseca LM, Gutfilen B, Rosado de Castro PH, Battistella 
V, Goldenberg RC, Kasai-Brunswick T, Chagas CL, Wajnberg 
E, Maiolino A, Salles Xavier S, Andre C, Mendez-Otero R, 
de Freitas GR (2010) Migration and homing of bone-marrow 
mononuclear cells in chronic ischemic stroke after intra-arterial 
injection. Exp Neurol 221(1):122–128. https:// doi. org/ 10. 1016/j. 
expne urol. 2009. 10. 010

Battistella V, de Freitas GR, da Fonseca LMB, Mercante D, Gutfilen B, 
Goldenberg RC, Vieira Dias J, Kasai-Brunswick TH, Wajnberg 
E, Rosado-de-Castro P (2011) Safety of autologous bone mar-
row mononuclear cell transplantation in patients with nonacute 
ischemic stroke. Regen Med 6(1):45–52

Beausejour C (2007) Bone marrow-derived cells: the influence of 
aging and cellular senescence. Handb Exp Pharmacol 180:67–88. 
https:// doi. org/ 10. 1007/ 978-3- 540- 68976-8_4

Bedi SS, Walker PA, Shah SK, Jimenez F, Thomas CP, Smith P, Hetz 
RA, Xue H, Pati S, Dash PK, Cox CS Jr (2013) Autologous 
bone marrow mononuclear cells therapy attenuates activated 
microglial/macrophage response and improves spatial learn-
ing after traumatic brain injury. J Trauma Acute Care Surg 
75(3):410–416. https:// doi. org/ 10. 1097/ TA. 0b013 e3182 9617c6

Bhasin A, Srivastava M, Bhatia R, Mohanty S, Kumaran S, Bose SJ, 
Medicine R (2012) Autologous intravenous mononuclear stem 
cell therapy in chronic ischemic stroke. J Stem Cells Regen 
Med 8(3):181

Bhasin A, Srivastava MVP, Mohanty S, Vivekanandhan S, Sharma S, 
Kumaran S, Bhatia R (2016) Paracrine mechanisms of intrave-
nous bone marrow-derived mononuclear stem cells in chronic 
ischemic stroke. Cerebrovasc Dis Extra 6(3):107–119. https:// 
doi. org/ 10. 1159/ 00044 6404

Blair E, Langdon K, McIntyre S, Lawrence D (2019) Survival and 
mortality in cerebral palsy: observations to the sixth decade 
from a data linkage study of a total population register and 
National Death Index. BMC Neurol 19(1):1–11

Blanquer M, Moraleda JM, Iniesta F, Gómez-Espuch J, Meca-
Lallana J, Villaverde R, Pérez-Espejo MÁ, Ruíz-López FJ, 
Garcia Santos JM, Bleda PJ (2012) Neurotrophic bone mar-
row cellular nests prevent spinal motoneuron degeneration in 
amyotrophic lateral sclerosis patients: a pilot safety study. Stem 
Cells 30(6):1277–1285

Boucherie C, Caumont A-S, Maloteaux J-M, Hermans EJ (2008) 
In vitro evidence for impaired neuroprotective capacities of 
adult mesenchymal stem cells derived from a rat model of 
familial amyotrophic lateral sclerosis (hSOD1G93A). Exp 
Neurol 212(2):557–561

Brazelton TR, Rossi FM, Keshet GI, Blau HMJS (2000) From mar-
row to brain: expression of neuronal phenotypes in adult mice. 
Science 290(5497):1775–1779

Callera F, de Melo CMJSC, Development, (2007) Magnetic reso-
nance tracking of magnetically labeled autologous bone mar-
row CD34+ cells transplanted into the spinal cord via lumbar 
puncture technique in patients with chronic spinal cord injury: 
CD34+ cells’ migration into the injured site. Stem Cells Dev 
16(3):461–466

Carneiro GD, Godoy JA, Werneck CC (2015) Differentiation of C57/
BL6 mice bone marrow mononuclear cells into early endothe-
lial progenitors cells in different culture conditions. Cell Biol 
Int 39(10):1138–1150

Carness JM, Lenart MJ (2019) Current local anesthetic applications 
in regional anesthesia. In: Whizar-Lugo VM (ed) Topics in 
local anesthetics. IntechOpen, London, p 73

Cassidy JD, Carroll LJ, Peloso PM, Borg J, von Holst H, Holm 
L, Kraus J, Coronado VG, Injury WHOCCTFoMTB (2004) 
Incidence, risk factors and prevention of mild traumatic brain 
injury: results of the WHO Collaborating Centre Task Force on 
Mild Traumatic Brain Injury. J Rehabil Med 36(43 Suppl):28–
60. https:// doi. org/ 10. 1080/ 16501 96041 00237 32

CDC (2022) Stroke facts
Chen Q-Q, Yan L, Wang C-Z, Wang W-H, Shi H, Su B-B, Zeng Q-H, 

Du H-T, Wan JJW (2013) Mesenchymal stem cells alleviate 
TNBS-induced colitis by modulating inflammatory and auto-
immune responses. World J Gastroenterol 19(29):4702

Chen W, Zhang Y, Yang S, Sun J, Qiu H, Hu X, Niu X, Xiao Z, Zhao 
Y, Zhou YJCT (2020) NeuroRegen scaffolds combined with 
autologous bone marrow mononuclear cells for the repair of 
acute complete spinal cord injury: a 3-year clinical study. Cell 
Transpl. https:// doi. org/ 10. 1177/ 09636 89720 950637

https://doi.org/10.1016/j.rvsc.2016.05.011
https://doi.org/10.1016/j.rvsc.2016.05.011
https://doi.org/10.1016/j.expneurol.2009.10.010
https://doi.org/10.1016/j.expneurol.2009.10.010
https://doi.org/10.1007/978-3-540-68976-8_4
https://doi.org/10.1097/TA.0b013e31829617c6
https://doi.org/10.1159/000446404
https://doi.org/10.1159/000446404
https://doi.org/10.1080/16501960410023732
https://doi.org/10.1177/0963689720950637


3244 Cellular and Molecular Neurobiology (2023) 43:3211–3250

1 3

Colver A, Fairhurst C, Pharoah PO (2014) Cerebral palsy. Lan-
cet 383(9924):1240–1249. https:// doi. org/ 10. 1016/ S0140- 
6736(13) 61835-8

Corey S, Bonsack B, Heyck M, Shear A, Sadanandan N, Zhang H, 
Borlongan CVJBh (2020) Harnessing the anti-inflammatory 
properties of stem cells for transplant therapy in hemorrhagic 
stroke. Brain Hemorrhages 1(1):24–33

Costa-Ferro ZS, Souza BS, Leal MM, Kaneto CM, Azevedo CM, da 
Silva IC, Soares MB, Ribeiro-dos-Santos R, DaCosta J (2012) 
Transplantation of bone marrow mononuclear cells decreases 
seizure incidence, mitigates neuronal loss and modulates pro-
inflammatory cytokine production in epileptic rats. Neurobiol 
Dis 46(2):302–313

Costa-Ferro ZSM, de Oliveira GN, da Silva DV, Marinowic DR, 
Machado DC, Longo BM, da Costa JCJBS (2020) Intravenous 
infusion of bone marrow mononuclear cells promotes functional 
recovery and improves impaired cognitive function via inhibi-
tion of Rho guanine nucleotide triphosphatases and inflamma-
tory signals in a model of chronic epilepsy. Brain Struct Funct 
225(9):2799–2813

Costa-Ferro ZSM, Doprado-Lima PAS, Onsten GA, Oliveira GN, 
Brito GC, Ghilardi IM, Dossantos PG, Bertinatto RJ, Dasilva 
DV, Salamoni SD (2022) Bone marrow mononuclear cell trans-
plant prevents rat depression and modulates inflammatory and 
neurogenic molecules. Progr Neuro-Psychopharmacol Biol Psy-
chiatry 113:110455

Cox CS Jr (2018) Cellular therapy for traumatic neurological injury. 
Pediatr Res 83(1–2):325–332. https:// doi. org/ 10. 1038/ pr. 2017. 
253

Cox CS Jr, Baumgartner JE, Harting MT, Worth LL, Walker PA, Shah 
SK, Ewing-Cobbs L, Hasan KM, Day M-C, Lee DJN (2011) 
Autologous bone marrow mononuclear cell therapy for severe 
traumatic brain injury in children. Neurosurgery 68(3):588–600. 
https:// doi. org/ 10. 1227/ NEU. 0b013 e3182 07734c

Cox CS Jr, Hetz RA, Liao GP, Aertker BM, Ewing-Cobbs L, Juranek 
J, Savitz SI, Jackson ML, Romanowska-Pawliczek AM, Triolo 
FJSC (2017) Treatment of severe adult traumatic brain injury 
using bone marrow mononuclear cells. Stem Cells 35(4):1065–
1079. https:// doi. org/ 10. 1002/ stem. 2538

Crisostomo PR, Wang Y, Markel TA, Wang M, Lahm T, Meldrum 
DR (2008) Human mesenchymal stem cells stimulated by 
TNF-α, LPS, or hypoxia produce growth factors by an NFκB-
but not JNK-dependent mechanism. Am J Physiol-Cell Physiol 
294(3):C675–C682

Dabrowska S, Andrzejewska A, Strzemecki D, Muraca M, Janowski 
M (2019) Human bone marrow mesenchymal stem cell-derived 
extracellular vesicles attenuate neuroinflammation evoked by 
focal brain injury in rats. J Neuroinflamm 16:1–15

DaCosta JC, Portuguez MW, Marinowic DR, Schilling LP, Torres CM, 
DaCosta DI, Carrion MJM, Raupp EF, Machado DC, Soder RB 
(2018) Safety and seizure control in patients with mesial tem-
poral lobe epilepsy treated with regional superselective intra-
arterial injection of autologous bone marrow mononuclear cells. 
J Tissue Eng Regen Med 12(2):e648–e656

Dalic L, Cook MJJ (2016) Managing drug-resistant epilepsy: chal-
lenges and solutions. NDT 12:2605

Dantzer RJ (2018) Neuroimmune interactions: from the brain to the 
immune system and vice versa. Physiol Rev 98(1):477–504

Darabi S, Tiraihi T, Delshad A, Sadeghizadeh M (2013) A new multi-
step induction protocol for the transdifferentiation of bone mar-
row stromal stem cells into GABAergic neuron-like cells. Iran 
Biomed J 17(1):8

De Andres J (2022) Intrathecal drug delivery: advances and applications 
in the management of chronic pain patient. Front Pain Res 3:74

Dedeepiya VD, Rao YY, Jayakrishnan GA, Parthiban JK, Baskar S, 
Manjunath SR, Senthilkumar R, Abraham SJ (2012) Index of 
CD34+ cells and mononuclear cells in the bone marrow of spinal 
cord injury patients of different age groups: a comparative analy-
sis. Bone Marrow Res. https:// doi. org/ 10. 1155/ 2012/ 787414

Doeppner TR, Herz J, Görgens A, Schlechter J, Ludwig A-K, Radtke 
S, de Miroschedji K, Horn PA, Giebel B (2015) Extracellular 
vesicles improve post-stroke neuroregeneration and prevent 
postischemic immunosuppression. Stem Cells Transl Med 
4(10):1131–1143

Eglitis MA, Mezey ÉJ (1997) Hematopoietic cells differentiate into 
both microglia and macroglia in the brains of adult mice. Proc 
Natl Acad Sci USA 94(8):4080–4085

Elia CA, Tamborini M, Rasile M, Desiato G, Marchetti S, Swuec P, 
Mazzitelli S, Clemente F, Anselmo A, Matteoli MJC (2019) 
Intracerebral injection of extracellular vesicles from mesenchy-
mal stem cells exerts reduced Aβ plaque burden in early stages 
of a preclinical model of Alzheimer’s disease. Cells 8(9):1059

Engel JJE (2001) A proposed diagnostic scheme for people with epilep-
tic seizures and with epilepsy: report of the ILAE Task Force on 
Classification and Terminology. Epilepsia 42(6):796–803

Finlay-Morreale H (2021) Invasive therapy for children with autism is 
not justified. Stem Cells Transl Med 10(6):826

Fischer UM, Harting MT, Jimenez F, Monzon-Posadas WO, Xue H, 
Savitz SI, Laine GA, Cox CS (2009) Pulmonary passage is a 
major obstacle for intravenous stem cell delivery: the pulmonary 
first-pass effect. Stem Cells Dev 18(5):683–692

Friedrich MA, Martins MP, Araújo MD, Klamt C, Vedolin L, Gar-
icochea B, Raupp EF, Ammar JSE, Machado DC, Da Costa JC 
(2012) Intra-arterial infusion of autologous bone marrow mono-
nuclear cells in patients with moderate to severe middle cerebral 
artery acute ischemic stroke. Cell Transpl 21:13–21

Gautheron F, Georgievski A, Garrido C, Quéré RJ (2023) Bone mar-
row-derived extracellular vesicles carry the TGF-β signal trans-
ducer Smad2 to preserve hematopoietic stem cells in mice. Cell 
Death Discov 9(1):117

Ghafouri-Fard S, Niazi V, Taheri MJH (2021) Contribution of extracel-
lular vesicles in normal hematopoiesis and hematological malig-
nancies. Heliyon 7(1):e06030

Hardiman O, Van Den Berg LH (2011) Clinical diagnosis and man-
agement of amyotrophic lateral sclerosis. Nat Rev Neurol 
7(11):639–649

Hayakawa K, Chan SJ, Mandeville ET, Park JH, Bruzzese M, Montaner 
J, Arai K, Rosell A, Lo EH (2018) Protective effects of endothe-
lial progenitor cell-derived extracellular mitochondria in brain 
endothelium. Stem Cells 36(9):1404–1410

Hellström M, Gerhardt H, Kalén M, Li X, Eriksson U, Wolburg H, 
Betsholtz C (2001) Lack of pericytes leads to endothelial 
hyperplasia and abnormal vascular morphogenesis. J Cell Biol 
153(3):543–554

Herz J, Filiano AJ, Smith A, Yogev N, Kipnis JJI (2017) Myeloid cells 
in the central nervous system. Immunity 46(6):943–956

Hess DC, Borlongan CJ (2008) Stem cells and neurological diseases. 
Cell Prolif 41:94–114

Hoang DM, Pham PT, Bach TQ, Ngo AT, Nguyen QT, Phan TT, 
Nguyen GH, Le PT, Hoang VT, Forsyth NR (2022) Stem cell-
based therapy for human diseases. Sig Transduct Target Ther 
7(1):272

Hong Y, Yu Q, Kong Z, Wang M, Zhang R, Li Y, Liu YJCD (2020) 
Exogenous endothelial progenitor cells reached the deficient 
region of acute cerebral ischemia rats to improve functional 
recovery via Bcl-2. Cardiovasc Diagn Ther 10(4):695

Hristov M, Weber C (2008) Endothelial progenitor cells in vascular 
repair and remodeling. Pharmacol Res 58(2):148–151

https://doi.org/10.1016/S0140-6736(13)61835-8
https://doi.org/10.1016/S0140-6736(13)61835-8
https://doi.org/10.1038/pr.2017.253
https://doi.org/10.1038/pr.2017.253
https://doi.org/10.1227/NEU.0b013e318207734c
https://doi.org/10.1002/stem.2538
https://doi.org/10.1155/2012/787414


3245Cellular and Molecular Neurobiology (2023) 43:3211–3250 

1 3

Huang L, Wong S, Snyder EY, Hamblin MH, Lee J-PJ (2014) Human 
neural stem cells rapidly ameliorate symptomatic inflammation 
in early-stage ischemic-reperfusion cerebral injury. Stem Cell 
Res Ther 5(6):1–16

Jackson KA, Majka SM, Wang H, Pocius J, Hartley CJ, Majesky MW, 
Entman ML, Michael LH, Hirschi KK, Goodell MA (2001) 
Regeneration of ischemic cardiac muscle and vascular endothe-
lium by adult stem cells. J Clin Invest 107(11):1395–1402

Jeon O, Song SJ, Bhang SH, Choi C-Y, Kim MJ, Kim B-S (2007) 
Additive effect of endothelial progenitor cell mobilization and 
bone marrow mononuclear cell transplantation on angiogenesis 
in mouse ischemic limbs. J Biomed Sci 14(3):323–330

Kajitani T, Endo T, Iwabuchi N, Inoue T, Takahashi Y, Abe T, 
Niizuma K, Tominaga TJ (2021) Association of intravenous 
administration of human Muse cells with deficit amelioration 
in a rat model of spinal cord injury. J Neurosurg 34(4):648–655

Kalwitz G, Andreas K, Endres M, Neumann K, Notter M, Ringe 
J, Sittinger M, Kaps C (2010) Chemokine profile of human 
serum from whole blood: migratory effects of CXCL-10 and 
CXCL-11 on human mesenchymal stem cells. Connect Tissue 
Res 51(2):113–122

Keaney J, Campbell M (2015) The dynamic blood–brain barrier. 
FEBS J 282(21):4067–4079

Kikuchi-Taura A, Okinaka Y, Takeuchi Y, Ogawa Y, Maeda M, Kata-
oka Y, Yasui T, Kimura T, Gul S, Claussen CJS (2020) Bone 
marrow mononuclear cells activate angiogenesis via gap junc-
tion-mediated cell–cell interaction. Stroke 51(4):1279–1289

Kim D-k, Nishida H, An SY, Shetty AK, Bartosh TJ, Prockop DJ 
(2016) Chromatographically isolated CD63+ CD81+ extra-
cellular vesicles from mesenchymal stromal cells rescue 
cognitive impairments after TBI. Proc Natl Acad Sci USA 
113(1):170–175

Kong Z, Hong Y, Zhu J, Cheng X (2018) Endothelial progenitor cells 
improve functional recovery in focal cerebral ischemia of rat by 
promoting angiogenesis via VEGF. J Clin Neurosci 55:116–121

Kuroda Y, Wakao S, Kitada M, Murakami T, Nojima M (2013) Isola-
tion, culture and evaluation of multilineage-differentiating stress-
enduring (Muse) cells. Nat Protoc 8(7):1391–1415

Lampron A, Pimentel-Coelho PM (2013) Migration of bone marrow-
derived cells into the central nervous system in models of neu-
rodegeneration. J Comp Neurol 521(17):3863–3876

Li ZJ (2013) CD133: a stem cell biomarker and beyond. Exp Hematol 
Oncol 2(1):1–8

Li T-S, Hamano K, Nishida M, Hayashi M, Ito H, Mikamo A, Matsu-
zaki MJ (2003) CD117+ stem cells play a key role in therapeutic 
angiogenesis induced by bone marrow cell implantation. Am J 
Physiol-Heart Circ Physiol 285(3):H931–H937

Li H, Wang C, He T, Zhao T, Chen Y-Y, Shen Y-l, Zhang X, Wang L-l 
(2019) Mitochondrial transfer from bone marrow mesenchymal 
stem cells to motor neurons in spinal cord injury rats via gap 
junction. Theranostics 9(7):2017–2035

Li C, Chen YH, Zhang K (2020) Neuroprotective properties and 
therapeutic potential of bone marrow-derived microglia in 
Alzheimer’s disease. Am J Alzheimers Dis Other Demen 
35:1533317520927169. https:// doi. org/ 10. 1177/ 15333 17520 
927169

Liao GP, Harting MT, Hetz RA, Walker PA, Shah SK, Corkins CJ, 
Hughes TG, Jimenez F, Kosmach SC (2015) Autologous bone 
marrow mononuclear cells reduce therapeutic intensity for 
severe traumatic brain injury in children. Pediatr Crit Care Med 
16(3):245. https:// doi. org/ 10. 1097/ PCC. 00000 00000 000324

Liem NT, Anh TL, Thai TTH, Anh BV (2017) Bone marrow mono-
nuclear cells transplantation in treatment of established bron-
chopulmonary dysplasia: a case report. Am J Case Rep 18:1090

Liem NT, Chinh VD, Phuong DTM, Van Doan N, Forsyth NR, 
Heke M, Thi PAN, Nguyen X-H (2020a) Outcomes of bone 

marrow-derived mononuclear cell transplantation for patients in 
persistent vegetative state after drowning: report of five cases. 
Front Pediatr 8:564

Liem NT, Huyen TL, Huong LT, Doan NV, Anh BV, Anh NTP, Tung 
DT (2020b) Outcomes of bone marrow mononuclear cell trans-
plantation for neurological sequelae due to intracranial hemor-
rhage incidence in the neonatal period: report of four cases. Front 
Pediatr 7:543

Liu X, Fu X, Dai G, Wang X, Zhang Z, Cheng H, Zheng P (2017) Com-
parative analysis of curative effect of bone marrow mesenchymal 
stem cell and bone marrow mononuclear cell transplantation for 
spastic cerebral palsy. J Transl Med 15(1):1–9

Liu K, Guo L, Zhou Z, Pan M, Yan C (2019) Mesenchymal stem cells 
transfer mitochondria into cerebral microvasculature and pro-
mote recovery from ischemic stroke. Microvasc Res 123:74–80

Majka M, Janowska-Wieczorek A, Ratajczak J, Ehrenman K, Pietrz-
kowski Z, Kowalska MA, Gewirtz AM, Emerson SG (1999) 
Numerous growth factors, cytokines, and chemokines are 
secreted by human CD34+ cells, myeloblasts, erythroblasts, 
and megakaryoblasts and regulate normal hematopoiesis in an 
autocrine/paracrine manner: Presented at the 41st Annual Meet-
ing of the American Society of Hematology, New Orleans, LA, 
December 3–7, 1999, and published in abstract form in Blood. 
1999; 94 (suppl 1): 465a. J Am Soc Hematol 97(10):3075–3085

Malliaras K, Marbán EJ (2011) Cardiac cell therapy: where we’ve been, 
where we are, and where we should be headed. Br Med Bull 
98(1):161–185

Mancías-Guerra C, Marroquín-Escamilla AR, González-Llano O, 
Villarreal-Martínez L, Jaime-Pérez JC, García-Rodríguez F, 
Valdés-Burnes SL, Rodríguez-Romo LN, Barrera-Morales 
DC, Sánchez-Hernández JJJC (2014) Safety and tolerability of 
intrathecal delivery of autologous bone marrow nucleated cells 
in children with cerebral palsy: an open-label phase I trial. Cyto-
therapy 16(6):810–820

Matejuk A, Vandenbark AA, Offner HJ (2021) Cross-talk of the CNS 
with immune cells and functions in health and disease. Front 
Neurol 12:672455

Mathews D, Sugarman J, Bok H, Blass DM, Coyle J, Duggan P, Finkel 
J, Greely H, Hillis A, Hoke AJN (2008) Cell-based interventions 
for neurologic conditions: ethical challenges for early human tri-
als. Neurology 71(4):288–293

Matsubara T, Umemura Y, Ogura H, Matsuura H, Ebihara T, Mat-
sumoto H, Yamakawa K, Shimizu K, Okada H, Shimazu TJ 
(2021) Bone marrow-derived mononuclear cell transplantation 
can reduce systemic inflammation and endothelial glycocalyx 
damage in sepsis. Shock 56(2):260–267

Matsumoto J, Stewart T, Sheng L, Li N, Bullock K, Song N, Shi 
M, Banks WA, Zhang JJ (2017) Transmission of α-synuclein-
containing erythrocyte-derived extracellular vesicles across the 
blood-brain barrier via adsorptive mediated transcytosis: another 
mechanism for initiation and progression of Parkinson’s disease? 
Acta Neuropathol Commun 5(1):1–16

McGuckin CP, Jurga M, Miller A-M, Sarnowska A, Wiedner M, 
Boyle NT, Lynch MA, Jablonska A, Drela K, Lukomska BJ 
(2013) Ischemic brain injury: a consortium analysis of key fac-
tors involved in mesenchymal stem cell-mediated inflammatory 
reduction. Arch Biochem Biophys 534(1–2):88–97

Mezey E, Chandross KJ, Harta G, Maki RA, McKercher SRJS (2000a) 
Turning blood into brain: cells bearing neuronal antigens gener-
ated in vivo from bone marrow. Science 290(5497):1779–1782

Milczarek O, Jarocha D, Starowicz-Filip A, Kwiatkowski S, Badyra 
B, Majka MJ (2018) Multiple autologous bone marrow-derived 
CD271+ mesenchymal stem cell transplantation overcomes 
drug-resistant epilepsy in children. Stem Cells Transl Med 
7(1):20–33

https://doi.org/10.1177/1533317520927169
https://doi.org/10.1177/1533317520927169
https://doi.org/10.1097/PCC.0000000000000324


3246 Cellular and Molecular Neurobiology (2023) 43:3211–3250

1 3

Miyan JA, Zendah M, Mashayekhi F, Owen-Lynch PJ (2006) Cerebro-
spinal fluid supports viability and proliferation of cortical cells 
in vitro, mirroring in vivo development. Cerebrospinal Fluid Res 
3(1):1–7

Moniche F, Gonzalez A, Gonzalez-Marcos JR, Carmona M, Pinero P, 
Espigado I, Garcia-Solis D, Cayuela A, Montaner J, Boada C, 
Rosell A, Jimenez MD, Mayol A, Gil-Peralta A (2012) Intra-
arterial bone marrow mononuclear cells in ischemic stroke: a 
pilot clinical trial. Stroke 43(8):2242–2244. https:// doi. org/ 10. 
1161/ STROK EAHA. 112. 659409

Moniche F, Montaner J, Gonzalez-Marcos J-R, Carmona M, Piñero 
P, Espigado I, Cayuela A, Escudero I, De La Torre-Laviana F-J, 
Boada CJ (2014) Intra-arterial bone marrow mononuclear cell 
transplantation correlates with GM-CSF, PDGF-BB, and MMP-2 
serum levels in stroke patients: results from a clinical trial. Cell 
Transpl 23:57–64

Montzka K, Lassonczyk N, Tschöke B, Neuss S, Führmann T, Franzen 
R, Smeets R, Brook GA (2009) Neural differentiation potential 
of human bone marrow-derived mesenchymal stromal cells: mis-
leading marker gene expression. BMC Neurosci 10:1–12

Mukherjee SB (2017) Autism spectrum disorders—diagnosis and man-
agement. Indian J Pediatr 84(4):307–314

Nguyen LT, Nguyen AT, Vu CD, Ngo DV, Bui AV (2017) Outcomes 
of autologous bone marrow mononuclear cells for cerebral palsy: 
an open label uncontrolled clinical trial. BMC Pediatr 17(1):1–6

Nguyen TL, Nguyen HP, Nguyen TKJH (2018) The effects of bone 
marrow mononuclear cell transplantation on the quality of life 
of children with cerebral palsy. Health Qual Life Outcomes 
16(1):1–7

Nguyen LT, Hoang DM, Nguyen KT, Bui DM, Nguyen HT, Le HT, 
Hoang VT, Bui HT, Dam PT (2021) Type 2 diabetes mellitus 
duration and obesity alter the efficacy of autologously trans-
planted bone marrow-derived mesenchymal stem/stromal cells. 
Stem Cells Transl Med 10(9):1266–1278

Nguyen Thanh L, Nguyen HP, Ngo MD, Bui VA, Dam PT, Bui HTP, 
Ngo DV, Tran KT, Dang TTT, Duong BD (2021) Outcomes of 
bone marrow mononuclear cell transplantation combined with 
interventional education for autism spectrum disorder. Stem 
Cells Transl Med 10(1):14–26

Norat P, Soldozy S, Sokolowski JD, Gorick CM, Kumar JS, Chae Y, 
Yağmurlu K, Prada F, Walker M, Levitt MR (2020) Mitochon-
drial dysfunction in neurological disorders: exploring mitochon-
drial transplantation. Npj Regen Med 5(1):22

Ogawa Y, Saino O, Okinaka Y, Kikuchi-Taura A, Takeuchi Y, Taguchi 
AJ (2021) Bone marrow mononuclear cells transplantation and 
training increased transplantation of energy source transporters 
in chronic stroke. J Stroke Cerebrovasc Dis 30(8):105932

Otero-Ortega L, Laso-García F, Gómez-de Frutos MdC, Rodríguez-
Frutos B, Pascual-Guerra J, Fuentes B, Díez-Tejedor E, Gutiér-
rez-Fernández MJ (2017) White matter repair after extracellular 
vesicles administration in an experimental animal model of sub-
cortical stroke. Sci Rep 7(1):44433

Park C, Lee JY, Yoon Y-S (2011) Role of bone marrow-derived lym-
phatic endothelial progenitor cells for lymphatic neovasculariza-
tion. Trends Cardiovasc Med 21(5):135–140

Patterson AM, Pelus LMJ (2017) G-CSF in stem cell mobilization: new 
insights, new questions. Ann Blood 2:10

Pisati F, Bossolasco P, Meregalli M, Cova L, Belicchi M, Gavina M, 
Marchesi C, Calzarossa C, Soligo D, Lambertenghi-Deliliers GJ 
(2007) Induction of neurotrophin expression via human adult 
mesenchymal stem cells: implication for cell therapy in neuro-
degenerative diseases. Cell Transpl 16(1):41–55

Prabhakar S, Marwaha N, Lal V, Sharma RR, Rajan R, Khandelwal 
NJNI (2012) Autologous bone marrow-derived stem cells in 
amyotrophic lateral sclerosis: a pilot study. Neurology 60(5):465

Prasad K, Mohanty S, Bhatia R, Srivastava M, Garg A, Srivastava 
A, Goyal V, Tripathi M, Kumar A, Bal CJ (2012) Autologous 
intravenous bone marrow mononuclear cell therapy for patients 
with subacute ischaemic stroke: a pilot study. Indian J Med Res 
136(2):221

Prasad K, Sharma A, Garg A, Mohanty S, Bhatnagar S, Johri S, Singh 
KK, Nair V, Sarkar RS, Gorthi SP, Hassan KM, Prabhakar S, 
Marwaha N, Khandelwal N, Misra UK, Kalita J, Nityanand S, 
Inve STSG (2014) Intravenous autologous bone marrow mono-
nuclear stem cell therapy for ischemic stroke: a multicentric, 
randomized trial. Stroke 45(12):3618–3624. https:// doi. org/ 10. 
1161/ STROK EAHA. 114. 007028

Ramos-Zaldívar HM, Polakovicova I, Salas-Huenuleo E, Corvalán AH, 
Kogan MJ, Yefi CP, Andia MEJF (2022) Extracellular vesicles 
through the blood–brain barrier: a review. Fluids Barriers CNS 
19(1):1–15

Reed SL, Escayg AJ (2021) Extracellular vesicles in the treatment of 
neurological disorders. Neurobiol Dis 157:105445

Reed LJ, Attarian S, Olson TR, Singh S, Shestopalov A, Friedman EW 
(2018) Feasibility and safety of targeting the anterior superior 
iliac spine to perform a bone marrow procedure: a prospective, 
clinical study. J Clin Pathol 71(12):1116–1119

Reza-Zaldivar EE, Hernández-Sapiéns MA, Gutiérrez-Mercado YK, 
Sandoval-Ávila S, Gomez-Pinedo U, Márquez-Aguirre AL, 
Vázquez-Méndez E, Padilla-Camberos E, Canales-Aguirre AAJ 
(2019) Mesenchymal stem cell-derived exosomes promote neu-
rogenesis and cognitive function recovery in a mouse model of 
Alzheimer’s disease. Neural Regener Res 14(9):1626

Rosado-de-Castro PH, Schmidt Fda R, Battistella V, Lopes de Souza 
SA, Gutfilen B, Goldenberg RC, Kasai-Brunswick TH, Vairo L, 
Silva RM, Wajnberg E, Americano A (2013a) Biodistribution 
of bone marrow mononuclear cells after intra-arterial or intra-
venous transplantation in subacute stroke patients. Regen Med 
8(2):145–155. https:// doi. org/ 10. 2217/ rme. 13.2

Rosado-de-Castro PH, Schmidt FR, Battistella V, Lopes de Souza SA, 
Gutfilen B, Goldenberg RC, Kasai-Brunswick TH, Vairo L, Silva 
RM, Wajnberg EJ (2013b) Biodistribution of bone marrow mon-
onuclear cells after intra-arterial or intravenous transplantation in 
subacute stroke patients. Regener Med 8(2):145–155

Rosenbaum P, Paneth N, Leviton A, Goldstein M, Bax M, Damiano 
D, Dan B, Jacobsson B (2007) A report: the definition and clas-
sification of cerebral palsy April 2006. Dev Med Child Neurol 
Suppl 109:8–14

Rosenfeld JV, Maas AI, Bragge P, Morganti-Kossmann MC, Manley 
GT, Gruen RL (2012) Early management of severe traumatic 
brain injury. Lancet 380(9847):1088–1098. https:// doi. org/ 10. 
1016/ S0140- 6736(12) 60864-2

Ruan J, Miao X, Schlüter D, Lin L, Wang XJMT (2021) Extracellu-
lar vesicles in neuroinflammation: pathogenesis, diagnosis, and 
therapy. Mol Therapy 29(6):1946–1957

Ruiz-López FJ, Guardiola J, Izura V, Gómez-Espuch J, Iniesta F, 
Blanquer M, López-San Román J, Saez V, De Mingo P (2016) 
Breathing pattern in a phase I clinical trial of intraspinal injec-
tion of autologous bone marrow mononuclear cells in patients 
with amyotrophic lateral sclerosis. Respir Physiol Neurobiol 
221:54–58

Saha A, Patel S, Xu L, Scotland P, Schwartzman J, Filiano AJ, Kurtz-
berg J, Balber AE (2019) Human umbilical cord blood mono-
cytes, but not adult blood monocytes, rescue brain cells from 
hypoxic-ischemic injury: mechanistic and therapeutic implica-
tions. PLoS ONE 14(9):e0218906

Sanchez-Ramos J, Song S, Cardozo-Pelaez F, Hazzi C, Stedeford T, 
Willing A, Freeman T, Saporta S, Janssen W (2000) Adult bone 
marrow stromal cells differentiate into neural cells in vitro. Exp 
Neurol 164(2):247–256

https://doi.org/10.1161/STROKEAHA.112.659409
https://doi.org/10.1161/STROKEAHA.112.659409
https://doi.org/10.1161/STROKEAHA.114.007028
https://doi.org/10.1161/STROKEAHA.114.007028
https://doi.org/10.2217/rme.13.2
https://doi.org/10.1016/S0140-6736(12)60864-2
https://doi.org/10.1016/S0140-6736(12)60864-2


3247Cellular and Molecular Neurobiology (2023) 43:3211–3250 

1 3

Sane H, Sharma A, Gokulchandran N, Kalburgi S, Paranjape A (2016) 
Neurorestoration in amyotrophic lateral sclerosis-a case report. 
Indian J Stem Cell Therapy 4:29–37

Savitz SI, Misra V, Kasam M, Juneja H, Cox CS Jr, Alderman S, Aisiku 
I, Kar S, Gee A, Grotta JC (2011) Intravenous autologous bone 
marrow mononuclear cells for ischemic stroke. Ann Neurol 
70(1):59–69

Sharma S, Yang B, Strong R, Xi X, Brenneman M, Grotta JC, Aro-
nowski J, Savitz SI (2010) Bone marrow mononuclear cells pro-
tect neurons and modulate microglia in cell culture models of 
ischemic stroke. J Neurosci Res 88(13):2869–2876

Sharma A, Kulkarni P, Sane H, Gokulchandran N, Badhe P, Lohia 
M, Mishra PJ (2012) Positron emission tomography-computed 
tomography scan captures the effects of cellular therapy in a case 
of cerebral palsy. J Clin Case Rep 2(13):195

Sharma A, Badhe P, Gokulchandran N, Kulkarni P, Mishra P, Shetty 
A, Sane HJJ (2013a) An improved case of autism as revealed by 
PET CT scan in patient transplanted with autologous bone mar-
row derived mononuclear cells. J Stem Cell Res Ther 3(139):2

Sharma A, Gokulchandran N, Sane H, Kulkarni P, Thomas N, Paran-
jape A, Badhe PJA (2013b) Intrathecal autologous bone mar-
row mononuclear cell transplantation in a case of adult autism. 
Autism 3(2):113

Sharma A, Gokulchandran N, Sane H, Nagrajan A, Paranjape A, 
Kulkarni P, Shetty A, Mishra P, Kali M, Biju HJ (2013c) Autolo-
gous bone marrow mononuclear cell therapy for autism: an open 
label proof of concept study. Stem Cells Int 2013:1–13

Sharma A, Gokulchandran N, Shetty A, Sane H, Kulkarni P, Badhe 
PJ (2013d) Autologous bone marrow mononuclear cells may be 
explored as a novel potential therapeutic option for autism. Stem 
Cells Int 3(282):2

Sharma A, Sane H, Paranjape A, Gokulchandran N, Kulkarni P, Nagra-
jan A, Badhe PJ (2013e) Positron emission tomography—com-
puter tomography scan used as a monitoring tool following cel-
lular therapy in cerebral palsy and mental retardation—a case 
report. Case Rep Neurol Med 2013:1–6

Sharma A, Sane H, Gokulchandran N, Khopkar D, Paranjape A, Sunda-
ram J, Gandhi S, Badhe P (2014) Autologous bone marrow mon-
onuclear cells intrathecal transplantation in chronic stroke. Stroke 
Res Treat 2014:234095. https:// doi. org/ 10. 1155/ 2014/ 234095

Sharma A, Gokulchandran N, Sane H, Patil A, Shetty A, Biju H, 
Kulkarni P, Badhe PJ (2015a) Amelioration of autism by autolo-
gous bone marrow mononuclear cells and neurorehabilitation: a 
case report. Stem Cells Int 3(10):304–309

Sharma A, Sane H, Gokulchandran N, Kulkarni P, Gandhi S, Sundaram 
J, Paranjape A, Shetty A, Bhagwanani K, Biju HJ (2015b) A 
clinical study of autologous bone marrow mononuclear cells for 
cerebral palsy patients: a new frontier. Stem Cells Int 2015:1–11

Sharma A, Sane H, Kulkarni P, D’sa M, Gokulchandran N, Badhe PJCJ 
(2015c) Improved quality of life in a case of cerebral palsy after 
bone marrow mononuclear cell transplantation. Cell J 17(2):389

Sharma AK, Sane HM, Paranjape AA, Gokulchandran N, Nagrajan A, 
Dsa M, Badhe PBJ (2015d) The effect of autologous bone mar-
row mononuclear cell transplantation on the survival duration 
in amyotrophic lateral sclerosis-a retrospective controlled study. 
Am J Stem Cells 4(1):50

Sharma A, Gokulchandran N, Sane H, Kulkarni P, Pai SJ (2017) A case 
of autism showing clinical improvements after cellular therapy 
along with PET CT evidence. J Stem Cell Res Ther 2(4):00070

Sharma A, Gokulchandran N, Sane H, Kulkarni P, Nivins S, Mahesh-
wari M, Badhe PJIB, Journal B (2018) Therapeutic effects of 
cellular therapy in a case of adult autism spectrum of disorder. 
Int Biol Biomed J 4(2):98–103

Sharma A, Sane H, Pradhan R, Paranjape A, Gokulchandran N, Kaur 
J, Das R, Badhe P (2019) Case report neuroregenerative reha-
bilitation therapy with long-term lithium in a male amyotrophic 

lateral sclerosis patient: a case report. Int J Med Sci Clin Invent 
6:4337–4344

Sharma A, Sane H, Gokulchandran N, Kulkarni P, Jose A, Nair V, Das 
R, Lakhanpal V, Badhe P (2020a) Intrathecal transplantation of 
autologous bone marrow mononuclear cells in patients with sub-
acute and chronic spinal cord injury: an open-label study. Int J 
Health Sci (qassim) 14(2):24–32

Sharma A, Sane H, Gokulchandran N, Kulkarni P, Jose A, Nair V, Das 
R, Lakhanpal V (2020b) Intrathecal transplantation of autolo-
gous bone marrow mononuclear cells in patients with sub-acute 
and chronic spinal cord injury: an open-label study. Cell Regen 
14(2):24

Sharma A, Sane H, Paranjape A, Pradhan R, Das R, Biju H, Gokul-
chandran N, Badhe PJC (2020c) Multiple doses of cell therapy 
and neurorehabilitation in amyotrophic lateral sclerosis: a case 
report. Clin Pract 10(3):82–85

Sharma AK, Gokulchandran N, Kulkarni PP, Sane HM, Sharma R, Jose 
A, Badhe PB (2020d) Cell transplantation as a novel therapeutic 
strategy for autism spectrum disorders: a clinical study. Am J 
Stem Cells 9(5):89

Sharma AK, Sane HM, Kulkarni PP, Gokulchandran N, Biju H, 
Badhe PB (2020e) Autologous bone marrow mononuclear cell 
transplantation in patients with chronic traumatic brain injury-
a clinical study. Cell Regen 9(1):3. https:// doi. org/ 10. 1186/ 
s13619- 020- 00043-7

Sharma AK, Sane HM, Kulkarni PP, Gokulchandran N, Biju H, Badhe 
PB (2020f) Autologous bone marrow mononuclear cell trans-
plantation in patients with chronic traumatic brain injury-a clini-
cal study. Cell Regen 9(1):1–11

Sohni A, Verfaillie CM (2013) Mesenchymal stem cells migration 
homing and tracking. Stem Cells Int 2013:1–8

Somoza R, Conget P, Rubio FJ (2008) Neuropotency of human mesen-
chymal stem cell cultures: clonal studies reveal the contribution 
of cell plasticity and cell contamination. Biol Blood Marrow 
14(5):546–555

Song S, Song S, Zhang H, Cuevas J, Sanchez-Ramos JJ (2007) Com-
parison of neuron-like cells derived from bone marrow stem cells 
to those differentiated from adult brain neural stem cells. Stem 
Cells Dev 16(5):747–756

Stonesifer C, Corey S, Ghanekar S, Diamandis Z, Acosta SA, Borlon-
gan CV (2017) Stem cell therapy for abrogating stroke-induced 
neuroinflammation and relevant secondary cell death mecha-
nisms. Progr Neurobiol 158:94–131

Stratman AN, Malotte KM, Mahan RD, Davis MJ, Davis GEJB (2009) 
Pericyte recruitment during vasculogenic tube assembly stimu-
lates endothelial basement membrane matrix formation. J Am 
Soc Hematol 114(24):5091–5101

Suárez-Monteagudo C, Hernández-Ramírez P, Álvarez-González L, 
García-Maeso I, de la Cuétara-Bernal K, Castillo-Díaz L, Brin-
gas-Vega ML, Martínez-Aching G, Morales-Chacón LM (2009) 
Autologous bone marrow stem cell neurotransplantation in stroke 
patients. An open study. Neuroscience 27(3):151–161

Suarez-Monteagudo C, Hernandez-Ramirez P, Alvarez-Gonzalez 
L, Garcia-Maeso I, de la Cuetara-Bernal K, Castillo-Diaz L, 
Bringas-Vega ML, Martinez-Aching G, Morales-Chacon LM, 
Baez-Martin MM, Sanchez-Catasus C, Carballo-Barreda M, 
Rodriguez-Rojas R, Gomez-Fernandez L, Alberti-Amador E, 
Macias-Abraham C, Balea ED, Rosales LC, Del Valle PL, Ferrer 
BB, Gonzalez RM, Bergado JA (2009) Autologous bone marrow 
stem cell neurotransplantation in stroke patients. An open study. 
Restor Neurol Neurosci 27(3):151–161. https:// doi. org/ 10. 3233/ 
RNN- 2009- 0483

Suda S (2017) Bone marrow-derived mononuclear cells. In: Houkin 
K, Abe K, Kuroda S (eds) Cell therapy against cerebral stroke. 
Springer, Tokyo, pp 3–14

https://doi.org/10.1155/2014/234095
https://doi.org/10.1186/s13619-020-00043-7
https://doi.org/10.1186/s13619-020-00043-7
https://doi.org/10.3233/RNN-2009-0483
https://doi.org/10.3233/RNN-2009-0483


3248 Cellular and Molecular Neurobiology (2023) 43:3211–3250

1 3

Suda S, Katsura KI, Saito M, Kamiya N, Katayama Y (2014) Valproic 
acid enhances the effect of bone marrow-derived mononuclear 
cells in a rat ischemic stroke model. Brain Res 1565:74–81

Sudulaguntla A, Nanjwade B, Chandy VJ (2017) Stem cells: cultiva-
tion and routes of administration. Current Trends Biomed Eng 
Biosci 2:555579

Sugihara S, Yamamoto Y, Matsuura T, Narazaki G, Yamasaki A, Igawa 
G, Matsubara K, Miake J, Igawa O, Shigemasa CJ (2007) Age-
related BM-MNC dysfunction hampers neovascularization. Mech 
Ageing Dev 128(9):511–516

Suzuki Y, Ishikawa N, Omae K, Hirai T, Ohnishi K, Nakano N, Nishida 
H, Nakatani T, Fukushima M, Ide C (2014) Bone marrow-
derived mononuclear cell transplantation in spinal cord injury 
patients by lumbar puncture. Restor Neurol Neurosci 32(4):473–
482. https:// doi. org/ 10. 3233/ RNN- 130363

Taguchi A, Wen Z, Myojin K, Yoshihara T, Nakagomi T, Nakayama D, 
Tanaka H, Soma T, Stern DM, Naritomi HJ (2007) Granulocyte 
colony-stimulating factor has a negative effect on stroke outcome 
in a murine model. Eur J Neurosci 26(1):126–133

Taguchi A, Sakai C, Soma T, Kasahara Y, Stern DM, Kajimoto K, Ihara 
M, Daimon T, Yamahara K, Doi K, Kohara N, Nishimura H, 
Matsuyama T, Naritomi H, Sakai N, Nagatsuka K (2015a) Intra-
venous autologous bone marrow mononuclear cell transplanta-
tion for stroke: phase1/2a clinical trial in a homogeneous group 
of stroke patients. Stem Cells Dev 24(19):2207–2218. https:// doi. 
org/ 10. 1089/ scd. 2015. 0160

Taguchi A, Sakai C, Soma T, Kasahara Y, Stern DM, Kajimoto K, 
Ihara M, Daimon T, Yamahara K, Doi KJ (2015b) Intravenous 
autologous bone marrow mononuclear cell transplantation for 
stroke: phase1/2a clinical trial in a homogeneous group of stroke 
patients. Stem Cells Dev 24(19):2207–2218

Takamura H, Terashima T, Mori K, Katagi M, Okano J, Suzuki Y, Imai 
S, Kojima H (2020) Bone-marrow-derived mononuclear cells 
relieve neuropathic pain after spinal nerve injury in mice. Mol 
Therapy 17:657–665

Talbott EO, Malek AM, Lacomis D (2016) The epidemiology of amyo-
trophic lateral sclerosis. Handb Clin Neurol 138:225–238

Tamburin S, Smania N, Saltuari L, Hoemberg V, Sandrini GJ (2019) 
New advances in neurorehabilitation. Front Neurol. https:// doi. 
org/ 10. 3389/ fneur. 2019. 01090

Tamura K, Maeta N (2020) Efficacy of autologous bone marrow mon-
onuclear cell transplantation in dogs with chronic spinal cord 
injury. Open Vet J 10(2):206–215. https:// doi. org/ 10. 4314/ ovj. 
v10i2. 10

Tan YL, Eng SP, Hafez P, AbdulKarim N, Law JX, Ng MH (2022) 
Mesenchymal stromal cell mitochondrial transfer as a cell rescue 
strategy in regenerative medicine: a review of evidence in pre-
clinical models. Stem Cells Transl Med 11(8):814–827

Terada N, Hamazaki T, Oka M, Hoki M, Mastalerz DM, Nakano Y, 
Meyer EM, Morel L, Petersen BE, Scott EW (2002) Bone mar-
row cells adopt the phenotype of other cells by spontaneous cell 
fusion. Nature 416(6880):542–545

Terry T, Chen Z, Dixon RA, Vanderslice P, Zoldhelyi P, Willerson JT, 
Liu QJ (2011) CD34+/M-cadherin+ bone marrow progenitor 
cells promote arteriogenesis in ischemic hindlimbs of ApoE−/− 
mice. PLoS ONE 6(6):e20673

Thanh LN, Trung KN, Duy CV, Van DN, Hoang PN, Phuong ANT, 
Ngo MD, Thi TN, Viet AB (2019) Improvement in gross motor 
function and muscle tone in children with cerebral palsy related 
to neonatal icterus: an open-label, uncontrolled clinical trial. 
BMC Pediatr 19(1):1–8

Uccelli A, Wolff T, Valente P, Di Maggio N, Pellegrino M, Gürke L, 
Banfi A, Gianni-Barrera RJ (2019) Vascular endothelial growth 
factor biology for regenerative angiogenesis. Swiss Med Wkly. 
https:// doi. org/ 10. 4414/ smw. 2019. 20011

Uchida H, Niizuma K, Kushida Y, Wakao S, Tominaga T, Borlongan 
CV, Dezawa M (2017) Human Muse cells reconstruct neuronal 
circuitry in subacute lacunar stroke model. Stroke 48(2):428–435

Urbich C, Heeschen C, Aicher A, Dernbach E, Zeiher AM, Dimmeler 
S (2003) Relevance of monocytic features for neovascularization 
capacity of circulating endothelial progenitor cells. Circulation 
108(20):2511–2516

Vahidy FS, Rahbar MH, Zhu H, Rowan PJ, Bambhroliya AB, Savitz 
SIJ (2016) Systematic review and meta-analysis of bone mar-
row–derived mononuclear cells in animal models of ischemic 
stroke. Stroke 47(6):1632–1639

Vahidy FS, Haque ME, Rahbar MH, Zhu H, Rowan P, Aisiku IP, Lee 
DA, Juneja HS, Alderman S, Barreto AD, Suarez JI, Bambh-
roliya A, Hasan KM, Kassam MR, Aronowski J, Gee A, Cox 
CS Jr, Grotta JC, Savitz SI (2019) Intravenous bone marrow 
mononuclear cells for acute ischemic stroke: safety, feasibil-
ity, and effect size from a phase I clinical trial. Stem Cells 
37(11):1481–1491. https:// doi. org/ 10. 1002/ stem. 3080

Vasconcelos-dos-Santos A, Rosado-de-Castro PH, de Souza SAL, da 
Costa SJ, Ramos AB, de Freitas GR, da Fonseca LMB, Gut-
filen B, Mendez-Otero RJ (2012) Intravenous and intra-arterial 
administration of bone marrow mononuclear cells after focal 
cerebral ischemia: is there a difference in biodistribution and 
efficacy? Stem Cell Res 9(1):1–8

Vassilopoulos G, Wang PR, Russell DW (2003) Transplanted 
bone marrow regenerates liver by cell fusion. Nature 
422(6934):901–904

Vendrame M, Cassady J, Newcomb J, Butler T, Pennypacker KR, 
Zigova T, Davis Sanberg C, Sanberg PR, Willing AEJS (2004) 
Infusion of human umbilical cord blood cells in a rat model of 
stroke dose-dependently rescues behavioral deficits and reduces 
infarct volume. Stroke 35(10):2390–2395

Vendrame M, Gemma C, Pennypacker KR, Bickford PC, Sanberg 
CD, Sanberg PR, Willing AE (2006) Cord blood rescues stroke-
induced changes in splenocyte phenotype and function. Exp 
Neurol 199(1):191–200

Wagner D-C, Bojko M, Peters M, Lorenz M, Voigt C, Kaminski A, 
Hasenclever D, Scholz M, Kranz A, Weise GJE (2012) Impact of 
age on the efficacy of bone marrow mononuclear cell transplan-
tation in experimental stroke. Exp Transl Stroke Med 4(1):1–8

Wang X, Willenbring H, Akkari Y, Torimaru Y, Foster M, Al-Dhalimy 
M, Lagasse E, Finegold M, Olson S, Grompe M (2003) Cell 
fusion is the principal source of bone-marrow-derived hepato-
cytes. Nature 422(6934):897–901

Wang J, Liu X, Lu H, Jiang C, Cui X, Yu L, Fu X, Li Q, Wang JJB 
(2015) CXCR4+ CD45− BMMNC subpopulation is superior to 
unfractionated BMMNCs for protection after ischemic stroke in 
mice. Brain Behav Immunity 45:98–108

Wang B, Lian Y-J, Su W-J, Peng W, Dong X, Liu L-L, Gong H, Zhang 
T, Jiang C-L, Wang Y-XJB (2018) HMGB1 mediates depres-
sive behavior induced by chronic stress through activating the 
kynurenine pathway. Brain Behav Immunity 72:51–60

Wang TY, Park C, Zhang H, Rahimpour S, Murphy KR, Goodwin 
CR, Karikari IO, Than KD, Shaffrey CI, Foster N, Abd-El-Barr 
MM (2021) Management of acute traumatic spinal cord injury: 
a review of the literature. Front Surg 8:698736

Wei W, Li L, Deng L, Wang Z-J, Dong J-J, Lyu X-Y, Jia T, Wang L, 
Wang H-X, Mao HJ (2020) Autologous bone marrow mononu-
clear cell transplantation therapy improved symptoms in patients 
with refractory diabetic sensorimotor polyneuropathy via the 
mechanisms of paracrine and immunomodulation: a controlled 
study. Cell Transpl 1:1. https:// doi. org/ 10. 1177/ 09636 89720 
949258

WHO (2020) International perspectives on spinal cord injury
Wiklander OP, Nordin JZ, O’Loughlin A, Gustafsson Y, Corso G, 

Mäger I, Vader P, Lee Y, Sork H, Seow YJ (2015) Extracellular 

https://doi.org/10.3233/RNN-130363
https://doi.org/10.1089/scd.2015.0160
https://doi.org/10.1089/scd.2015.0160
https://doi.org/10.3389/fneur.2019.01090
https://doi.org/10.3389/fneur.2019.01090
https://doi.org/10.4314/ovj.v10i2.10
https://doi.org/10.4314/ovj.v10i2.10
https://doi.org/10.4414/smw.2019.20011
https://doi.org/10.1002/stem.3080
https://doi.org/10.1177/0963689720949258
https://doi.org/10.1177/0963689720949258


3249Cellular and Molecular Neurobiology (2023) 43:3211–3250 

1 3

vesicle in vivo biodistribution is determined by cell source, route 
of administration and targeting. J Extracell Ves 4(1):26316

Wilkins A, Kemp K, Ginty M, Hares K, Mallam E, Scolding NJ (2009) 
Human bone marrow-derived mesenchymal stem cells secrete 
brain-derived neurotrophic factor which promotes neuronal sur-
vival in vitro. Stem Cell Res 3(1):63–70

Xiao Z, Tang F, Tang J, Yang H, Zhao Y, Chen B, Han S, Wang N, Li 
X, Cheng SJSCLS (2016) One-year clinical study of NeuroRe-
gen scaffold implantation following scar resection in complete 
chronic spinal cord injury patients. Sci China Life Sci 59(7):647–
655. https:// doi. org/ 10. 1007/ s11427- 016- 5080-z

Xin H, Li Y, Cui Y, Yang JJ, Zhang ZG, Chopp MJ (2013) Systemic 
administration of exosomes released from mesenchymal stromal 
cells promote functional recovery and neurovascular plasticity 
after stroke in rats. J Cereb Blood Flow Metab 33(11):1711–1715

Xu K, Lee JY, Kaneko Y, Tuazon JP, Vale F, van Loveren H, Borlongan 
CV (2019) Human stem cells transplanted into the rat stroke 
brain migrate to the spleen via lymphatic and inflammation path-
ways. Haematologica 104(5):1062

Yamashita T, Kushida Y, Wakao S, Tadokoro K, Nomura E, Omote Y, 
Takemoto M, Hishikawa N, Ohta Y (2020) Therapeutic benefit 
of Muse cells in a mouse model of amyotrophic lateral sclerosis. 
Sci Rep 10(1):1–11

Yang B, Strong R, Sharma S, Brenneman M, Mallikarjunarao K, Xi 
X, Grotta JC, Aronowski J, Savitz SI (2011) Therapeutic time 
window and dose response of autologous bone marrow mono-
nuclear cells for ischemic stroke. J Neurosci Res 89(6):833–839

Yang B, Migliati E, Parsha K, Schaar K, Xi X, Aronowski J, Savitz 
SI (2013) Intra-arterial delivery is not superior to intravenous 
delivery of autologous bone marrow mononuclear cells in acute 
ischemic stroke. Stroke 44(12):3463–3472

Yang B, Parsha K, Schaar K, Xi X, Aronowski J, Savitz SI (2016) 
Various cell populations within the mononuclear fraction of bone 
marrow contribute to the beneficial effects of autologous bone 
marrow cell therapy in a rodent stroke model. Transl Stroke Res 
7(4):322–330

Yang B, Hamilton JA, Valenzuela KS, Bogaerts A, Xi X, Aronow-
ski J, Mays RW, Savitz SI (2017) Multipotent adult progenitor 
cells enhance recovery after stroke by modulating the immune 
response from the spleen. Stem Cells 35(5):1290–1302

Yoshihara T, Ohta M, Itokazu Y, Matsumoto N, Dezawa M, Suzuki 
Y, Taguchi A, Watanabe Y, Adachi Y, Ikehara S, Sugimoto H, 
Ide C (2007) Neuroprotective effect of bone marrow-derived 
mononuclear cells promoting functional recovery from spinal 
cord injury. J Neurotrauma 24(6):1026–1036. https:// doi. org/ 10. 
1089/ neu. 2007. 132R

Yuan D, Zhao Y, Banks WA, Bullock KM, Haney M, Batrakova E, 
Kabanov AV (2017) Macrophage exosomes as natural nanocarri-
ers for protein delivery to inflamed brain. Biomaterials 142:1–12

Yuan Y, Sun J, You T, Shen W, Xu W, Dong Q, Cui M (2022) Extra-
cellular vesicle-based therapeutics in neurological disorders. 
Pharmaceutics 14(12):2652

Zadeh G, Guha A (2003) Angiogenesis in nervous system disorders. 
Neurosurgery 53(6):1362–1376

Zahid MF, Murad MH, Litzow MR, Hogan WJ, Patnaik MS, Kho-
rana A, Spyropoulos AC, Hashmi SKJ (2016) Venous throm-
boembolism following hematopoietic stem cell transplanta-
tion—a systematic review and meta-analysis. Ann Hematol 
95(9):1457–1464

Zhang B, Yin Y, Lai RC, Tan SS, Choo ABH, Lim SK (2014) Mes-
enchymal stem cells secrete immunologically active exosomes. 
Stem Cells Dev 23(11):1233–1244

Zhang Y, Chopp M, Meng Y, Katakowski M, Xin H, Mahmood A, 
Xiong YJ (2015) Effect of exosomes derived from multipluri-
potent mesenchymal stromal cells on functional recovery and 
neurovascular plasticity in rats after traumatic brain injury. J 
Neurosurg 122(4):856–867

Zhang H, Ding L, Shen T, Peng DJ (2019) HMGB1 involved in stress-
induced depression and its neuroinflammatory priming role: a 
systematic review. General Psychiatry 32(4):e100084

Zhao E, Xu H, Wang L, Kryczek I, Wu K, Hu Y, Wang G, Zou WJ 
(2012) Bone marrow and the control of immunity. Cell Mol 
Immunol 9(1):11–19

Zhao Y, Gan Y, Xu G, Yin G, Liu DJ (2020) MSCs-derived exosomes 
attenuate acute brain injury and inhibit microglial inflammation 
by reversing CysLT2R-ERK1/2 mediated microglia M1 polariza-
tion. Neurochem Res 45(5):1180–1190

Zhuang Z, Liu M, Luo J, Zhang X, Dai Z, Zhang B, Chen H, Xue J, 
He M, Xu H, Liu A (2022) Exosomes derived from bone mar-
row mesenchymal stem cells attenuate neurological damage in 
traumatic brain injury by alleviating glutamate-mediated excito-
toxicity. Exp Neurol 357:114182

Zhuo Y, Li S-H, Chen M-S, Wu J, Kinkaid HYM, Fazel S, Weisel 
RD, Li R-K (2010) Aging impairs the angiogenic response to 
ischemic injury and the activity of implanted cells: combined 
consequences for cell therapy in older recipients. J Thorac Car-
diovasc Surg 139(5):1286–1294

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Authors and Affiliations

Quyen Thi Nguyen1  · Liem Nguyen Thanh1,2,3  · Van T. Hoang1  · Trang T. K. Phan1  · Michael Heke4  · 
Duc M. Hoang1 

 * Liem Nguyen Thanh 
 v.liemnt@vinmec.com

 Quyen Thi Nguyen 
 v.quyennt43@vinmec.com

 Van T. Hoang 
 v.vanht8@vinmec.com

 Trang T. K. Phan 
 v.trangptk@vinmec.com

 Michael Heke 
 mheke@stanford.edu

 Duc M. Hoang 
 v.ducmh3@vinmec.com

https://doi.org/10.1007/s11427-016-5080-z
https://doi.org/10.1089/neu.2007.132R
https://doi.org/10.1089/neu.2007.132R
http://orcid.org/0000-0002-3451-0493
http://orcid.org/0000-0002-4036-0161
http://orcid.org/0000-0002-9613-6572
http://orcid.org/0000-0002-6856-9354
http://orcid.org/0000-0002-0287-8701
http://orcid.org/0000-0001-5444-561X


3250 Cellular and Molecular Neurobiology (2023) 43:3211–3250

1 3

1 Vinmec Research Institute of Stem Cell and Gene 
Technology, Vinmec Healthcare System, 458 Minh Khai, 
Hai Ba Trung, Hanoi 11622, Vietnam

2 College of Health Science, Vin University, Vinhomes Ocean 
Park, Gia Lam District, Hanoi 12400, Vietnam

3 Vinmec International Hospital–Times City, Vinmec 
Healthcare System, 458 Minh Khai, Hanoi 11622, Vietnam

4 Department of Biology, Stanford University, Stanford, CA, 
USA


	Bone Marrow-Derived Mononuclear Cells in the Treatment of Neurological Diseases: Knowns and Unknowns
	Abstract 
	Graphical Abstract
	Background
	Clinical Applications of BMMNCs in the Treatment of Neurological Diseases
	BMMNCs in the Treatment of Stroke
	BMMNCs in the Treatment of CP
	BMMNCs in the Treatment of SCI
	BMMNCs in the Treatment of TBI
	BMMNCs in the Treatment of ALS
	BMMNCs in the Treatment of ASD
	BMMNCs in the Treatment of Epilepsy

	Harvesting Procedures, Administration Routes and Doses of BMMNCs
	BM Harvesting Procedures
	Doses of BMMNCs Administered
	Timing of BMMNC Administration
	Route of BMMNC Administration

	Proposed Mechanisms of BMMNCs in Neurological Diseases
	Paracrine Effects
	Angiogenesis
	Neuroprotection
	Anti-inflammatory Effects
	Modulation of Systemic Inflammation

	Homing and Differentiation
	Mitochondrial Transfer
	Extracellular Vesicles
	Other Mechanisms

	Indications for BMMNC Administration to Treat Neurological Diseases
	Advantages and Limitations of the Application of BMMNCs for Neurological Diseases
	Conclusion
	Acknowledgements 
	References




